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No energy dependence of the velocities of neutrinos or antineutrinos is observed within
the statistical and systematic errors over the energy range 80 to 200 GeV. The velocity
differences (95%%uo confidence level) are (p„—p-„)&0.7x10,

) p„—pv ~

&0.5x10, and

(p„(p&
—p&(corrected) [

= )p„(v&
—1( & 0.4x 10, where p =v/e.

In Fermilab experiments" to measure the in-
teraction cross sections of neutrinos and antineu-
trinos from pion decay (v, and v,) and from kaon
decay (v» and v»), we have found that these neu-
trinos and antineutrinos have velocities which dif-
fer from those of energetic muons penetrating the
shielding by no more than 1 part in 10 [95%% con-
fidence level (CL)]. Correcting for a systematic
bias in the flight path of the penetrating muons we
find that

~ P„(-„)—1~ &0.4&& 10 (95%%uo CL) from a
sample of some 9800 events. This result is a fac-
tor of 10 improvement over our earlier result
based on 100 events. ' If neutrinos are indeed
massless, 4 it is expected that they move at the
speed of light. ' 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 previous-
ly (see, e.g. , Ref. 2). The data come from neu-
trino runs with the momentum of the positive-had-
ron 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
hadrons, the decay muons, and the neutrino and
antineutrino interactions was recorded. We use
the fact that the precise spacing of proton bunch-
es in the accelerator yields 1-ns pulses of sec-
ondaries at intervals of 18.83 ns. 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 Ref. 3.
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The velocity comparison of neutrinos and pen-
etrating muons was obtained from temporally in-
terleaved sets of data: the times of muons aris-
ing from neutrino interactions (events), and the
times of muons penetrating the muon shield and
the neutrino detector (decay muons). This local
time comparison required an intermediate tim-
ing reference.

The experimental setup is shown schematically
in Fig. 1. The 53.1-MHz rf signal from the ac-
celerator was used as the primary intermediate
reference. The time of the event (or decay muon)
was measured by two counters, T3 and T2, im-
bedded 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 60-d data-
taking period. The MU signal was obtained by
combining together the signals from four of the
eight fivefold muon telescopes located downstream
of the secondary dump at the end of the 350-m de-
cay 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 in-
trinsic response and drift times given in Table I.
For example, the MU-PI timing difference was
stable as a function of time through the data tak-
ing. Also, the widths of T3-rf, T2-rf, and T3-
T2 difference distributions determine the res-
ponse times of T3 and T2 shown in Table I.

A number of shifts in the timing occurred due
to changes in the accelerator tuning, electronic
failures, and cabling. The data were sorted into
chronological groups of data such that the energy
of the beam and all of the time distributions re-
mained consistent, 22 such groups resulted. The
MU signal was absolutely stable. The T3 and T2
signals showed shifts after down times of the ac-
celerator or the detector. Since the basic timing

TABLE I. Timing resolution.

Signal +response ~n ) od, &~, (ns)

rf
MU

PI
TB
T2

6 0.5
0.6—1.0

1.6
1.8
1.0

S 0.4
%0.2

0.3
0.4
0.6

technique is the local comparison (inside each of
the 22 chronological and consistent sets of timing
data) of the neutrino events relative to the pen-
etrating muons, these shifts do not have any in-
fluence on the velocity differences. Any undetect-
ed shifts must be small and are covered in the
deviations given in Table I.

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 ap-
plied to the signals. In this way the various tim-
ing distributions may be summed and displayed
over arbitrary subgroups of the data. The time
difference of T2 relative to rf, for example, is
nicely Gaussian out to 3 standard deviations as
shown in Fig. 2.

The means and standard deviations of the vari-
ous timing distributions are computed for each
neutrino energy (v„v„v», and v~), for the
closed momentum-slit (wide-band background)
runs, and for the dimuon sample. ' The corre-
sponding velocity differences averaged over (T3-
rf) and (T2-rf) can then be computed as present-
ed in Table II. These differences are also shown
in Fig. 3, plotted against the a.verage neutrino en-
ergy E, —,. Note that all the velocity differences
p&-„I —p„are positive and nonzero. This effect
is interpreted as a bias due to the fact that the
penetrating muons travel a slightly longer dis-
tance from target to detector, because of multi-
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FIG. 1. The experimental layout. 400-GeV protons incident on an aluminum target form secondary beams of pions,
kaons, and other particles. The neutrinos and a few energetic muons penetrate the shield in front of the detector.
The five timing signals, rf, MU, PI, TB, and T2, arise from the detectors indicated. Also shown in a representa-
tive trajectory of a decay muon in the shield and its angle (0&) in the neutrino detector.
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FIG. 2. Timing distributions of the T2 signals rela-
tive to the rf signal for about 40 j& of the "events" (open
area), "decay muons, " and a sample of "dimuons. "
(The outer histogram is the sum of events and decay
muons. ) The curves drawn through the data are Gaus-
sians centered on zero time with a standard deviation of
of 1.1 ns.
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FIG. 8. The neutrino {antineutrino) minus penetrating-
muon velocity differences of Table II vs neutrino energy
E~ -„. The dashed line and shaded area represent the
estimated timing bias of the penetrating muon due to
multiple scattering in the shield. The dark vertical bar
at the origin represents the maximum possible bias due
to other sources.

pie scattering, than the straight-line path of the
neutrinos. This bias is estimated below to be
(+ 0.5',o 2) x 10 ' and is shown as the dashed line
and -shaded region in Fig. 3.

The penetrating muons have a mean energy of
about 30 GeV exiting from the decay shield. The
mean muon energy entering the shield is about
200 GeV. At the lower energy settings, the pen-

TABLE II. Velocity Differences.

Sample E, , {Gev)
Neutrino
events

Decay
muons

PuPt
(10 ')

+ 80 v„
+ 180 v~
—130 v7t-

+190 v„
—190 v„
+250 v~
—230 v„
+ 80 v&
+180 VE
—180 VE

+190 vl
—190 v~
+250 vl
—180 vg
Background
Dimuons
Bj.as (1—P p)
All !pp(g)

—1!

&&&!pp -pal

All !p~ —p„!

82

59
58
69
64
90

120
125
170
157
195
188

26
80-200

Ep = 28-87

1480
476
487

2085
1228
906
782
BOB

121
195

1015
225
519
112
38
65

~ ~ ~

9879

6905/2974

2490/7286

1998
46

639
1087
1505
1102
2728
1998

689
1037
1505
1102
2728

150
9050
~ ~ ~

9050

9050

9050

0.3 + 0.2
0.7+ 0.7
0.4+ 0.2
0.4+ 0.2
1.3 + 0.4
0.4+ 0.2
0.7~ 0.2
0.6 + 0.8
0.6 + 0.7
0.4+ 0.8
0.6 + 0.2
1.0 + 0.4
1.1+0.3
1.1+0.4
1.0+ 0.1
1.8+ 0.8
0 5+Pe 2

~ P f
g0 4b

(95% CL)
& 0.7

(95% CL)
& 0.5

(95 jp CL)

'One is a trimuon. Corrected for bias (see text).
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etrating muons arise from the small high-momen-
tum tail of the beam momentum distribution.
Multiple scattering of the muons in the shield cor-
responds 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, (8')"', for the penetrat-
ing decay muons as observed in the detector is
0.024 to 0.032 rad. ' 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 trajector-
ies from the target about 100 to 120 m from the
downstream end of the shield at a radius of about
3 m. 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 m long-
er than a straight-line path to the detector and
corresponds to the estimated bias given above.
We see in Fig. 3 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 in comparison with the above.
We assume that charged muons behave as expect-
ed from special relativity. "

The data of Table II and Fig. 3 appear to show
a, (linear) rise with increasing neutrino energy
E„;. A best-fit line is (0.3+ 0.1)+ (0.003+ 0.001)E„
parts per 10 . A higher-order polynomial would
give a less significant slope parameter. Thus
we take the data to be consistent with a constant
value. Correcting for the bias, we obtain, av-
eraging over energy, the additional entries in
Table II,

~ P, ~
„-& —P„(corrected)~

=
~ p, (-, )

—1~ &0.4x 10 ~ (95% CL),

ip, p, )&0.5x10-'(95% CL),

~p„- p„-~&0.7xlo ' (95% CL).

The dimuon subsample is also in agreement with
these values and thus consistent with the inter-
pretation that they mainly arise from neutrino
interactions (charm production and jor pion or

kaon decays) rather than some slow (P &1) heavy-
lepton source. Unfortunately no timing inf orma-
tion is available for neutral-current events.
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The (TB and T2) times of the muons in the detector
were corrected for the observed angle of the actual
trajectories (about 0.02 ns on average).

The expected bias due to the obser ved E& ~ 30 GeV
corresponds to 1 —P &

6 6 x 10 6.
~ Upper limits on the deviation of the velocity of elec-

trons, pions, kaons, and protons from the expectations
of special relativity are discussed in Ref. 6. In addi-
tion, a conservative limit on the muon velocity can be
inferred from the differential Cherenkov studies of the
composition of the hadron beams in our experiment.
The "muon" pressure curve is found to be essentially
identical to the pion curve. These muons (mostly from
pion decay) have a momentum & 0.5 that of the pions.
For the 80-GeV hadron setting, the muons have 1 —P
~4x10 from the "muon" pressure curve obtained in
this experiment (not published). This is to be compared
with 1 —P & 3 x 10 6 expected for E& &40 GeV.
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