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ABSTRACT
No energy dependence of the velocities of neutrinos or antineutrinos is
observed within the statistical and systematic errors over the energy range 30

to 200 GeV. The velocity differences (952 confidence level) are:le'—ﬁv <0.7x10"",

, <0.5x10="* and (corrected), = IB

- - - =4 Q=
Bv(v) Bu V(o) 1, <0.4x10"", where R=v/c.
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In Fermilab experiments!’?

to measure the interaction cross sections of
neutrinos and antineutrinos from pion decay (vTr and Gﬂ) and from kaon decay
(\)k and Gk), we have found that these neutrinos and antineutrinos have velocities

which differ from those of energetic muons penetrating the shielding by no more

than one part in 10" (95% confidence level [CL]). Correcting for a systematic
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bias in the flight path of the penetrating muons we find tha% le(G)-ll <0.4x10~"
(952 CL) from a sample of some 9800 events. This result is a factor of ten
improvement over our earlier result based on one hundred events.?® If neutrinos
are indeed massless,“ it is expected that they move at the speed of light.5
However since neutrinos are so vastly different from the other known particles,
this expectation must be experimentally checked.® This paper reports the results
of a significant test.

The experiment used the Fermilab narrow band neutrino beam discussed several
times previously (see e.g., Ref. 2). The data come from neutrino runs with the
momentum of the positive hadron beam set to 80, 130, 190 and 250 GeV, and from
antineutrino runs with the momentum of the negative hadron beam set to 130, 190
and 230 GeV. Each run gives a sample of pion neutrinos and a sample of kaon
neutrinos. For almost all of the data, time of flight information for the hadronms,
the decay muons and the neutrino and antineutrino interactions was recorded.

We use the fact that the precise spacing of proton bunches in the accelerator
yields one nanosecond pulses of secondaries at intervals of 18.83 nanoseconds.

If all products (secondaries from interactions, decays, etc.) travel with the

same speed, this timing pattern is maintained. Our procedure is described in

more detail in reference 3. That discussion is not repeated here. We wish to
present here a final understanding of the timing analysis and the results obtained.

The velocity comparison of neutrinos and penetrating muons was obtained from
temporally interleaved sets of data: the times of muons arising from neutrino
interactions in the detector (events), and the times of muons penetrating the
muon shield and the neutrino detector (decay muons). This local time comparison
required an intermediate timing reference since the neutrino and muon occurrences
are not simultaneocus. There were typically one neutrino event and one penetrating

muon recorded every ten accelerator pulses,




The experimental setup is shown schematically in Fig. 1. The 53.1 MHz rf
signal from the accelerator was used as the primary intermediate reference. The
time of the event (or decay muon) was measured by two counters, T3 and T2,
imbedded in the detector. Two secondary timing references, MU and PI, were also
used in order to understand the signal responses and the drifts and shifts which
occurred during the sixty day data taking period. The MU signal was obtained by
combining together the signals from four of the eight five-fold muon telescopes
located downstream of the secondary dump at the end of the 350 meter decay space.
The PI signal was obtained from a counter in the hadron beam coming through a
small hole in this same dump.

Various timing combinations between the five signals, rf, MU, PI, T3 and T2,
yield the intrinsic response and drift times given in Table I. For example,
the MU-PI timing difference was stable as a function of time throughout the data
taking apart from a shift due to one change in high voltage for PI. The small
size of the drift deviations in Table I show this stability. Also, the widths
of T3-rf, T2-rf and T3-T2 difference distributions determine the response times
of T3 and T2 shown in Table I.

Over the sixty days of operation of the experiment, a number of shifts in
the timing occurred due to changes in the accelerator tuning, electronic changes
(and failures) and cabling changes. The data were sorted into chronological
groups of data such that the energy of the beam and all of the timing distri-
butions remained comnsistent. Twenty-two such groups resulted. For example,
retuning of the accelerator resulted in seven shifts of rf, typically of *1.2 ns
during the course of the experiment. The MU signal was absolutely stable. The
T3 and T2 signals showed shifts after down times of the accelerator or the
detector, due to small changes occurring upon turn-off/turn-on of the high voltage
supplies for these counters. Since the basic timing technique is the local

comparison (inside each of the twenty-two chronological and consistent sets of




timing data) of the neutrino events relative to the penetrating muons, these
shifts do not have any influence on the velocity differences (unless undetected).
Any undetected shifts must be small and are covered in the deviations given in
Table I.

However, in order to display the data in a uniform manner the average shift

of each signal in each of the chronological groups from an arbitrarily chosen

standard (channel 100 of time digitizer) was applied to the signals. In this
way the various timing distributions may be summed and displayed over arbitrary
subgroups of the data. Ome such plot, representing about forty percent of all ;
the data is shown in Fig. 2. The time displayed is the difference in T2 relative

to rf in nanoseconds. The open area (labeled "EVENTS") represents the time

distribution for muons arising from neutrino and antineutrino interactions in a

specified fiducial region of the detector. The shaded region (labeled "DECAY

MUONS") is the same distribution for penetrating muons in the same cross sectional

area of the detector as the neutrino events arising from decays in the 350 meter g
decay space upstream. The cross-hatched region is the distribution for a dimuon

subsample.7

Gaussian curves, centered on zero time, with a standard deviation of
1.1 ns (the combined value of the T2 and rf deviations given in Table I) are drawn
over the data. Note that the (neutrino and antineutrino) events are displaced

slightly faster than the Gaussian curve whereas the penetrating muons are
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displaced slightly slower. Also note that the distributions are nicely Gaussian

out to three standard deviationms.
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The means and standard deviations of the various timing distributions are
computed for each neutrino energy (v“, 3", Vi and Gk),for the closed momentum
slit (wide band background) runs, and for the dimuon sample. The corresponding
velocity differences averaged over (T3-rf) and (T2-rf) can then be computed as

presented in Table II along with the statistical data for each sample. These

differences are also shown in Fig. 3, plotted against the average neutrino



energy Ev 5 Note that all the velocity differences (B8 -Bﬁ) are positive and
]

v(V)
non-zero corresponding to the displacements previously noted in Fig. 2. This
effect is interpreted as a bias due to the fact that the penetrating muons travel

a slightly longer distance from target to detector, due to multiple scattering,

than the straight line path of the neutrinos. The bias is estimated below to be

+0.2
-0.1

The penetrating muons have a mean energy of about 30 GeV exiting the decay

(+0.5 )x10~" and is shown as the dashed iine and shaded region in Fig. 3.
shield roughly independent of the secondary hadron energy. Allowing for the 500
meters of (mainly) earth shielding between the exit and the decay region, the

mean muon energy entering the shield is about 200 GeV. At the lower energy settings,
the penetrating muons arise from the small high momentum tail of the beam momentum
distribution. Multiple scattering of the muons in the shield corresponds to that
of an average energy of 80 GeV. A possible muon trajectory is sketched in Fig. 1.
The muons scatter to some mean radius from the central beam line near the end of
the decay shield. A small fraction of these muons receive a large multiple
scattering back towards the detector. The mean square angle, (535% for the pene-
trating decay muons as observed in the detector is 0.024 to 0.032 radian® for the
various subsamples with no obvious correlation with the energy setting of the beam.
Extrapolating the average muon trajectory in the detector back into the shielding
along the mean angles, we find that they intersect the mean multiple scattered
trajectories from the target about 100 to 120 meters from the downstream end of the
shield at a radius of about three meters. This radius is about the same size as
the width of the shield. The muon flight path along this trajectory is then some

0.03 to 0.06 meters longer than a straight line path to the detector and corresponds

to the estimated bias given above, in Table II, and shown in Fig. 3. We see that
the data points overlap with the shaded region. The other possible bias, the velocity
difference of the muons with respect to light, is negligible.? We assume that charged

muons behave as expected from special relativity.’°



The data of Table II and Fig. 3 appear to show a (lineag) rise with

increasing neutrino, energy Ev =T A best fit line is (0.310.1)+(0.003t0.001)Ev
b4

parts per 10". A higher order polynomial would give a less significant slope
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parameter. However, in the absence of a definite reason to choose a linear

A amir

deviation and in view of the spread of uncertainty of the shaded bias region,

this line is not sufficiently different from a constant value to be significant.11

A 2 AT <

Thus, taking the data to be consistent with a constant value, and correcting for
the bias, where applicable, we obtain, averaging over energy, the additiomal

entries in Table II,

= - - -b
Bv(c)-Bu(corrected) = Bv(v) 1| <0.4x10-* (95% CL),
B. -B <0.5x10-"* (95% CL),

vk vﬂl

-4
and BV-B\-)l <0.7x10~"* (95% CL).

The dimuon subsample is also consistent with these values and thus consistent
with the interpretation that they mainly arise from neutrino interactions
(charm production and/or secondary pion or kaon decays) rather than some slow
(3<1) heavy lepton source. Unfortunately no timing information is available for
neutral current events.
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of our home institutions. We thank our California Institute of Technology-
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3 into other neutrino and antineutrino

allowing us to extend our earlier analysis
samples, and for supplying us with the identity of the events in the dimuon sample.
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muons have (1-8) <4x10~® from the "muon" pressure curve obtained in this exper-
iment (not published). This is to be compared with (1-8) <3x10~® expected for
E. >40 GeV.
u
1A two standard deviation (or less) variation of the best fit line (to; e.g.,

(0.440.002 Ev)XIO'") would place it within the band of the estimated bias.



TABLE I

TIMING RESOLUTION

SIGNAL O RESPONSE (PS) opr1pT(0S)

rf <0.52 <0.4

MU 0.6-1.0b 0.2

PI 1.6 0.3

T3 1.3 (0.5€) 0.4

T2 1.0 0.6

a - Thus width of proton bunch is <1.2 ns.

b - Varies due to rate and spill effects.

c - Slewing of time-averaged signal (measured

with cosmic rays

as a function of position;

see Footnote 7, Reference 3 ).




TABLE 11

VELOCITY DIFFERENCES

- B —-B-
NP I CVRc T B L
Ev (GeV) | NEUTRINO | DECAY vy H (95% cL) | (95% cL)
SAMPLE i EVENTS MUONS | (10—") (10-*) (10-%)
+ 80 v 32 1480 1998 0.3%0.2 | <0.6 -
+130 v 44 476 46 0.7%0.7 | <2.1 ]<1.6
-130 Gﬁ 45 437 639 0.4%0.2 | <0.8
+190 v_ 59 2085 1037 0.4%0.2 | <0.7 ]<1.8
-190 Gn 58 1223 1505 1.320.4 | <2.1
+250 V_ 69 906 1102 0.420.2 | <0.8 ]<0.9
-230 Gﬂ 64 782 2723 0.7¢0.2 | <1.1
+ 80 v 90 303 a 0.6%0.3 | <1.2 =
+130 v, 120 121 a 0.620.7 | <2.0 ]<1.7
-130 Gk 125 195 a 0.4%0.3 | <1.1
+190 v, 170 1015 a 0.6x0.2 | <1.0 ]<1.3
-190 Gk 157 225 a 1.020.4 | <1.8
+250 v, 195 519 a 1.1#0.3 | <1.8 ]<1.0
-230 Gk 183 112 a 1.1*0.4 | <1.9
Background 26 38 150 1 1 <3 -
Dimuons b 65¢ b 1.3x0.8 <3 ~
. = ol _ _ +0.2 _ -
Bias Eu-23 37 0.5_0.1
All (vi+$i) - 9879 9050 - <0.44 <0.7
vV, vs Vv 2490/7286 | 9050 - B -B <0.5%x10~"
k “ | Yk “nl (95% CL)

o n o ®
1

~ one 1iIs a trimuon.

~ same as for corresponding Vo sample.

covers all Ev <200 GeV and all penetrating decay muons.

BV(G)-Bu(corrected)I=|Bv(;)-1|(952 CL); i.e., corrected for bias (see text)

assuming (Bvng) =0,
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

A schematic drawing of the experimental layout. 400 GeV protons are
incident on an aluminum target. Focusing and bending magnets form
sign- and momentum-selected parallel secondary beams of pions, kaons
and other particles. The neutrinos and muons are produced by decays
of pions and kaons as they traverse the 345 meter evacuated decay
pipe. Most hadrons are absorbed in the secondary dump. The neutrinos
and a few energetic muons penetrate the 500 meter earth and steel
shield in front of the detector. The five timing signals, rf, MU, PI,
T3 and T2, arise from the detectors indicated. Also shown is a
representative trajectory of a decay muon in the shield and its angle
(6u) in the neutrino detector. SEM, XIC, DIC and E’are other
monitors used in the experiment.

Timing distributions of the T2 signals relative to the rf signal for
neutrino and antineutrino charged current interactions (open areas,
labeled "EVENTS"), muons penetrating the shielding and the detector
(shaded area, labeled "DECAY MUONS") and a sample of dimuon neutrino
interactions. (The outer histogram is the sum of EVENTS and DECAY
MUONS.) The curves drawn through the data are Gaussians centered on
zero time with a standard deviation of 1.1 ns appropriate to the T2-rf
timing difference (see text). Note the shifts of the data samples
relative to the Gaussian curves.

The neutrino (antineutrino)-penetrating muon velocity differences of

Table II versus neutrino energy E The dashed line and shaded area

v, V"
represent the estimated timing bias of the penetrating muons due to
multiple scattering in the shield. The dark vertical bar at the

origin represents the maximum possible bias due to other sources (see,

e.g., . footnote 9).
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