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SEARCH FOR HEAVY NEUTRAL LEPTONS IN e+e - ANNIHILATIONS AT 29 GeV 
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A search was made in 29 GeV e+e - annihilations for heavy, neutral leptons decaying to e-+X~(v), where X is a muon or 
charged meson. Six events with isolated e-+X ~ pairs were found for an integrated luminosity of 106 pb -1. The expected 
background is 5.5 -+ 2.2 events. Limits on o. B depend on mass and range from 8 to 20 × 10 -5 nb. 

1. lntroductiorL Electron-posi t ron annihilation 
has been a very effective process for the discovery and 
study of  new charged particles. The primary reasons 
for this are the universal nature o f  the electromagnetic 
interaction and the great simplicity of  the one-photon 
intermediate state. It is now well established that the 
electron-positron system interacts also via a second 
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fundamental boson, Z 0 [1 ]. Unlike the photon, the Z 0 
also couples universally to neutral fermions and there- 
fore adds, in principle, a new means for producing and 
discovering new neutral particles such as massive neu- 
trinos ,1. PEP and PETRA are the first electron-posi- 
tron colliders with sufficient energy to yield a measur- 
able event rate for Z 0 mediated annihilations [3,4]. 

,1 For a discussion of massive neutrinos and an extensive list 
of relevant references see ref. [2]. 
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For example, a reaction such as e+e - -+ ~ has a cross 
section of 3 × 10 -4  nb which gives, for typical lumi- 
nosities, about 30 events per year per collision region. 

This paper describes a search for a possible heavy 
neutral lepton L 0 in the production and decay process: 

e+e - -+ LOEO 

L e-+XT-(v), (1) 

where X is a charged, minimum-ionizing particle such 
as a muon or pion and where any light final-state neu- 
trinos, 9, are undetected. The experimental signature 
consists of an isolated e+-X T- pair, indicative of the weak 
decay of a neutral particle, recoiling against the un- 
specified decay fragments of the other heavy neutral 
lepton in the reaction. As shown below, the back- 
ground rate for this configuration from known physi- 
cal sources is very low and hence a sensitive search for 
such new particles is feasible. The possibility of the 
existence of massive lepton doublets beyond the r 
family or of massive right-handed neutrinos makes 
such a search an important component of e+e - anni- 
hilation physics. 

The search was carried out with the High Resolu- 
tion Spectrometer (HRS) at PEP at a CM energy of 
29 GeV. The total integrated luminosity for the data 
presented here is 106 + 5 inverse picobarns. The detec- 
tor has been described in detail elsewhere [5] ,2. Fea- 
tures of the HRS important to this search include 
charged-particle tracking over 90 percent of the full 
solid angle in a 1.6 T solenoidal magnetic field, and 
measurements of electromagnetic shower energy with 
a lead-scintillator calorimeter which covers the angular 
intervals I cos 01 < 0.60 and 0.70 < I cos 01 < 0.96 
where 0 is the angle with respect to the beam direction. 
The central region of the calorimeter is segmented 
azimuthally by 40 independent modules whereas each 
endcap is divided into 20 sections. Showers are located 
by proportional wires (PWC's) with a position resolu- 
tion of -+2 cm. 

2. Selection criteria. Events were selected which 
contained at least one isolated charged-particle pair 
eex  T-. Each event was required to satisfy the following 
criteria: 

'2  The HRS has no detectors for distinguishing muons from 
other particles. 

(a) The observed number of charged particles >~4 
and the sum of the magnitudes of the charged particle 
momenta l~lpl > 7 GeV/c. 

(b) [cos 01 < 0.866 and momentum p > 1.0 GeV/c 
for each particle in the pair. 

(c) Sum of magnitudes of momenta 4.5 < (Pc + PY0 
< 17.0 GeV/c. 

(d) Opening angle of pair <60  °. 
(e) No other charged particle or photon withE~ > 

0.1 GeV in the hemisphere centered on the momentum 
vector of the pair. 

(f) Identification of the electron by demanding the 
presence of a shower within 10 cm of the track and 
with a deposited energy E such that 0.7 <E/p < 1.3. 
The detection efficiency for electrons is ~>90%. 

(g) Identification of the minimum-ionizing particle 
by requiring that the associated shower energy be less 
than 0.5 GeV. The typical energy deposited by cosmic 
ray muons was measured to be 0.2 GeV and 90 percent 
of such muons deposited less than 0.5 GeV. Approxi- 
mately 70 percent of incident pions deposited less than 
0.5 GeV. 

To allow clean particle identification, the tracks of 
each isolated eaX T- pair were required to strike separate 
shower counter modules. The calorimeter PWC signals 
from each track in the pair were required to be consis- 
tent with a single particle striking the appropriate mod- 
ule. 

A total of 7 events were found satisfying all of the 
criteria. One of the events was rejected from consider- 
ation since it was completely consistent with the 
higher-order QED reaction e+e - -+ e+e-#+# - .  The 
characteristics of the remaining 6 events are listed in 
table 1. 

3. Backgrounds. A number of known physical and 
instrumental effects will also satisfy the selection cri- 
teria described above yielding a background for this 
search. They include the following: 

(a) A charmed particle jet consisting of a single neu- 
tral charmed D meson decaying to KeeT-u or K°~eT-u. 

. . . .  + T- (b) A charmed particle jet consisting of D-rr where 
the charged D decays to KOLe-+~. 

(c) A jet consisting of two charged hadrons X+-X T- 
where one hadron interacts in the shower counter to 
mimic an electron. 

(d) A jet consisting of two charged hadrons and 
one neutral pion, where the latter overlaps one of the 
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Table 1 
Events with isolated e-+X ~ pairs a). 

PHYSICS LETTERS 27 December 1984 

Run Event Pair e-+X; pair Opposite jet 

Pe Px mass Nch ZPch ZE 3, mass 
(GeV/c) (GeV/c) (GeV/c 2) (GeV/c 2) 

4431 17910 e+X - 5.43 9.09 1.68 1>4 />3.1 9.4 I>5.2 
4859 19074 e-X + 2.07 2.75 0.33 2 5.2 3.3 1.5 
5281 2869 e-X + 7.02 4.31 1.30 ~4 1>10.5 />1.5 />1.9 
5282 8871 e+X - 5.84 2.83 1.04 6 11.4 3.3 5.2 
5308 14463 e-X + 3.49 2.34 0.81 2 3.0 10.2 i>6.3 
5363 11940 e+X - 2.55 2.70 1.58 6 7.5 6.7 5.8 

a) e-+X ~ masses are calculated using m e =mx  = 0. Nch ~ number of charged particles; l~Pch -= sum of magnitudes of charged parti- 
cle momenta; r.E~, = sum of calorimeter energies not associated with charged tracks. 

charged particles giving a false electron signal. 
(e) e-+X ~ pairs accompanied by photons or neutral 

pions which enter the interval 0.60 < Icos 01 < 0.70 
not covered by the calorimeter. D* -+ D07 and D* -+ 
D0rr 0 decays contribute to this background. 

The number of events expected from each of these 
sources was estimated directly from the data. The use 
of Monte Carlo techniques was limited to calculating 
geometrical detection efficiencies. 

The charmed particle backgrounds (a) and (b) were 
estimated by first determining the fraction of charmed 
particle jets consisting of a single D or a Drr pair. This 
was accomplished by examining 150 events containing 
D* rather than D O or D e candidates because D*'s are 

identified with very little background and the kinemat- 
ical properties of D* and direct D jets are likely to be 
very similar [6]. Four events were found to contain an 
isolated D* and another four an isolated D * ~  pair. 
The number of background events in (a) is then given 
by: 

ODO" [B(D 0 -+ K-+e~) + B(D 0 ~ KO~e  z ~)] 

x  ,fL dt, (2) 

where ODO is the inclusive direct D O production cross 
section, B stands for decay branching fraction, e is the 
detection efficiency for the resulting e-+X ~ pair and 
f L  dt = 106 pb -1  is the integrated luminosity. The 
cross section ODO (or equivalently the ratio OD/OD* ) is 
not  well known. HRS data are consistent with no di- 
rect D o production but can accomodate, within errors, 

a ratio OD/OD* = 1/3 expected from simple spin argu- 
ments [7]. With a ratio of 1/3 (or ODO = 0.041 nb), a 
sum of branching fractions ,3 equal to 0.04, and with 
a calculated value e = 0.23, one obtains 1.1 - 0.6 
events for (a). Similarly, with a value ,4 of 0.05 for 

0 +  B(D -+ ~ KLe-v), 1.4 -+ 0.7 events are expected from 
(b). 

Background (c) was estimated by measuring the 
probability that a charged pion interacts in the shower 
counters in such a way as to satisfy the electron iden- 
tification requirements. A sample of pions was selected 
from three-prqng tau-lepton decays. The probability 
for such pions to mimic electrons was found to be 
8.3 -+ 2% in the momentum range I-2 GeV/c (3.7 -+ 
1.0)% for 2-5 GeV/c and (1.8 + 1.2)% above 5 GeV/c. 
Data corresponding to an integrated luminosity of 86 
pb-1 yielded 18 isolated X+X - pairs satisfying the 
criteria given above. Assuming that these are pions, 
one then obtains 1.4 -+ 0.3 false e+X ~ pairs for 106 
pb -1 where the average probability for a pion to fake 
an electron is 3.2% for the observed momentum distri- 
bution. 

Background (d) was determined by selecting events 
with charged particle pairs accompanied by a single, 
additional, resolved shower counter signal in the hemi- 
sphere centered on the pair momentum vector. The 
energy E corresponding to this additional shower was 

,3 Ref. [8] givesB(D° ~ e+ + anything) = 0.055 -+ 0.037. We 
assume equal decay rates to K and K*. 

,4 We use B(D + -+ e + + anything) = 0.19 from ref. [9] and 
assume equal decay rates to K and K*. 
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required to give anE/p ratio in the range from 0.7 to 
1.3 when added to one or the other track. The remain- 
ing track was required to be consistent with a mini- 
mum-ionizing particle. Data corresponding to 86 pb - 1  
yielded six such events. The shower posit ions in these 
events were at distances from 20 to 250 cm from the 
appropriate tracks. F rom these data it  is est imated that  
106 pb  - 1  would yield 0.4 + 0.2 events in which the 
additional shower randomly satisfies the requirement 
of  being within 10 cm of  the appropriate track and 
where the E[p ratio is in the range 0.7 to 1.3. 

Finally, background (e) was est imated by determin- 
ing the number of  e±X ~ pairs that  were accompanied 
by an additional,  single shower counter signal with E~ 
> 0.1 GeV in the hemisphere centered on the pair mo- 
mentum vector. Eleven such events were found for 106 
pb - 1  with an additional shower energy ranging from 
0.2 to 3.6 GeV. The probabil i ty  for photons  with a 
(1 + cos20) distribution to enter the gap 0.6 < Icos 01 
< 0.7 is 0.11. The number  of  e±X ~ (7 or n 0) events in 
which the addit ional neutral particle is missed is there- 
fore est imated to be 1.2 + 0.4. 

In addit ion to ( a ) - ( e ) ,  the reaction e+e - ~ e+e - + 
hadrons represents another possible source of  back- 
ground which is expected to be small but  which is dif- 
ficult to estimate. None of  the six observed events con- 
tain an identifiable e+e - pair. Five of  the events have a 
relatively small ( < 3  GeV/c) imbalance in the longitu- 
dinal momentum making i t  unlikely that  a small-angle 
electron escaped detection. The sixth event shows a 
longitudinal momentum imbalance of  about  5.5 GeV/c 
but  the missing momentum vector points  well into the 
active volume of  the detector  in the direction of  the 
e+X - pair. 

The backgrounds described above are summarized 
in table 2. These known sources are expected to yield 
5.5 _+ 2.2 events with an isolated e-X ÷ ~ pair." 

4. Results and conclusion. The search for heavy, 
neutral leptons decaying to e-+X~(v) yielded six events, 
a number which is consistent with the 5.5 _+ 2.2 events 
expected from known background sources. The sensi- 
tivity of  this measurement is indicated qualitatively by 
noting that a short-lived, sequential neutrino with a 
mass of  a few GeV/c 2 and a/a-+e~v branching fraction 
of  20% would have yielded 3.6 -+ 1.9 events with iso- 
lated e±X ~ pairs satisfying the selection criteria. None 
of  the observed e±X ~ pairs originated from resolvable 
secondary decay vertices. Such vertices would be ob- 
servable for lepton lifetimes in the range from about  
10 -11 to 10 -10  s. Results from a more general search 

for long-lived heavy neutrinos will be presented else- 
where. 

The best upper  limits on (o L + t~L)" B(e-+X~v) for 
leptons with lifetimes ~10 -11 s are obtained by taking 
into account the observed masses of  the e±X ~ pairs 
and of  the jets  of  visible particles recoiling against 
them. None of  the six events have an e-+X ~ mass above 
2 GeV/c 2 while at  most  two events have a recoil je t  
mass below this value. Table 3 summarizes 90% confi- 
dence level upper  limits as a function of  lepton mass. 
These limits vary from 8 to 20 X 10 - 5  nb. For  m L/> 
3 GeV/c 2 the additional analysis requirement of  rnex 
> 2 GeV/c 2 is imposed and reflected in the detection 
efficiency. The limits in table 3 are given for the case 

Table 3 
Upper limits (90% CL) for (a L + o~) • B(e±X~v). 

Table 2 Mass of L 
Backgrounds for e+-X ~ • (GeV/c 2) 

Background source Expected number 
of events 

1 0 
(a) D O ~ K + e ~ v  1.1 + 0.6 2 2 

K~ 7r-+e~v 3 0 
(b) I~lr ~ -r K~e±vn ~ 1.4 ± 0.7 4 0 
(c) (interacting X +-) X ~ 1.4 + 0.3 5 0 
(d) (X+n °) X ~ 0.4 +- 0.2 6 0 

7 0 (e) e-+X ~ (missed 3,'s) 1.2 ± 0.4 

ToW 5.5±2.2 

Events Detection a) Limit 
consistent efficiency o. B 
with m L and (10 - s  nb) 
with meX cut 

0.28 8 
0.28 18 
0.11 20 
0.20 11 
0.20 11 
0.17 13 
0.13 17 

a) Includes the requirement rnex > 2 GeV/c 2 for m L > 3 
GeV/c 2. 
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where particle X ~ of the e-+X ~ pair is a muon. If  it is a 

meson, the limits are 20% higher. 
The expected value of oB for a heavy neutral lepton 

depends on the nature of such a lepton. If  L 0 -* e-W + 
or L 0 ~ g - W  +, where W + is a virtual intermediate bo- 

son, then branching ratios of about 20% can be ex- 
pected for L 0 ~ e-+/a~v when mL ~ 3 GeV/c 2. This 
yields o • B = 12 × 10 -5  nb i l L  0 couples to the Z 0 

with the same strength as a light neutrino. For higher 
masses this branching ratio is expected to decrease to 
about 11% (o" B = 7 × 10 - 5  nb). Perhaps a more like- 

ly decay for more massive leptons is L 0 -+ r-W+ yield- 
ing e - #  +, /a-e + and rr-e + pairs. In this case o • B for 
L 0 -+ e-+X~(u) is estimated to be 6 × 10 -5  nb. The lim- 

its in table 3 are close to these expected values of a - B  
but are not yet conclusive. An improvement of the ex- 
perimental sensitivity to the defmitive level of 6 × 
10 - 5  nb requires several additional years of data at 
PEP (or PETRA) or a pooling of results from several 
experiments. 

Heavy neutral leptons have also been sought else- 
where in r ~ vreN and r -* Ur/aN where N decays to eTr 
or lan [10], in muon induced reactions (M 0 ~/a+/a-v) 
[11], in e+e - ~ E%e where E 0 is a heavy electron neu- 

trino [12] and in a beam dump experiment (v  r -~ 

e+e-ve) [13]. The results from these searches are not  
directly comparable to those presented here because 
of differences in reactions and decay ritual states. 
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