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Search for Heavy-Neutrino Production in e +e Annihilation at 29 GeV
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G. Goldhaber, L. Golding, ' J. Haggerty, G. Hanson, K. Hayes, D. Herrup, R. J. Hollebeek, W. R.
Innes, J. A. Jaros, I. Juricic, J. A. Kadyk, D. Karlen, S. R. Klein, A. J. Lankford, R. R. Larsen, B. W.
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B. Richter, K. Riles, P. C. Rowson, ' T. Schaad, " H. Schellman, ' W. B. Schmidke, P. D. Sheldon,

G. H. Trilling, C. de la Vaissiere, " D. R. Wood, and J. M. Yelton '

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
La~rence Berkeley Laboratory and Department of Physics, University of California, Berkeley, California 94720

Department of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 2 February 1987)

We report a search for long-lived heavy neutrinos produced by the neutral weak current in e+e an-
nihilation at 29 GeV at the SI AC storage ring PEP. Data from the Mark II detector are examined for
evidence of events with one or more separated vertices in the radial range of 2 mm to 10 cm. No events
were found that were consistent with the search hypothesis, ruling out heavy neutrinos with mean decay
lengths of l to 20 cm in the mass range l to 13 GeV/ ~c.

PACS numbers: 14.60.Gh, 13.10.+q

There is a natural interest in looking for fermions be-
longing to a fourth family as the simple extrapolation of
the structure already observed. Supposing that neutrinos
have masses which progress like the e, p, and ~ masses
and considering the limits on masses of v„, v„, and v„
one easily imagines a fourth neutrino at several Gev/c .

Aside from this naive consideration, searching for such
heavy neutral leptons is especially interesting because
they appear in conjunction with the "see-saw" mecha-
nism in left-right-symmetric models' and models of hor-
izontal gauge symmetry, and also in the O(18) family
unification model which predicts five additional neutral
leptons below 40 GeV/c . In each of these scenarios
the possibility exists that the particles would be produced
in an e+e collider and their flight paths before decay
would be observable.

We are reporting a search for long-lived heavy-
neutrino pairs produced by the neutral weak current in
e+e annihilation at 29 GeV at the SLAC storage ring
PEP. Although this search applies also to other long-
lived heavy neutral particles, we have pararnetrized the
results in terms of an hypothesized fourth-generation
massive Dirac neutrino v4. This neutrino is supposed to
occur in a fourth leptonic family together with a charged
lepton 14 which is so heavy that it has not yet been ob-
served. If the fourth family were to mix principally with
one other family, say r, the weak isodoublets could be
written:

sality ' place constraints on the experimentally allowed
mixings. For example, if v4 mixed only with v, then the
z lifetime measurement requires sin e &0.20 at the 90%
con fidence level.

In this model, the lifetime of the heavy neutrino is cal-
culable given the mixing angle |. It can be expressed in

terms of the muon lifetime as

r(v4~l X )= m„r(p —evv)B(v4 —l e v)
' 5 +

m4 f(m4, l)sin e

where m4 is the mass of v4, l represents the lepton (e, p,
or r) to which v4 primarily couples, and f is a phase-
space correction which diflers appreciably from unity
only when l =~. We have calculated the partial widths
for the various v4 decay modes in analogy with the case
of r decay, obtaining the branching fraction B(v4

l e+ v) as a function of m4 and l. We found that B
varies between 0 20 and 0 12 over the mass range
relevant to our search. For the case l =r, the result of
the phase-space integration can be approximated as

1/f(m4, r) = 1+ 15/Am —15/tom +20/hm

in

P (e, u, r )

where Am =m4 —m, .
The CrOSS SeCtiOn fOr prOduCing a v4 v4 pair via the

v cosE+ v4 sink v4 cosa —v, sin e

For appropriate values of the Cabibbo-type mixing angle
e, the path length before decay of the v4 (Fig. 1) would
be experimentally observable. Unitarity of the mixing
matrix and measurements of e-p and r-p weak univer- F I G. 1. v4 decay.
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weak neutral current in e+e annihilation is

do. 1 Gps
[(1 —4sin 0~+8sin 0~)P(1+P cos 0)+2(1 —4sin 9~)P cosO],

dcosg 64m (1 —s/~ ) +f -/~
where 0 measures the angle of production with respect to
the e+e beam axis, P is the speed of the particles pro-
duced in the center-of-mass frame, and js is the center-
of-mass energy. At the PEP energy of 29 GeV, this
cross section is only 0.34 pb, but the accumulated Mark
II data of 208 pb

' would yield 71 produced events and
thus allow a reasonable search.

The search was conducted with the Mark II detector
at PEP. The detector has been described in detail else-
where. ' We recall here the details relevant to this
analysis. In the following, z is the coordinate along the
beam axis, the xy plane is perpendicular to it, and r y
=x +y . The origin is defined by the center of the
main drift chamber. Charged particles are tracked by
the combination of a high-precision drift chamber,
known as the vertex chamber, and a main drift chamber
which surrounds it. The vertex chamber has one band of
axial sense wires arranged into four layers near
r,-,, =11.2 cm and another band of three layers near
r,-,, =31.2 cm. The main drift chamber consists of six-
teen layers of axial and stereo sense wires in the range
41.4 cm & r„y & 144.8 cm. Together these chambers
track charged particles efficiently for

~
coso

~
& 0.80,

where 0 is the polar angle between the track and the
beam axis. They are immersed in a 2.3-kG axial mag-
netic field. When projected onto the xy plane, the reso-
lution ab in the extrapolation of tracks is approximately
aq = (95 pm) (1+ 1/p ~, ) ' near the collision point,
where p,y is the xy projection of track momentum in

GeV/c. The momentum-dependent term in crb is mostly
due to multiple Coulomb scattering. Photons are detect-
ed by a liquid-argon calorimeter yielding an energy reso-
lution 14%/JE (E in gigaelectron volts) for

~
cos 0

~

& 0.70.
The basic strategy was to look for events with two

back-to-back vertices that are separated from the in-
teraction point and with no tracks coming from the in-

teraction point. There are several ways hadronic events
might simulate this signature. Charm and bottom de-
cays can give rise to back-to-back displaced vertices, and
tracking ineNciencies and statistical fluctuations could
cause there to be no additional reconstructed primary
tracks. However, by our requiring each decay to be fur-
ther than 2 mm from the beam, this background be-
comes negligible. Another mechanism is due to the pres-
ence of fake secondary vertices. These can arise from
strange particle-decay tracks, tracking errors, and un-
tracked motion of the interaction point. For example,
the primary could move to one side of the assumed beam
position, and a fake vertex might appear on the other.
To minimize these possibilities, we required certain
tracks in an event to satisfy tracking quality cuts, elim-

inated A~ and A decay tracks from consideration, and
removed runs where the beam position was unstable.

Candidate events were required to have charged ener-
gy E,h & 3.6 GeV and total energy Et,I & 7 GeV. They
also had to have four or more charged tracks, since each
v4 must decay into at least two charged particles. There
must have been no primary vertex within r y & 1 mm,
where the vertex was defined as any three tracks each
passing within 2ab of the same point in the xy plane.
(The beam spot size is approximately 1 mm wide and 0.3
mm high. ) Also, two good tracks had to miss the in-
teraction point by 3 standard deviations. " We con-
sidered a good track one which had at least two hits in
the innermost band of four layers in the vertex chamber,
did not overlap another track near these hits, had ~ 12
hits total with E per degree of freedom & 10, and
satisfied 200 MeV/c & p,~, & 15 GeV/c. This require-
ment of hits in the vertex chamber is needed because in-
correct assignment of hits in the four innermost layers
leads to a large error when extrapolating a track to the
interaction region. Also, if the track-fitting routine was
not able to assign hits in these layers to a given track, it
may be because there was a kink in the track due to
scattering or decay in flight. For real events with
charged multiplicity similar to the hypothesized signal,
about 70% of tracks (which are otherwise satisfactory)
satisfy the vertex chamber hits requirement.

We defined the signal by identifying one or both decay
vertices occurring on opposite sides of the interaction
point. We used only tracking information in the xy
plane, since the resolution is much poorer in the z direc-
tion. Because the major backgrounds are diA'erent, we
treated separately events with four tracks and events
with more than four.

For four-prong events, we required two two-prong for-
ward decays each with charge zero, on opposite sides of
the interaction point, inconsistent with the interaction
point at the level' E & 9 and separated from it by at
least 2 mm. At least one vertex had to consist of two
good tracks (as defined above) and satisfy r„~, & 10 cm.
The prongs from the other vertex did not have to be good
tracks. The back-to-back condition stated that the angle
between the two decays and centered at the beam spot
had to be 180 to within 14 or 3 standard deviations.
The forward decay stipulation disallowed any track
which decayed more than 150 from the flight path of
the decaying particle (90' if the track passed within 2
standard deviations ' ' of the beam spot).

If there were more than four tracks in an event, we re-
quired one vertex with at least three prongs to be in the
range 2 mm &r„y &10 cm and inconsistent with the in-
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teraction point with significance' X & 9. Specifically
we searched for the point in 2 mm & r ~ & 10 cm con-
sistent with the largest number of forward-decaying good
tracks. A track was considered consistent with a point if
it passed within 3 a~ and 500 p m of that point. We at-
tempted similarly to group any remaining good tracks
into a vertex on the opposite side with 2 mm & r ~ & 10
cm. If the first vertex was less than 3 mm from the
beam-spot center, we required a second decay vertex to
exist. (This removed hadronic events where the primary
interaction was in the tail of the beam-spot distribution. )
In general some good tracks were not assignable to either
vertex, tending to contradict the hypothesis of back-to-
back decays. We rejected the event if any such tracks
passed within 2 standard deviations" of the e e in-
teraction point. (In the hadronic background many
tracks are consistent with the primary. ) If the main de-
cay vertex had only the minimum three tracks and there
was no back-to-back vertex found, we allowed no unas-
signed good tracks; otherwise, we allowed up to two. An
event was rejected if the main decay vertex was con-
sistent with an interaction in the beam pipe, 7.41
cm & r ~ & 8.01 cm.

After applying these cuts, only three events remained.
(A Monte Carlo simulation predicted that we would see
two events from hadronic background at this point in the
analysis. ) On further examination of these events, we
found that they were all incompatible with the hy-
pothesis of v4-pair production. In one event the position
of the beam spot had moved 3 mm from its assumed po-
sition. This was determined by an examination of the
primary vertex of the events immediately preceding and
following the candidate event. A second event had only
three charged particles present. The remaining tracks
were from two independent photon conversions in the
chamber. The final event was kinematically incompati-
ble with the v4-pair hypothesis because it had a
backward-going 8-GeV/c track. We interpret the result
as zero signal events.

The acceptance of this search was primarily limited by

two efI'ects. The requirement that both decays occur
beyond 2 mm and that one occur inside 10 cm defined
the shape of the eSciency curve as a function of mean
decay length. When the decays were in the sensitive re-
gion, the efficiency was restricted by the requirement of
two good hits in the innermost four layers of wires for
each track used to define a vertex. A Monte Carlo event
generator was written which simulated v4 decays in all
modes as well as details of the detector. The final accep-
tance curve was obtained by our interpolating between
Monte Carlo results at discrete values of m4 and mean
decay length, using an analytical estimate of the shape of
the curve as a guide. In this way we refined our estimate
of the curve's normalization and also included other
eNects which caused gradual variation of acceptance
with the parameters. An adjustment was made in the
Monte Carlo program because the efticiency of the
tracking quality cuts for real hadronic data was found to
be only 90% of that predicted by the Monte Carlo.
Without this adjustment, acceptance would be over-
estimated by a factor 1.2. About 9% of the data was un-
usable because of the beam stability requirement. We
also considered the efIect of uncertainties in tracking
precision, in calculations of branching fractions for v4

decays, in luminosity and in possible extra noise tracks in
real data events. Each of these eA'ects causes a systemat-
ic uncertainty in the acceptance; added in quadrature
they would shift our maximum acceptance from 28% up
to 31% or down to 25%. In order to quote a conservative
limit, we adjusted all our calculated acceptances down-
ward by this quadratic sum.

Figures 2 and 3 show the excluded regions for m4
versus decay length and m 4 vs sin t.. at the 90%
confidence level. Figure 2 shows that decay lengths be-
tween 1 and 20 cm are excluded for 1 & m4 & 13
GeV/c . The edge of the region at m4-=13 GeV/c de-
pends on production threshold factors. In Fig. 3 these
results are translated to limits on sin e between unity
and 10 depending on m4.

For a recent survey of other experiments covering vari-
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FIG. 2. The interiors of the curves are excluded at the 90%
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FIG. 3. Excluded region for v4 at the 90% confidence level as
a function of sin t. and m4.
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ous regions of the m4 vs sin e plane, see the work of Gil-
man. '3 Also, Badier et al. (NA3 collaboration) have re-
cently looked for v4 up to 2 GeV including somewhat
smaller mixing angles than those we were able to consid-
er. ' A search similar to ours has been carried out with
the CELLO detector at the DESY storage ring PETRA,
with similar results. '
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