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Abstract
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background plus Monte Carlo predictions of (L, L°) signals.
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I. INTRODUCTION

We have searched ete~ annihilation data at Vs = 29GeV from the MARK II

detector ™

at the PEP storage ring for events which may signify the existence of a
new lepton doublet (L~, L°). We consider the case where the L° may be massive but
does not exceed the L~ mass m_. No evidence for a new lepton doublet was found.

Our analysis was motivated by the realization™ ™

that in searches for new se-
quential lepton pairs it had become conventional to set the L® mass mq to zero while
_ considering ever more massive charged leptons. There is no real justification for this
restriction and one should instead allow both m_ and mg to vary with the mass dif-

ference

5=m_—mo (1)

arbitrary. The present work is limited to
m— > mo (2)

and assumes that the (L~, L°) pair is subject to conventional weak interactions and
that the LO is ‘stable’ in the sense that it is unlikely to decay within the MARK II
detector, i.e. 7(L°) R 100ns. Neutrinos with masses between about 100eV/c? and a
few GeV /c? must be unstable in order to prevent the universe from having too large
an energy density. However, our assumption that 7(L°) £ 100 ns does not conflict with
the cosmological lifetime constraints.'’ Recently Raby and West'™ proposed a simple
model with a stable Dirac L° of mass mo ~ 4—10GeV /c? Which, as well as solving the
dark matter problem, also solves the solar neutrino problem if the standard neutral
Higgs has a mass between 700 and 1000 MeV /cZ.

The extent to which previous searches of ete™ data for new sequential leptons
exclude iepton pairs with massive neutrinos has not been addressed quantitatively. If
§ is small, a few GeV /c? or less for large m_, the small visible energy in the signature
events could cause them to be ignored in total cross-section measurements. When
65 m(7~) the L™ has a long lifetime and would appear as a massive stable lepton in
particle searches at PETRA. The absence of such leptons qualitatively excludes'™ the
6 S m(n~) region for m_ S 20GeV /c? but no quantitative study has been made.

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

is 41 GeV/c?, obtained by UA1" from a study of W% decays in pp annihilation.



This limit assumes that mgo is near zero. Barnett and Haber”! re-examined this
result and showed that smaller m_ mass ranges can be excluded for massive L° with
mo S 8 GeV /c?. However, most of the (m_, 6) plane cannot be excluded because large
values of 6 are needed to provide the visible L~ decay products with sufficient energy

to separate them from the hadronic background.

The present search seeks to explore as much as possible of the (m_,6) plane and
the small 6 region in particular. The minimum accessible 6 is limited by the increasing
L~ lifetime and the decreasing momenta of the L~ decay products which eventually
- prevents the particle identification required for the signature events. The maximum
accessible m_ is limited by the decreasing number of L*L~ pairs which would be

produced as m_ approaches Ej.,, /c2.

The decay modes which provide the best sensitivity at various é values are dis-
cussed in Sec. II.C. The analysis method and data are described in Sec. III, and the

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



II. PHYSICS OF NEW LEPTON PAIRS

A. Pair production

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

duction cross-section including radiative corrections at /s = 29 GeV is
o(ete” — LYL™) =683(3 — B%)pb (3)

. where 8 = 4/1 — 4m? /s.

B. Decay rates

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

interaction
L~ - L0 +W~
(4)

W™ — other particles

with (V — A) coupling at each W~ vertex. The occurence of a particular decay mode
requires the mass difference § = m_ — mg to be larger than the sum of the masses of
the ‘other particles’ in Eq. (4). The branching fractions and decay kinematics for the
allowed modes are controlled by § and m_, with § having the major influence.

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

differential decay rate of L~ to L° and a fermion—anti-fermion pair is tel

(""-2- —m%—mo 281 .p5
p— _— — ! — —
diT(L~ = L7 fz) _ G*mS [1 e I o)
dﬂfadtﬁflhdzf,dz?l 12875 { [1 + m’_(l-—z71—zfg)-m8] ? }

where G is the Fermi coupling constant, £ = 2E/m_ is the reduced energy variable,
sr, is the 4-spin of L™, Py, is the 4-momentum of f,, and my and I'y are the mass
and width of the W—.

The physics of purely leptonic decays

LT L+t (6)

where £ = e, u, 7, follows directly from weak interaction theory and is described by Eq.

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

L™ 5 L0+ h~ (7)
where h = =,p, K, K*, a1, follows from weak interaction theory and experimentally
determined parameters such as the n* lifetime and o(ete™ — p°%). The (V — A)

differential decay rate for L= — L%z~ is o}

(L~ — L°7~)  G*fZcos?0.m®
( ) = fx 5 ° {A(m_,mo,m,r) - sL.p,rB(m_,mo,m,.-)} (8)
dQ, 64

where py is the 7~ 4-momentum, fr is obtained from the 7~ — u~7, decay rate,*”

0. is the Cabibbo angle, and

V/A(m2, m3,m2){(mZ — m3)? — mi(m? + m})}

6

A(m—,m09 m1r) = m

2 — mf)A(m?, m, m) (8e)
mS

A(z,y,2) = 22 + y® + 22 — 2(zy + 72 + y2)

B(m_,mq,my) = (m

Similarly, the (V — A) decay rate for L~ — L%~ is

(L~ — L% G2 f2 cos20,m®
( dn e - p647r2 —{c(m-,mo,my) — sp.ppD(m—,mo,m,)}  (9)
P

where p, is the p~ 4-momentum and

\/A(mz_,mg,mg){(m?_ — m})? + mi(mZ + mj) — 2m4}
6
m- (9a)

(m? — md — 2m2) A(m?,m}, m?)

C(m-,mo,m,) =

D(m_,mo,m,) = -}

There is no fundamental, general, and calculable method for describing the physics
of decays with multiple hadrons such as L~ — L0+ (n7)~ wheren > 2and 7 = 7x, 70,
When 6 R 4GeV /c? it is conventional to treat these multi-hadron decays by assuming

they occur through the subprocesses

_ L~ IL°+u+d
(10)

L~ > L°+%+s.
Our Monte Carlo studies of the decays in Eq. (10) were simulated using Eq. (5) with

constituent quark masses. The LUND fragmentation model"”" was used to produce
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the multi-hadron final states. This method was adopted for values of é as small as m,.
The single hadron decay modes of Eq. (7) were treated separately using Eqgs. (8), (9),
and (A3-7) of the Appendix, with non-zero resonance width effects included for the
p~, K*,and af. The decay modes and their partial widths are discussed in detail in

the Appendix.

We now use the decay modes L~ — L%~ 7, and L= — Loz~ to illustrate the
dependence of the branching fractions and decay kinematics on m_, mo, and 6 =

m. — mg.

The decay width for L~ — LOe~ 7, is

(L™ — L% 7.) = Ghm-. (1 —8r+8r°—r* —12¢%Inr) (11)
19273

where r = (mo/m_)?%, and the e and v, masses are taken to be zero.
The decay width for L= — LO7~ is

G?fZcos?0,m2

(L~ - L°77) = o

A(m_,mo,my) (12)

When mo = 0 we obtain the usual threshold term A = (1 — m2/m?2)? from Eq. (8a).

As m_ increases with 6 held constant the decay widths are dominated by é. In

the limit m_ — oo, and 6 << m_, the decay widths become

G258
- 0. —— 1y _
F(L — L’e l/e) = 'i'ar—a" (13)
2 £2 2 3
r(L- - L0n7) = SISOyt jayis2 (1 — md j26%). (14)

Figure 1 shows the dependence of the branching fractions on é for m_ = 2 GeV/c?
and 10 GeV/c2.

C. Event signatures

The event signatures were chosen to provide sensitivity over as much of the (m—, §)
plane as possible and to reject the large numbers of Bhabha events (ete™ — ete™),
p-pair events (e*e~ — utu~), and hadronic events (e*e~ — hadrons). Suitable

signatures consist of LT L~ decays to e*u¥, as in the discovery of the 7 lepton,"”



or L* decay to e* or u* and LT decay to hadrons. The main backgrounds to any
new-lepton-pair events are then from r-pair production '(e+e" — 7Ftr7), and two-

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

L~ =L’ +e +7.
L—-—*Lo-i-u,_-i-ﬁﬂ

L > L0+ 7

(15)
L™= L°+p~
L™ > L0 +af

L~ > L+ (>3h%) "+ >01

where h = 7 or K to form the event signatures:

et +e — et +uT + Enyse (16a)

et +e” = et +aT+ <44+ Epss (16b)

et +e o pt + 1T+ <44+ Epies (16c)

et +e” = eF +(>3h%)F+ 207+ Episs (164)
et +e” = ut + (> 3T+ > 07+ Epas (16¢)

where E,,;,, is the missing energy carried away by unobserved particles.

The ranges of 6 for which large numbers of signature events are expected can be
inferred from Fig. 1. For example, the branching fractions to e and x both exceed
10% if § R 0.5GeV/c? so at least 2% of these L+ L~ pairs would decay to the e*u¥
signature of Eq. (16a). Similarly, the event signatures of Eq. (16b,¢) and Eq. (16d, ¢)
are significant for 0.2 5 6§ S 3GeV/c? and 6§ R 1.5GeV/c? respectively. However if 6
is small, and especially if also m_ is large, the decay products may not have sufficient

momentum to allow the particle identification required for these signatures.



ITI. ANALYSIS METHOD AND DATA

A. The viéibie energy problem

In general pﬁrposé magnetic detectors used at ete™ colliders the visible energy E,;,
measured in an event is the sum of up to three components: the total energy of the
charged particles with measured momentum; the total energy of photons detected in
electromagnetic energy calorimeters; and, if hadronic energy calorimeters are present,
the additional energy of detected neutrons and K°’s. The energy carried by neutrinos
" and other undetected particles is, of course, absent from E,;;. With the assumption

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

Eyis = vis,1 T Evis,Z
Em’s,i < Ebeam - Eo,i 1= 1,2

(17)

where the Eg’s are the energies carried off by the L%’s. Figure 2 illustrates the visible
energy spectrum, without detector acceptance effects, from L~ — L° + multi-hadrons

for various 6 values when Ej.om = 14.5GeV and m_ = 10GeV/c2.

Previous searches for new charged leptons in ete~ annihilation always required
that E,;, be greater than several or many GeV. This requirement eliminates most

events from the two-virtual-photon reactions
ete” —»eteztz™ (18)
where £ = e,p,m, K. Indeed a minimum E,; cut is used in most studies of ete™
annihilation physics for the same reason. The effect of the minimum E,;, cut in

previous analyses was to exclude searches for lepton pairs with S 4GeV/c? when

m_ is large. Our analysis method allows us to search for lepton pairs with é as small

as 1GeV/c? or less.

B. Data

We use /s = 29 GeV eTe™ annihilation data obtained at PEP with the MARK II
detector in its ‘pre-upgrade’ configuration'' during 1981-1984. The data analysed for
each event signature was (205.1 & 3.0) pb~! for Eq. (16a), (104.0 + 1.6) pb~! for Egs.
(16b,¢), and (123.8 + 1.8) pb~! for Eqs. (16d,e€).
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C. Backgrounds from known processes

Backgrounds from known processes which contribute to the event signatures of Egs.
(16a—¢€) were calculated from Monte Carlo simulations which included the acceptances
and efficiencies of the MARK II detector. The background sources discussed in the

rest of this section were considered.

1. ete~ — 77—

The process ete~ — 777~ is the dominant source of background to the event sig-
natures in Egs. (16a — e). The backgrounds were determined from simulated events
corresponding to an integrated luminosity of 817 pb~!. The 7-pair background esti-

mates assumed the branching fractions and normal errors shown in Table 1.

2 ete™ — hadrons

The reaction ete~ — ¢g§ — hadrons can produce signature events through the
decay of a hadron to an e or u, or through the misidentification of a hadron as an e or
p. The simulated events corresponded to an integrated luminosity of 192pb~—!. The
extent to which the LUND fragmentation model used for the intermediate stages of
the reaction, where many quarks and gluons are produced and hadronized, correctly
simulates small multiplicity events is of some concern. However the predicted hadronic
backgrounds are very small or zero, as shown in Tables II fhrough VI, and no estimate

of model-dependent uncertainties are made.

3. ete” s eteputu~

Events from the two-virtual-photon reaction ete~ — ete"utu~ were simulated
using the Monte Carlo programs of Berends et al ¥ The generated events corre-

sponded to an integrated luminosity of 410 pb~1.

4. etem —etertr™

The two-virtual-photon production of 7 pairs can contribute to the signature events
in two ways. Using (£) to denote a lepton which is not observed in the central region

of the detector, usually because the angle between its path and the beamline is too

small, the two possibilities are

etem — (et)(e7)rtr™ (19a)



ete™ — (et)eTrE(rF) (199)

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

programs of Berends et al el

5. ete” — ete™ + hadrons

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

the set of two-virtual-photon reactions

+

ete” — ete” + hadrons. (20)

The methods of Ref. 13 were applied to

ete” — ete ¢g
(21)
q +q — hadrons
where q is a u, d, s, c, or b quark. However, this is not a gpod model when the invariant
mass of the hadrons is about 1 GeV/c? or less. A better model for that region would
be
+

ete” — e € YoYv

(22)
Yv + Yy — hadrons

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

model.

The two-virtual-photon processes may be studied experimentally with the MARK
II’s small angle tagging (SAT) system. One can select SAT-tagged two-virtual-photon

events of the form

-+

ete” — ez 4 + signature particles (23)

where ef 47 denotes an electron detected by the SAT.

Two-virtual-photon backgrounds may also be studied by selecting signature events
in-which the lepton charge is the same as, instead of opposite to, the charge of the other
particles. The ‘same-charge’ and ‘opposite-charge’ backgrounds should be the same for
ete” — ete utu—, and similar for ete~ — eTe~qq if one of the electrons is usually the
observed lepton. The ‘same-charge’ analog of Eq. (19b), i.e. ete™ — (e%)eF(r¥)rT,

also contributes to the ‘same-charge’ background. Hadronic and r-pair events may



contribute if some charged particles are unobserved or if the charge of one particle is

measured incorrectly.

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

photon backgrounds. The results are given in Sec. IV.A.

6. ete~ — utu~ + hadrons

The backgrounds from the two-virtual-photon reaction ete™ — u*u~ + hadrons

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

7. ete” — ete (v)

The backgrounds from Bhabha and radiative Bhabha scattering ete™ — ete™(7)
were determined from a Monte Carlo simulation, corresponding to an integrated lu-

minosity of 90 pb~!, based on the work of Berends and Kleiss."

8. ete™ - utu ()
The backgrounds from single photon production of muon pairs ete™ — p*u=(v)

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

Kleiss""® corresponding to an integrated luminosity of 317 pb~L.

D. Selection of signature events

The criteria for the signature events use accepted charged particles and photons
defined as follows. An accepted charged track must be measured in the main drift
chamber, satisfy track quality and vertex criteria, and have a measured momentum
p > 0.1GeV/c. An accepted photon must satisfy measurement quality criteria in the
LA calorimeter, have a measured energy E > 0.2GeV, and be separated from all
charged particle tracks at the inner face of the calorimeter by at least 0.2 m unless the

photon energy exceeds the charged track energy.

Lepton identification was attempted for charged tracks with p > 0.5 GeV/c. Iden-
tified electrons satisfied shower development criteria within the fiducial volume of the
LA calorimeter. Identified muons penetrated at least two of the four layers of the
muon identification system and satisfied hit pattern criteria. Muon identification was
possible for tracks with p > 1GeV/c. Lepton identification efficiency corrections of
0.96 + 0.01 for electrons and 0.97 + 0.01 for muons were applied to the Monte Carlo

simulations.
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We denote the number of accepted charged particles by n., the number of identified
leptons (e or u) by ny, the number of accepted photons by n., and the total charge
in an event by Q. Accepted events had at least two charged tracks with cos§ < 0.65

with respect to the beam direction.

Three types of event signatures were used: ep pairs, €r pairs (£ = e,u) with
< 4 photons associated with the 7%, and isolated lepton versus multihadron events,
corresponding to Egs. (16a), (16b,c), and (16d,e), respectively. These event types
were divided into a total of 18 subtypes, which are defined and whose purpose is

" explained in the remainder of this section.

1. eu events

As in the discovery of the 7 lepton, eXu¥ pairs are a good signature for new lepton
pairs. We require n, = 2 with one identified e and one identified y, ny, = 0, and Q = 0.
Events in which the e has p < 1.25 GeV/c and the p penetrates less than three layers
of the muon system were not accepted. The ey events are divided into two subtypes,
one with acollinearity angle 8,.,; < 25° and the other with 8,.,; > 25°. Most eu events
from ete~ — 777~ are in the 8,.,; < 25° subtype. The 8,.,; < 25° subtype is more
ifnport;ant for small § and small m_ while the 8,.,; > 25° subtype is more impofta.nt

when 6 is large and m_ is close to Ejeqpm/c2.

2. ¢n Fvents

. The accepted £7 events had n, = 2 with only one identified e or u, ny < 4, and
@ = 0. Accepted events had p, > 0.5GeV/c or p, > 1GeV/c, and pr > 1GeV/c.

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

In the n, = 0 case, special care was taken to reject backgrounds from Bhabha or
muon pair events where one of the leptons is misidentified as a pion. Accepted #¥
passed strict lepton rejection cuts in both the LA calorimeter and the muon system.
Both charged tracks were required to have p < 13.0GeV/c. A pion identification
efficiency correction of 0.87 + 0.03, based on studies of 3-prong 7 decays, was applied
to the Monte Carlo simulations. Events in which the acoplanarity angle between the
planes defined by each of the charged tracks and the beam direction was less than 2°

were rejected.

In the n, > O case, the candidate 7* were charged tracks not identified as leptons.

In accepted events the 7+ formed a reconstructed p* with the photons, the total energy
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of the 7% and photons was less than 14.5 GeV, and the photons were isolated from the
lepton by cos 8y, < 0.85. For ny = 1, we required E, > 2.0GeV; p, < 11.0 GeV/c in
em(17) events to reject Bhabha events in which the other electron radiates the observed
photon and is misidentified as a pion; and a reconstructed p* from the 7% and 4 when
the ~ is ‘replaced’ by a n° of the same momentum. For n, = 2 or 3 accepted events
contained a reconstructed 70 from two photons, and a reconstructed p* from the 7+
and the two photons. For n, = 4 accepted events contained two reconstructed 70
from the four photons; a reconstructed p* from the 7+ and the photons of one of the
" reconstructed n°’s; and a reconstructed a,:lt from the 7% and the four photons. The
acceptable masses of reconstructed 7%, p*, and af were 0.04 < m(n°) < 0.24 GeV/c?,
0.4 < m(p*) < 1.1GeV/c?, and 0.75 < m(al) < 1.8 GeV/c?.

The £ events are divided into the types em and um for ny, = 0, and en(ny)
and um(nq) for ny > 0. These event types are further divided into 8,.,; < 25° and
0,.01 > 25° subtypes, where 0., is the acolinearity angle of the e* and ¥ for n, =0,
the et and reconstructed p¥ for ny = 1,2,3, and the et and af for n, = 4. Most {r

events from ete~ — 777~ are in the 8., < 25° subtypes.

8. Isolated lepton events

The isolated lepton event signature has the following properties:
(a) ng =1, £= e or u with 1.25 < p < 14.0GeV/c,
(b) the angle between the lepton and each other accepted charged track or photon is
> 90°; hence the term isolated lepton,
(c) the total energy of all accepted charged particles and photons in the hemisphere
opposite to the isolated lepton is < 14.0 GeV, .
(d) n! > 3, where n!, is the number of charged particles, excluding the isolated lepton
and particles having the kinematic properties of an ete™ pair from photon conversion,
(e) all the n!, tracks which enter the end-cap calorimeter deposit too little energy to
be identified as electrons,

(f) Q= 0if n = 3.

-~ The invariant mass m,y,, of the charged particles and photons in the hemisphere
opposite the isolated lepton is used, together with n!, to divide the events into four
subtypes. The isolated electron events are divided into the types €3 for n/, = 3 and e >
3 for n, > 3. These event types are further divided into m;,, < 2.5 GeV/c? and myy, >
2.5 GeV /c? subtypes. The analogous isolated muon event types are denoted by u3 and

12



g > 3. The partition of the invariant mass mgy,, at 2.5 GeV/c? puts most ete™ — 7+7~
isolated lepton events into the €3 and u3 subtypes with m;,, < 2.5 GeV/c2. The

partition point is greater than m, to allow for measurement errors.

13



IV. RESULTS AND CONCLUSIONS

A. Nﬁmerical results

The numbel;s of évents found in the data for the signature subtypes described in
Sec. III.D are shown in the first rows of Tables II through VI. The expected numbers
of background events from the known sources discussed in Sec. III.C are also shown.
Background sources for which the Monte Carlo simulations predict zero events are
omitted from the Tables. The normal errors shown for the expected backgrounds are
" the statistical errors added in quadrature with estimates of systematic uncertainties
in the integrated luminosities of the data sets (Sec. IIL.B), the relative particle iden-
tification efficiencies in the data and the Monte Carlo simulations (Sec. IIL.D), and
the uncertainties in the 7 branching fractions (Table I) where relevant. The statistical

error in the number of background events is
o = VN1 + Lp/Lmc)? (24)

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

L; p by a Monte Carlo simulation with integrated luminosity Lasc.

- The Monte Carlo predictions of two-virtual-photon backgrounds may be checked
using ‘SAT-tagged’ events and ‘same-charge’ events, as discussed in Sec. III.C.5. Ta-
ble VII shows the numbers of these events found in the data and the Monte Carlo
simulations for each event subtype. The two-virtual-photon Monte Carlo simulations
predict 16.6 +6.2 SAT-tagged events compared to 32 events observed in the data. The
‘same-charge’ method was applied to all event subtypes except the e > 3 and u > 3
subtypes where the number of charged tracks n; could be odd and the total charge
was not restricted (Sec. III.D.8). The Monte Carlo simulations predict 4.8 +2.3 ‘same-
charge’ events from ete~ — 7¥7r~, 0.5 + 0.9 from ete~ — hadrons, 4.2 £ 3.1 from
ete” - ete rtr,13.0+4.4fromete” — ete utu=,4.84+2.3fromete” — ete qg,
and 1.0+ 1.4 from ete™ — utu~qq giving a predicted total of 28.3 6.5 ‘same-charge’
events compared to 34 events observed in the data. The ‘same-charge’ method there-
fore finds the predicted two-virtual-photon background to be in fairly good agreement
with the data, whereas the ‘SAT-tagged’ method suggests that it may be underesti-
mated. It should be noted that underestimated backgrounds give weaker limits for

excluding new lepton pairs.
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The number of ‘excess events’shown in the bottom row of each of Tables II through
VI is the difference between the number of data events and the sum of the expected
backgrounds. The total number of data events is 1277 while the total expected back-
ground is 1234.4+46.8 where the errors have been added in quadrature. The individual
numbers of ‘excess events’ are generally consistent with zero, except for the two e > 3
event subtypes which contribute 11.9 to the total x? = 26.8 for 18 degrees of freedom.
We do not know if the significant numbers of ‘excess events’ in the e > 3 subtypes are
statistical fluctuations or are due to deficiencies in the analysis method or to physics

" we do not understand.

B. Limits on new lepton pairs

Having found no significant evidence for new lepton pairs, we next determine the
(m—, 6) region excluded by the results in Tables II through VI. Monte Carlo simulations
of (L~,L°) production and decay were made at 33 points in the (m_,6) plane. The
simulations included the physics discussed in Sec. II and the Appendix. The Monte
Carlo events were analyzed for each of the signature event subtypes described in Sec.
IIL.D.

For each event subtype and at each (m—,§) Monte Carlo simulation point a proba-
bility ratio method is used to compare the likelihoods for the following two hypotheses:
(i) the data is consistent with the expected background alone, and (ii) the data is con-
sistent with the expected background plus the predicted number of new-lepton-pair

events. Gaussian probability distributions
G(z; p,0) = (2m0?) "V 2exp|—(z — p)?/207] (25)

are used for simplicity. The unphysical £ < O regions are excluded and remaining

z > 0 regions normalized to unit area by multiplying the probability distribution by
P -1
T ‘ C = [/ G(x;u,o)d:c] . (26)
' 0

Denoting the number of data events in the :'th subtype by N;, the expected background
by upt+op, and the expected background plus the predicted number of new-lepton-pair
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events at (m_,6) by ur £ or, the desired probability ratio is

. _ CBG(N;up,08)

~ Cr G(N;up,or)’ (27)

If R; > 1, the ‘background alone’ hypothesis is favored. Figures 3, 4, and 5 show
R; = 9 contours obtained by interpolating between, or extrapolating from, the R;
values at the (m_,§) simulation points. The hatched regions show the parts of the

(m_,6) plane in which new lepton pairs are excluded with R; > 9.

The most restrictive limits are from the ey event type, and at small § from the ew
event type. The um subtypes exclude smaller regions than the er subtypes primarily
because electron identification was possible for smaller momenta than for muon identi-
fication (see Sec. IIL.D). No part of the (m_, §) plane was excluded with R; > 9 by the
pm(ny) subtype with 6,.,; > 25°. The bulges toward large 6 at large m_ in the er and
um subtypes with 8,.,; > 25° appear to be due to L* decay to several pions where only
one 7t is at a large enough angle from the beamline to be detected. In the isolated
lepton events the more restrictive limits at small § are from the low multiplicity e3

and p3 subtypes with mgp, < 2.5GeV/c2.

The product of the individual probability ratios R; for the 18 event subtypes gives
the combined probability ratio

E=[]& (28)

shown in Table VIII for each of the 33 (m_,6) Monte Carlo simulation points. The
‘background alone’ hypothesis was favored at all (m_,8) simulation points except
(0.3,0.3) GeV/c?, for which R = 0.92, and (13,0.7) GeV/c?, for which R = 1.0. Figure
6 shows the R = 9 contour and hatched region corresponding to R > 9 on both linear

and logarithmic é scales. The R = 99 contour is also shown on the logarithmic é scale.

C. Tau branching fractions

—- If new lepton pairs with m_ < 14.5GeV/c? are assumed not to exist the results
in Tables II through VI may be used to obtain values for the 7 branching fractions.
The isolated lepton event subtypes (Sec. III.D.3) other than e3 and u3 with my,, <

2.5GeV/c? are not used since the numbers of 7-pair decays in those subtypes are

negligible.
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The best estimate of the true number of 7-pair events N, in each of the remaining 12
event subtypes is given by the observed number of events minus the sum of the expected
backgrounds other than ete~ — 77—, The expected ete~ — 77~ backgrounds in
the second row of Tables II through VI assumed the branching fractions shown in Table
I. The branching fractions giving 7-pair backgrounds agreeing most closely with the
N, events were found by performing a global x? fit over the 12 event subtypes using
the MINUIT" minimization program. The best fit 7 branching fractions, for which
x2 = 5.4 for 7 degrees of freedom, are shown in Table IX. The normal errors include

" the statistical errors and the estimated uncertainties in the integrated luminosity and
particle identification efficiencies but do not include any other systematic uncertainties
in the predicted number of background events. The last decay mode shown in Table IX
combines the last two decay modes shown in Table I because the er(nv) and pm(nvy)
subtypes (Sec. III.D.2) sum over events with from 1 to 4 observed photons. The 7
branching fractions obtained from the present analysis are in good agreement with
currently accepted branching fractions. A detailed statistical study of 7 decay data

has recently been performed by Hayes and Perl."”

D. Conclusions

In conclusion, we have found no evidence for new lepton pairs (L~,L°) in our
29 GeV ete~ annihilation data and have excluded their existence over most of the
accessible (m_, §) plane. The data, with the possible exception of the e > 3 event sub-
types, appear to be consistent with known processes and with the currently accepted

7 branching fractions.
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APPENDIX: L= BRANCHING FRACTIONS

Decay width formulae for keavy charged leptons were calculated by Tsai'*® as-

suming massless neutrinos. This section gives the generalized formulae for the case
where the L0 is massive but does not exceed the L~ mass. The W= propagator effects

included in Eq. (5) are neglected here.

The decay width for L= — L°e 7, is

G?mb

L — Loe_ﬁe) = —-—————-19275

(1—8r+8r° —r* —12r%Inr) (A1)

where G is the Fermi coupling constant, r = (mo/m-)?%, and the e and v, masses are

assumed to be negligible.

The decay width for L~ — Lou~w,, where only the v, mass is assumed to be

negligible, is**

G*m®
- 0, —5 \ — —f{1lfg _ 943 _ o2 — —
D(L™ = Lw™0u) =75, 5{3[2 —36° — ¢’ + (5D — 14)s — 13D]r (A2)
— 3[s* — 2(D +2)s? + D* — 4D] Ly + 125V DLy} |
where
5= mf‘ + mg
= =T
L _ md —m)?
= -y
r=+v1—-2s+D (A22)
I =1n(1—s+r)m?_
1= 2mumo
I ___ln(s—D—\/Er)m2_
2= 2myumo )

The decay width for L~ — L°7~ 7, is obtained by replacing m, by m, in Eqs. (A2)
and (A2a).

The following decay width formulae for L~ decays to a single scalar or vector
hadron are valid in the narrow resonance limit. For resonances of finite width the
threshold terms should be averaged over g2, where ¢ is the hadron 4-momentum. For

the long-lived scalar hadrons 7* and K% one need only substitute m? for ¢2. The
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decay width for L= — Loz~ is"

2
(L~ — L°77) = G fams S cos? b \/—{ 8)* — an(m? +mj)} (A3)
167 me_
where . is the Cabibbo angle, ¢r is the pion 4-momentum and
A = A(m?,mi, ¢
( 0 1r) (A3a)
A(z,y,2) = 22 + y® + 22 — 2(zy + 72 + y2)
The decay width for L= — LYK~ is
2 -
I\(L-— N LOK—) G me Sln 0. \/—{(m ) q (m +m0)} (A4)
16w , ms

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

. [19]

decay to a single scalar hadron. The decay width for L= — L%~ is

szzmacoszo \/—{ 2 —md)? + g2(m? + m}) —Zq}
(L™ — L% ") = 0 A5
where m, = 770 MeV /c? and A = A(mz,mg,qg).
The decay width for L~ — L%a7 is
m

where A = A(m2,m2,q% ) and the Weinberg sum rules (20}

ma1fa1'

give the relation m,f, =

The decay width for L~ — LOK*™ is

G2 f&.m? sin? 8, VA{(m2 — m3)? + ¢k.(m2 + md) — 2¢%.}
16w - m8

I(L~ — L°K*") =

(A7)

1 give the relation Jo=fk-

where A = A(m?2,m},¢%.) and the DMO sum rules
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The decay width for L~ — L%d — hadron continuum is""”

3G%Zm?b -2 siné sin 8
— O— 1\ __ - A A
I'(L™ — L’ud) = TR Sr{r( —

31 0 tan
cost 8, cos? 0A+ n|secfy + tan Ai) (A8)

+.2+/r(1 + r) tan® BA}

where
(mo/m-)*
14+r—2xy)
2yr (A8a)
zp = (A/m_)?

r

secly =

0< 0y <m/2

and A is minimum invariant mass cut-off for the uwd hadronic continuum. The decay
width for L= — L%s — hadron continuum is also given by Eq. (A8), but with a
larger A in Eq. (A8a). It should be noted that in the limit zp — 0 Eq. (A8) reduces
to

I'(L~ — L°%d) = 3T (L~ — L% 7,) (A9)

where 3 is the color factor. Braaten'’”

has recently calculated perturbative QCD
corrections to the color factor in heavy lepton decay, and found

I'(r~ — vr + hadrons) /[T(r~ — vre~T,) = 3.29 £ 0.04 while a ratio”® of 3(1 + a,/7)
is appropriate for very large m_ and 6. Our Monte Carlo simulations assumed the

naive value of 3 for the color factor.

Equations (A1-8) give the dependence of the decay widths on m_ and mo. In
calculating the branching fractions for L~ decay the normalizations in Eqs. (A3-7)
were adjusted relative to Eq. (1) to give good agreement with the 7 decay branching
fractions for m_ = 1.784 GeV/c? and my = 0. The normalization of Eq. (A8) relative
to Eq. (A1) was retained, so as to preserve Eq. (A9) in the small z, limit. Good
agreement with the 7 decay branching fractions was obtained by setting the minimum
invariant mass for the @d hadron continuum states to A = 1.275GeV/c?. We set

A = 2.0GeV/c? for the ¢s hadron continuum states.
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TABLE I. 7 branching fractions and normal errors assumed in the determination of

the ete™ — 777~ background.

Decay mode Branching fraction (%)
T~ — e Uely 179+ 04
TT — puT Uy 176 0.4
T~ o T U, 10.9 1+ 0.6
77 — 37T+ > 07%) ", 13.4+0.3
" —p Vs 22.7+1.0
T = (77 + > 27%0, 12.0 £ 2.0

23



TABLE II. Number of data events and expected backgrounds for ey event subtypes
with acolinearity angle 8,.,; < 25° and 4., > 25°.

e—pule—u
< 25° 1 > 25°

Data events 308 70
ete” — rtr— 294.7 | 27.8
+22.5| +£5.9
ete” —meteutu~| 4.6 | 16.7
+2.6 | 5.0
ete” — ete 7t~ | 0.8 13.7
1 4.5 | +£5.9

ete” - utu=(7) | 6.5 0

+3.2

Expected events | 315.6 | 58.2
+23.3| +9.7
Excess events —-7.6 | 11.8
+23.3| +£9.7
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TABLE III. Number of data events and expected backgrounds for €3 and p3 event

subtypes with m;,, < 2.5GeV /c? and mjp, > 2.5 GeV/c?.

evs 3 evs3 | puvs3 | pvs3
m<25[/m>25{m<25|m>25
Data events 170 11 123 5
ete” = rtr™ 153.4 2.2 108.1 1.4
+14.9 +1.6 +12.1 +1.3
ete™ — qq 0.5 2.1 0 0
+0.9 +1.8
ete™ —ete rtr™ 10.0 1.7 8.0 0
+4.2 +1.8 +3.9 '
ete™ — ete qq 3.2 0.6 0 0
+2.0 +0.8
ete” — utu—qq 0 0 1.0 1.0
+1.4 +1.4
Expected events 167.1 6.6 117.1 2.4
+15.6 +3.1 +12.8 +1.9
Excess events 2.9 4.4 59 2.6
+15.6 +3.1 +12.8 +1.9
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TABLE IV. Number of data events and expected backgrounds for e > 3 and u > 3
event subtypes with m;,, < 2.5GeV/c? and my,, > 2.5 GeV/c2.

evs>3tlevs >3|uvs>3|uvs>3
m<25|m>25m<25|m>25
Data events 14 22 3 4
ete” - rtr— 2.3 0.1 2.0 0.1
+2.2 +0.3 +1.9 +0.3
ete™ — qq 0 2.0 0 0
+1.7
ete s ete 77~ 0 0.5 0 0
+0.8
ete” —» ete qq 3.3 10.9 0 0
+2.0 +3.7
ete” — utuqq 0 0 0 1.0
+14
Expected events 5.6 13.5 2.0 1.1
+3.0 +4.2 +1.9 +1.4
Excess events 8.4 8.5 1.0 2.9
+3.0 +4.2 +1.9 +14

26




TABLE V. Number of data events and expected backgrounds for er and um event
subtypes with acolinearity angle 8,.,; < 25° and 4., > 25°.

e—mie—T|pu—Tlp—m
< 25° | > 25° | < 25° | > 25°

Data events 50 15 56 4

ete” - 7™ 58.5 5.5 | 54.5 3.7
+9.0 | 2.5 | +8.6 | 2.0

ete wete 77~ | 16 | 11.2 1.2 2.1
+16 | £4.5 | £1.3 | +1.9

ete” — eteqq 0 0.6 0 0
+0.9
ete™ — putu(v) 0 0 0 0.1
+0.3
ete” —ete (v) | 0.8 0.8 0 0
+1.2 | 1.2 '

Expected events | 60.9 | 18.1 | 55.7 | 5.9
+9.2 | £54 | +£8.7 | 2.8

Excess events -10.9| —-3.1 0.3 —-1.9
+9.2 | £5.4 | 8.7 | 2.8
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TABLE VI. Number of data events and expected backgrounds for ew(n~y) and ur(nvy)
event subtypes with acolinearity angle 8,.,; < 25° and 4., > 25°.

e—n(nvy)|e—m(ny) |p—7(ny) | p— 7(n7)
< 25° > 25° < 25° > 25°
Data events 215 28 162 17
ete” — 117~ 198.5 11.9 163.6 6.5
+21.9 +3.8 +19.0 +2.7
ete™ — qq 0 0.5 0 0
+0.9
ete —ete rHr™ 1.8 9.6 2.2 5.2
+1.8 +4.3 +1.9 “+3.1
ete” — ete qq 0.3 0 0 0
+0.6
ete™ — putu(v) 0 0 1.0 0
+1.2
ete — ete(v) 1.2 2.3 0 0
+1.6 +2.2
Expected events 201.8 24.3 166.8 11.7
+22.0 +6.2 +19.1 +4.1
Excess events 13.2 3.7 —4.8 5.3
+22.0 +6.2 +19.1 +4.1

28



TABLE VII. Numbers of SAT-tagged events and ‘same-charge’ events from data and

Monte Carlo simulations for each event subtype.

SAT-tagged events

Same-charge events

Data | Monte Carlo

Data | Monte Carlo

e— u (< 25°
e —p (> 25°)
e vs 3 (m < 2.5)
e vs 3 (m > 2.5)
pvs 3 (m <2.5)
pvs 3 (m > 2.5)
e vs > 3 (m < 2.5)
e vs > 3 (m > 2.5)
pvs >3 (m < 2.5)
pvs > 3 (m > 2.5)
e — (< 25°
e—m (> 25°)
p— (< 25°)
u—m (> 25°)
e — m(nv) (< 25°)
e — m(ny) (> 25°)
b — (o) (< 25°)
# —m(nv) (> 25°)

[

26+2.6
48+ 3.6
3.0x2.6
0

1416

O TN O O o= O O = O O & O Ut
o

08+1.1

10 3.1+2.6

116 + 4.2

49+23

14+1.2

20£1.8
0

O N N W ©

0.2+0.5
0.1+0.3
0.2+0.5

1.6t1.3
24+21
0.8+0.9

©C N W O O O «w O
o
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TABLE VIIL Probability ratio R of data being consistent with background to data
being consistent wi_th background plus new lepton pair at (m—,6). R is the product of the

R; for the 18 event subtypes.

(m—,8) (GeV/c?) R
(0.3,0.3) 9.2 x 107!
(0.5,0.5) 3.7 x 102
(0.7,0.7) 2.4 x 1015
(1.8,1.8) 1.6 x 10%8
(2.0,0.5) 1.9 x 10%2
(2.0,1.0) 2.5 x 10%
(2.5,2.5) 2.7 x 10%8
(3.0,0.3) 1.5 x 10?
(3.0,1.8) 1.0 x 1032
(4.0,0.5)  |4.3 x 1012
(4.0,1.0) 1.7 x 10%2
(4.0,4.0) 8.8 x 10%°
(5.0,2.5) 7.3 x 10%2
(6.0,0.3) 2.1 x 10°
(6.0,1.8) 1.3 x 1022
(7.0,0.7) 2.0 x 107
(7.0,7.0) 1.6 x 104!
(8.0,0.5) 1.5 x 102
(9.0,4.0) 5.6 x 10%8
(10.0,1.0) 1.3 x 103
(10.0,1.8) 3.9 x 101!
(10.0,2.5) 1.3 x 10!°

(10.0,10.0) 1.9 x 10%
(12.0,1.8) 2.0 x 10°
(12.0,7.0) 2.6 x 104
(13.0,0.7) 1.0 x 10°
(13.0,1.8) 1.6 x 10°
(13.0,2.5) 2.2 x 10°
(13.0,4.0) 3.2 x 10°
. ' (14.0,1.0) 1.2 x 10°
(14.0,7.0) 2.2 x 10°
(14.0,10.0) 5.6 x 10!
(14.0,14.0) 2.5 x 10°
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TABLE IX. Best fit 7 branching fractions from this analysis assuming absence of new

lepton pairs with m_ < 14.5 GeV /cZ.

Decay mode Branching fraction (%)
T- — € Velr 178+ 1.0
- T 17.5 £ 1.0
s X 9.8 1.2
= — (37t 4+ > 070) "o, 13.9+1.1
= — (7~ + > 170, 36.0+2.6
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FIGURE CAPTIONS

FIG. 1. Dependence of L—-branching fractions on § for (a) m_- = 2GeV/c? and
(b) m_ = 10GeV/c?. Decay modes are (1) L~ — L% w,, (2) L~ — L°u~my, (3)
L~ — LO7n—, (4) L~ — L%, (5) L~ — L°K—, (6) L~ — L°K*~, (7) L~ — LO,
(8) L~ — L%ad, (9) L~ — L%s, and (10) L~ — L°r~ ;. '

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

L= — L° + multihadrons when Ep.up = 14.5GeV and m_ = 10 GeV /c2.

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

FIG. 4. New lepton pairs are excluded, with R > 9, from the hatched regions by
the €3, u3, e > 3, and u > 3 event subtypes.

FIG. 5. New lepton pairs are excluded, with R > 9, from the hatched regions by
the er, um, em(ny), and pr(ny) event subtypes. '

FIG. 6. New lepton pairs are excluded from the hatched regions by all event
subtypes combined. The excluded regions are shown in (a) for R > 9 with a linear §
scale and in (b) for R > 9 (above lower contour) and R > 99 (above upper contour)

with a logarithmic 6 scale.
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BRANCHING FRACTION

5-88

0.8

0.4

0.8

1 |

m_=2.0GeV/c? ]
(a)

1.0 1.5 2.0

m_=10.0 GeV/c? _
(b)




l I ] | T
Mg = 2 GeV/c? (a)
— §:=8Gewc? 7
—_ 1 | 1 |
= 2
> S = 4 GeV/c?
S L _
'E
S
liél 1 | | 1 |
3 mo=9GeV/c2 (c)
- S = | Gev/c? —
| ] | I
O S IO 1S
Evis,1 (GeV) 5989A4

5-88

Fig. 2



e-p
EZZ34 Bgco1 < 25°
m eoco| > 25.

4
1 0
0] 4 8 12
9-88 m_ (GeV/ca) 5989A1

Fig. 3



Miny < 2.9 Gev/c?
Miny > 2.5 Gev/c?

Fig. 4

— 12
— 8
——4"\
No
S
1 Q
O
12 4
—18
— 4
—
QO
5989A2



Fig. 5

772 Bqcol < 25°
53" Bacol > 25°
e-T Q- i P
(a) (b) _
— 8
\‘ _ _
\t {a_
A\,\\\\ | 1%
i S
e T | | 1+ 1 0 &
e vs m(ny) _ /.Lvsvr(ny) 2
| 7
(n=1,2,3,4) (n=1,2,3,4) i
(c) | (d) 18
. 14
| [ T B B [ T B 0
O 4 8 12 O 4 8 |12
6-88 m_ (GeV/cz) 5989A3



All Data

R>9
(a) 12
8
4
1 <
Q
FE— {0 3
- All Dato 1 8
L =Y 99>R>9 4 —
R >99 ©
- 10
. (b)
o 5
2
= |
Jo0.5
4 0.2
1
0] q 8 i2
9-88 m. (GeV/cz) 5989A6

Fig. 6



