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The velocities of neutrinos and muons originating from m+ and E+ decays have been
compared using the California Institute of Technology-Fermilab detector in a narrow-
band neutrino beam. A time-of-flight comparison between positive muons and neutrinos,
as indicated by the final-state negative muons in neutrino interactions, yields IP„-P I

3 o
V P-0.4&10 (99~k confidence level). We assume that Il —

p&I & 10 ' for these muons.

In a Fermilab experiment to measure the ratio
of the cross section for the neutrino from pion
decay (v&) to that for the neutrino from kaon de-
cay (A. &), we have found that these neutrinos at 25
and 75 GeV have velocities which differ from
those of energetic muons penetrating the shield-
ing by no more than 4 parts in 10~ [99% confidence
level (CL)]. Such muons have high momentum p&
and velocity P„=p„/(p„'+ m„')'~' (where m„ is the
muon mass) with I 1 —P„I &10 '.' The precision
of this measurement is not sufficient to improve
the presently accepted limits on the neutrino
mass, but it is the first direct measurement of

neutrino velocity. The upper limit' on the mass
of v„ is 1.15 MeV/c' and that of X„ is 0.65 MeV/
e'. If neutrinos are massless, it is expected that
they move at the speed of light. However, since
neutrinos are so vastly different from other known

particles, this expectation should be tested ex-

perimentallyy.

'
The experiment used the Fermilab narrow-band

neutrino beam4 (see Fig. I.) formed from a sign-
selected hadron beam of adjustable central mo-
mentum (4p/p = 36@full width at half-maximum).
This beam was directed into a 345-m-long evac-
uated decay pipe in which pion and kaon pv de-
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FIG. 1. A schematic drawing of the experimental layout. 400-GeV protons are incident on an Al target. Focusing
and bending magnets form a sign- and momentum-selected parallel secondary beams of pions, kaons, and other par-
ticles. The neutrinos and muons are produced by decays of the pions and kaons as they traverse the 845-m evacuat-
ed decay pipe. Most hadrons are absorbed in the secondary dump. The neutrinos and a few energetic muons pene-
trate the 500-m earth and steel shield in front of the detector. SEM, XIC, DIG, p, 8, and C are monitors used in
the cross- section experiment.
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cays yielded a neutrino spectrum which, in the
forward direction, contained two energy bands,
the higher energy band from kaon decays and the
lower one from pion decays.

Neutrino interactions such as ~+nucleon - p.

+hadrons were detected in a target calorimeter'
located downstream behind 500 m, of earth and
steel shielding. The target contained seventy
modules {each consisting of two 5-ftx5-ftx2-in.
steel plates and a liquid-scintillator hadron-en-
ergy calorimetry counter) interspersed with 36
magnetostrictive-readout wire spark chambers,
which monitored the muon trajectory through the
target. A 5-ft-diam, 8-ft-long iron toroidal
magnet followed by another twelve spark cham-
bers was used to measure the muon momentum.

The apparatus was triggered by energy deposi-
tion in the calorimeter or by a muon traversing
counters T3, T2, and T1 (see Fig. 2). A 10-ft
&10-ft counter plane normally vetoed incoming
charged particles. However, a selected fraction
of muons which penetrated the 500-m shield and
the entire target were not vetoed. They were
used to monitor counter calibration and to align
spark chambers. The comparison of the time of
flight of these muons with that of neutrinos, as
indicated by the final-state muon from an inter-
action in the target, was made using counter T2.

Precise comparison of muon and neutrino ve-
locities is possible because the 53.1-MHz radio-
frequency accelerating system at Fermilab de-
livers protons to the production target in bunches
about 1 nsec in duration and 18.83 nsec apart.
Since pions and kaons at momenta =80 GeV/c
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have velocity such that J1-P„i(3x10 ', this
time structure is retained by the secondary beam.
Similarly, a muon from & or K decay remains in
the same rf bunch as its parent, and those muons
which penetrate the shield and detector should re-
produce at T2 the original bunch size and spacing
of the proton beam. This time structure is in-
deed observed for penetrating muons [see Fig.
3(a)].

If the neutrino velocity P„differs sufficiently
from unity, two effects would be expected. First,
the neutrino bunches would be lengthened because
hadron decays may occur anywhere along the
345-m decay pipe. For example, if P„-P,=+1.7
x10 ', neutrinos from decays in one bunch at the
upstream end would just overlap those from de-
cays occurring in the next-following bunch as it
reached the downstream end. This would cause
the isolated peaks in the time spectrum to merge.
Second, if P„w P„, the entire neutrino time spec-
trum would be shifted with respect to that of the
muons.

As a reference for the timing measurement,
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FIG. 2. An interaction of an 80-GeV neutrino in the
target calorimeter. Note that the negative muons which
are produced by neutrinos are focused as they pass
through the iron toroidal magnet. Counter T2 is used
for the neutrino-muon velocity comparison.
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FIG. 3. T2-rf time spectra for selected muons tra-
versing counter T2. (a) 250-GeV run, straight-through
p+, 91 events; (b) 80-GeV run, p from neutrino inter-
actions, 108 events [there are four peaks in (a) and (b)
because the rf pulse train used to stop the time-to-digi;
tal converters was prescaled by four]; (c) spectrum
from (a) combined by displacement of appropriate mul-
tiples of 185 channels; (d) combined spectrum from (b).
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the accelerator rf signal was zero-crossing dis-
criminated and prescaled by four to yield a train
of standard logic pulses spaced every 75.3 nsec
or four rf bunches. Whenever there was an event
in which both phototubes on counter T3 counted,
the time-averaged signal from these tubes was
used to start simultaneously two time-to-digital
converters (TDC's) with 100-psec resolution
(Ortec TD 811). One of the TDC's was stopped
by the time-averaged signal from the two photo-
tubes on counter T2, while the other was stopped
by the 75.3-nsec pulse train. The TDC data were
recorded on tape after each event along with
pulse-height information from the calorimetry
counters and spark-chamber data. The time of
the T2 counter pulse relative to the rf pulse was
extracted by subtracting the data from the two
TDC's.

We report on runs taken with the narrow-band
beam set to select 250 and 80-GeV positive sec-
ondaries. From the 250-GeV data, 91 straight-
through muons were selected which traversed the
target, magnet, and counters T3 and T2. In ad-
dition, it was required that they be defocused by
the toroid, thus indicating positive charge. Such
particles have residual energies between 15 and
45 GeV on entering the target. These muons had
to come from the decay pipe and not from neu-
trino interactions in the shield because such in-
teractions produce p, 's, while p+'s are produced
by m' and K' decays.

From the 80-GeV data, 103 neutrino events
were selected in which the final-state p, trav-
ersed the magnet and counters T3 and T2. The
interaction vertex was located between counters
12 and 67 and at least 5 in. from the edge of the
target. Figures 3(a) and 3(b) illustrate that the
muon and neutrino time spectra show the rf struc-
ture of the accelerator and that peaks occur in
the same timing channels. There are three back-
ground events. At the present statistical level,
these events are ignored in what follows. How-
ever, we note that if there are heavy leptons
which produce muons via decays in flight or in-
teractions in the target, ' they could give rise to
muons or neutrinolike events which would not
show the same time structure as neutrino or
muon events. After analyzing more data, we
should be able to set quantitative limits on the
production of such particles.

In order to quantify the velocity difference be-
tween muons and neutrinos, we use the difference
in the mean position of the timing peaks. The
means and rms deviations were determined for

the eight peaks in Figs. 3(a) and 3(b). The 185-
channel mean separation of the peaks corresponds
to the 18.83-nsec period between accelerator
bunches. The observed rms deviation of 12 chan-
nels is consistent with the known resolving time
of the T2 time-averaged pulse and its associated
electronics. ' This sharpness of the peaks indi-
cates that both P„and P „differ from P„by less
than 2X10 '. Therefore the two spectra cannot
have been shifted by even one bunch.

Each set of four peaks was combined by dis-
placements of appropriate multiples of 185 chan-
nels [see Figs. 3(c) and 3(d)]. For the final com-
parison the scales were converted to nanoseconds.
Normalized Gaussian curves with full widths at
half-maximum of 2.8 nsec were drawn at the po-
sitions of the mean times along with dashed
curves indicating the immediately preceding
bunch (18.83 nsec later). The neutrino events
were separated into those with total energy less
than 50 GeV (77 v& events) and those with energy
greater than 50 GeV (26 A.

&
events). No difference

between the two groups was observed.
The time difference 4t between the muons and

v„events is 0.05 + 0.19 nsec; i.e. &0.5 nsec (99%
CL). For the A& events, it is 0.37+0.24 nsec;
i.e. &1.0 nsec (99% CL). The mean flight path to
counter T2 is taken to be 550+~x345 m or 2400
nsec. Thus the final result is as follows: For
25-GeV neutrinos from pion decay, v„,

IP&-Pql &0.2x10 ' (99% CL};

for 75-GeV neutrinos from kaon decay, A, &,

I p, —p„I -0.4x10 ' (99% CL}.

We expect to continue this analysis in order to
reduce statistical errors and to cover the entire
energy range from 25 to 250 GeV more thorough-
ly.
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The relation P =p/(p +m) has been confirmed ex-
perimentally for electrons for values of 1-P down. to
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et al. , Phys. Lett. 43B, 539 (1973};A. R. Clark et al. ,
Phys. Bev. D 9, 533 (1974)]. We assume for this dis-
cussion that it holds for muons, pions, and kaons, with
momentum up to 250 GeV/c.

For v&, see Schrum and Ziock, Ref. 1, and Backen-
stoss et al. , Bef. 1. For A, &, see Clark et al. , Ref. 1.
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Recent publications discuss the existence of such
leptons. See e.g. , M. R. Krishnaswamy et al. , Phys.
Lett. 57B, 105 (1975); A. De Rujula et al. , Phys. Bev.
Lett. 35, 628 (1975); A. Benvenuti et al. , Phys. Rev.
Lett. 35, 1486 (1975).

The total resolving time (full width at half-maximum)
is made up of several contributions: (a) the 1-nsec
spread of the rf bunch; (b) possible jitter in the rf sig-
nal and its electronics; (c) the 22 nsec intrinsic resolu-
tion of the two photomultipliers on either side of the
counter T2; and (d) the ~~-nsec slewing of the time-av-
eraged signal of the T2 photomultipliers. Cosmic rays
were used to determine the correlation between parti-
cle position in T2 and the slewing of the time-averaged
pulse.
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The interstellar magnetic field limits the monopole flux to & 10 6 pole cm sec and
gives the average monopole energy 10" QeV. They can be detected nonrelativistically
only if their mass is & 10"GeV/c and, being produced at F. & 10 GeV, require 10 ' g
cm matter for ionization loss to make them nonrelativistic. Massive monopoles can
only be primordial or cosmologically produced. Low-mass monopoles trapped in dust
grains and released in the atmosphere are possible.

Magnetic monopoles were originally proposed"
to explain the quantization of electric charge and
to symmetrize Maxwell's equations between elec-
tric and magnetic currents. Recently, magnetic
monopole solutions have been demonstrated in
any unified non-Abelian gauge theory containing
electromagnetism within a larger compact cover-
ing group. ' In these theories, the monopole mass
is

M =137M„6OOO Gev/c',

where I, the mass of the vector meson, is
about 53 GeV/c' in the Georgi-Glashow O(3) theo-
ry, but is much larger in theories containing su-
perheavy vector mesons.

The existence of any magnetic monopole may
require profound alterations in our quantum field
theoretic understanding of elementary particles.
However, the analysis we are about to present
depends only on classical electrodynamics which,
because of the large pole mass and strong coup-

ling of monopoles,

g=y378=6 6&&10 8

(in Gaussian cgs units), is adequate to describe
their propagation and energy loss in matter. We
note first that the persistence of interstellar
magnetic fields in the Sun's neighborhood sets
very low limits on the flux of any cosmically pro-
duced magnetic monopoles. Another consequence
is that galactic- or extragalactic-produced mono-
poles would have average energies exceeding E
-10"GeV; they could therefore be differentiated
from high-Z heavy nuclei by ionization loss only
if their mass I&10"QeV. But such hugely mas-
sive particles would be produced with laboratory
energies exceedings 10"GeV and would not be-
come nonrelativistic in our present universe. In
order for a monopole to reach Earth's atmos-
phere at slow velocity, it must have M &10" GeV/
g' and be primordial or cosmological in origin,
or have reached Earth's atmosphere inside an in-
terstellar dust grain.
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