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Search for Long-Lived Massive Neutrinos in Z Decays
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We search for events in the Mark II detector at the SLAC Linear Collider with the topology of a Z
boson decaying into a pair of long-lived massive particles. No events that are consistent with the search
hypothesis are found. Interpreting the long-lived particle as a sequential Dirac neutrino v4 of the fourth
generation, we exclude at the 95% confidence level a significant range of mixing-matrix elements of v4 to
other-generation neutrinos for a v4 mass from 10 to 43 GeV/c '.

PACS numbers: 13.38.+c, 12.15.Ff, 14.60.Gh

Despite the success of the present three-generation
standard model, there is immense interest in looking for
new generations of fermions. The standard model itself
imposes no restrictions on the number of possible genera-
tions or on the masses of the new particles. Motivation
to search for long-lived massive particles comes from
various theories' asserting their existence. Among all
possible new particles, a fourth-generation neutrino
draws the most immediate attention. If one extends the
mass structure of the known fundamental fermions, the
neutrino would be the lightest member of a new fourth
generation and thus the most accessible to discovery by
present experiments. Recently, measurements have been
made at the SLAC Linear Collider and the CERN

e+e collider LEP to determine the number of neutri-
no species. The results rule out at 95% confidence level
(C.L.) the possibility of a fourth-generation neutrino.
These measurements, however, assume the neutrino to be
massless and stable.

In this Letter, we present a search for long-lived mas-
sive particles in Z-boson decays. The data used in this
analysis were obtained with the Mark II detector at the
SLAC e+e Linear Collider (SLC) operating in the
e+e center-of-mass energy (E, ) range from 89.2 to
93.0 GeV. Although the search can be applied to other
long-lived particles, we parametrize the results in terms
of an hypothesized sequential massive Dirac neutrino v4.
If such a neutrino exists with its charged-lepton partner

l990 The American Physical Society 1091



VOLUME 64, NUMBER 10 PHYSICAL REVIEW LETTERS 5 MARcH 1990

where U&; is a unitary mixing matrix.
Through this mixing, v4 would decay by the weak

charged current (v4 1+&*,l-e, p, r). Assuming v4

mixes with only one other generation of I, the lifetime of
the v4 can be expressed in terms of the muon lifetime as

r(v4 I X+)
m4

' 5 r(p- evv)8(v4- j e+ v)

I Ui4I'f

where m4 is the mass of the neutrino and f is a phase-
space suppression factor for massive final-state particles
which diA'ers appreciably from unit only when one or
more of the final-state particles is a r lepton or charm
quark, and m4 is relatively small. The predicted branch-
ing fraction for v4 I e+v is constant (-11%) for
most of our mass search range from 10 to 45 GeV/c2.
Although the unitarity of the mixing matrix and e-p,
p-i weak universality restrict the allowed mixings,
there is a large region where the mixing is of a value
such that the decay length of the v4 is experimentally ob-
servable.

The expected cross section for v4v4 pair production at
the Z peak is very large: 2.9(P/4)(3+P ) nb, where P is
the velocity of the v4 in the e+e center-of-mass frame.
For a 35-GeV/c v4, a total of 24 produced events would
be expected in the accumulated Mark II data sample of
19 nb

To search for these particles, we utilize the following
characteristics of the event topology. In contrast to the
hadronic background from the fragmentation of u, d, s,
c, and b (udscb) quarks, v4v4 events with long-lived v4

would have detached vertices, and consequently many
tracks with large impact parameters with respect to the
primary vertex. In addition, since a majority of v4v4

events are expected to contain one or two hadronic jets,
the average charged-particle multiplicity and total ~isible
energy would then be significantly larger than that of the
dominant background of beam-gas and beam-beam-pipe
interaction events.

A detailed description of the Mark II detector can be
found elsewhere. The tracking system of the detector is
particularly important for this analysis. The Mark II
central drift chamber, based on a six sense-wire cell of
jet-chamber configuration, has twelve concentric cylin-
drical layers at radii between 19.2 and 151.9 cm. The
chamber is immersed in a 4.75-kG solenoidal magnetic
field and has an intrinsic position resolution of less than
200 pm, resulting in a charged-particle momentum reso-
lution of o(p)/p 0.0046 (GeV/c)

In order to ensure good track reconstruction, we re-
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L, which we assume is heavier than the neutrino, then
the neutrino weak eigenstates vi (l-e, p, r, and L)
could be a mixture of the mass eigenstates v; (i =1-4)
in analogy with the quark sector:

4

vi g Ui;v;,

quire charged tracks to be within the angular region
Icos8I &0.82, where 8 is the angle with respect to the
beam axis, and to have transverse momentum with
respect to the beam axis of at least 150 MeV/c. We also
require electromagnetic showers to have shower energy
greater than 500 MeV and to be within Icos8I &0.68
for the barrel calorimeter and within 0.74& Icos8I
& 0.95 for the end-cap calorimeters.

The dominant background of beam-gas and beam-
beam-pipe interaction events usually are forward scat-
tered, and have low multiplicity and low total energy.
To eliminate them, we require an event to have at least
eight charged tracks and to have total visible energy
greater than 35% of E, . In addition, the minimum of
energy visible in the forward and backward hemispheres
with respect to the electron beam direction must be
greater than 7% of E,

To examine the effect of these cuts and to ensure that
the remaining events are free of beam-gas and beam-
beam-pipe background, we determine the most probable
primary vertex of each event in the data sample. When
all requirements are applied, there remain no events with
primary vertices outside a cylindrical volume centered on
the interaction point of radius I cm and length 4 cm
along the beam axis. The beam pipe has a radius of 3.4
cm. We therefore conservatively estimate that there are
less than 0.01 beam-gas and beam-beam-pipe interac-
tion event in our final data sample of 350 events.

The impact parameter b in the plane perpendicular to
the beam axis is defined as the distance of closest ap-
proach of a charged track to the average beam position.
The average beam position for events in a particular time
period is defined as the average of the fitted primary ver-
tex positions of the hadronic events in that period. The
data are divided into blocks in which there is no evidence
of a beam-position movement of more than 200 pm as
determined by the SLC final-focus beam-position moni-
toring systems. Each data block contains more than fifty
hadronic events, and the typical error in the average
beam position is less than 40 pm in both horizontal and
vertical directions. Since the SLC beam size is very
small (typically 5 pm in the plane perpendicular to the
beam axis), its contribution to the uncertainty in the
average beam position is negligible. We therefore assign
an error of 200 pm to the measured beam position in
each event.

The significance of a charged track's impact parame-
ter is defined as the impact parameter divided by its er-
ror ob, which is the sum in quadrature of the track-
position error perpendicular to the track trajectory
(about 300 pm for high-momentum tracks) and the er-
ror in the average beam position. An event-search pa-
rameter g; p is then defined as the fraction of charged
tracks with significance b/crb greater than 5.0. As seen
in Fig. 1, hadronic background events containing charm-,
bottom-, or strange-quark decays rarely yield p p

greater than 0.5, since there are many other tracks in the
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FIG. 1. Distribution of v4 search parameter g, ~ for data
(solid circles with error bars), udscb Monte Carlo simulations
(solid line), a 35-GeV/c' v4 with a lifetime of 100 ps (dotted
line, normalized to data), and a 35-GeV/c2 v4 with a lifetime
of 1000 ps (dashed line, normalized to data).

FIG. 2. 95%-C.L. excluded regions for a hypothesized
fourth-generation long-lived massive Dirac neutrino v4 as a
function of mass and mixing-matrix element

~ U1411, I e, p, or
r. Also shown are the equivalent excluded regions for a Mark
II isolated-track search described in Ref. 14, and a Mark II
search for detached vertices at PEP described in Ref. 15.

event which project to the primary vertex;" however,

many v4v4 events with a reasonable lifetime would yield

g; ~ greater than 0.5. The data and Monte Carlo
udscb g; ~ distributions disagree somewhat. This
discrepancy is mainly due to nuclear interactions of par-
ticles which are not fully simulated in the Monte Carlo
program. When the estimated 0.3 nuclear interaction
per event is taken into account, the distributions are con-
sistent. We therefore demand g; ~ of an event to be
greater than 0.6 for it to be tagged as a long-lived v4v4

signal event.
No events in the final data set are tagged as v4v4 sig-

nal events. Monte Carlo udscb simulations [LUND 6.3
shower (Ref. 10) and WEBBER4.1 (Ref. 11)] predict less
than 0.2 event to pass all cuts.

In order to interpret the null-search result for v4v4

events as an excluded region in the m4-
~ UI4~ plane,

v4v4 events are generated with various lifetimes and
masses with a Monte Carlo program' that simulates the
response of the Mark II detector. The number of v4v4

events expected to be produced N„, is normalized to the
total number of hadronic events (Nq 450) that fulfill

the hadronic-event-selection criteria described in a previ-
ous Letter: '

NI, I,,
EqI q+E~.,I; '

where 1~ is the partial decay width of the Z to udscb
quarks, eq 0.953 is the efficiency for udscb quarks to
pass the hadronic-event criteria, I „is the partial width

of the Z to v4v4, and e4„, is the efficiency for the v4v4

events to pass the hadronic-event criteria.
Charged- and neutral-energy trigger emulator pro-

grams are applied to simulated v4v4 events since a long-
lived v4 might not decay within the detector fiducial
volume defined for triggering. ' Event-selection cuts are

applied only to those events that would trigger our data-
acquisition system and detection efficiencies e„, are
determined. As an example, for a 35-GeV/c v4 with a
mean decay length of 1 m, a trigger efficiency of 90%,
and a e„of 15% including trigger efficiency is found.
For a 35-GeV/c v4 with mean decay length of 5 cm, e„
is 45%. Detection efficiencies are equal to one another
within errors for v4 e+ W* and v4 p+ W but are
about 10% lower for v4 r+ W .

Uncertainties in detection efficiency from Monte Carlo
statistics (=2%), detector simulation and beam back-
grounds (=4%), tracking efficiencies for tracks with

large impact parameters (=10%), and different frag-
mentation models ( = 1%) are estimated. Uncertainties
in the number of produced events arise from the statisti-
cal error in Nl, and from small errors in eq and eq„,. The
total error is calculated by summing the individual sta-
tistical and systematic errors in quadrature.

Detection efficiencies are determined for v4v4 events
for a grid of values in the m4-~U14~ plane. Two-
dimensional polynomial interpolation is used to find
efficiencies between grid points. The expected number of
v4v4 events after all cuts is then determined, and reduced
by the total error described above to obtain a conserva-
tive 95%-C.L. contour in the m4-

~ UI4~ plane. The re-
sults are shown in Fig. 2. The upper and lower boun-
daries of the contour at a mass of 35 GeV/c correspond
to mean decay lengths of 0.6 and 83 cm, respectively.
Also shown in Fig. 2 are the region excluded by an
isolated-track search in the same data sample, ' and the
region excluded by the Mark II experiment at the SLAC
storage ring PEP. '

In conclusion, we observe no events that are consistent
with the search hypothesis of a sequential long-lived
massive Dirac neutrino. We significantly extend the ex-
cluded region at 95% C.L. in the m4-

~ UI4 ~
plane deter-

mined by lepton universality, and other experiments;
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FIG. 3. 95%-C.L. excluded regions for a hypothesized
fourth-generation long-lived massive Dirac neutrino v4 as a
function of mass and mixing-matrix element ) U, 4)

~ for the

present analysis compared to those obtained by (1) Mark II,
Ref. 14; (2) AMY, Ref. 16; (3) CELLO, Ref. 17; (4) Mark II
detached vertex search at PEP, Ref. 15; (5) monojet searches
at PEP, Ref. 18; and (6) e-p universality, Ref. 6.
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