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Measuring the mass of a sterile neutrino with a very short baseline reactor experiment
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An analysis of the world’s neutrino oscillation data, including sterile neutrinos, [M. Sorel, C. M. Conrad, and
M. H. Shaevitz, Phys. Rev. D 70, 073004 (2004)] found a peak in the allowed region at a mass-squared difference
Am? = 0.9eV?. We trace its origin to harmonic oscillations in the electron survival probability P,, as a function
of L/E, the ratio of baseline to neutrino energy, as measured in the near detector of the Bugey experiment. We
find a second occurrence for Am?> = 1.9eV>. We point out that the phenomenon of harmonic oscillations of
P.. as a function of L/E, as seen in the Bugey experiment, can be used to measure the mass-squared difference
associated with a sterile neutrino in the range from a fraction of an eV? to several eV? (compatible with that
indicated by the LSND experiment), as well as measure the amount of electron-sterile neutrino mixing. We
observe that the experiment is independent, to lowest order, of the size of the reactor and suggest the possibility
of a small reactor with a detector sitting at a very short baseline.
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Present data demonstrate that neutrinos change their flavor
while propagating in vacuum and through matter. The evidence
comes from solar neutrino experiments [1], a long baseline
reactor experiment [2], atmospheric experiments [3], and a
long baseline accelerator experiment [4]. These experiments,
together with the constraint imposed by the CHOOZ reactor
experiment [5], provide a quantitative [6] determination of
the mixing parameters and mass-squared differences for three
neutrino oscillations. Moreover, as the data become ever more
precise, alternative explanations of the data are continually
being ruled out [7].

The lone datum that does not fit into the scenario of
three neutrino mixing is the appearance result from the
LSND experiment [8]. An oscillation explanation of this result
requires a neutrino mass-squared difference of at least 10~ 'eV?
while the world’s remaining data are compatible with two
mass-squared differences of the order of 8 x 107> eV? and
2 x 1073 eV2. The addition of a sterile neutrino or neutrinos [9]
has been proposed in an attempt to incorporate LSND into an
analysis that would be consistent with the world’s data. Other
physical mechanisms have also been proposed as possible
explanations [10].

Restricting our discussion to sterile neutrinos (with CP and
CPT conserved), the simplest extension is the inclusion of a
single sterile neutrino [11]. Such models fall into one of two
classes. The 3 + 1 scheme adds the fourth neutrino whose
mass separation is much larger than the other three. In the
2 + 2 scheme, the LSND mass-squared difference separates
two pairs of neutrinos with the smaller mass-squared dif-
ferences. Current analyses indicate that neither provides a
compelling explanation of the data [12,13]. As four neutrinos
do not seem to be sufficient, five neutrino scenarios have been
investigated [13,14].

We begin with a general discussion of the 3 + N scheme,
where N is the number of sterile neutrinos. We then discuss
a phenomenon which we identified first as a feature of the
Bugey [15] data and which leads to the proposal for a new
type of experiment. These discussions are carried out in the
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3 + 1 scheme with the generalization to 3 + N to be guided
by the discussion presented earlier.

The masses of the sterile neutrinos are taken to be much
greater than those of the conventional neutrinos. As such,
for the baselines and energies under consideration here, only
the mass-squared differences involving the extra neutrinos
will contribute to oscillations, as oscillation among the
conventional neutrinos is negligible. Additionally, the con-
ventional mass-squared differences are effectively degenerate
with respect to the additional N neutrinos. For the case of
N = 1, oscillations at short baselines will be governed by
only one mass-squared difference Am?”. The phenomenology
is effectively that of two neutrino oscillations, and the electron
neutrino survival probability can be expressed as

Poo(L/E) = 1 —sin*(2614)sin’¢, (1)

with ¢ = 1.27Am? L/E where Am? is in eV?, the baseline
L is in meters, and the energy E is in MeV. Using a standard
extension of the MNS mixing matrix U, the angle 6,4 indicates
the degree of the electron neutrino’s mixing with the single
sterile neutrino.

For N sterile neutrinos, the number of mass-squared differ-
ences is the number of pairs & ;r Y. From the formalism found
in Refs. [13] or [16], only the N mass-squared differences
between the mass of the conventional neutrinos and each of
the sterile neutrinos, Am?, are significant, giving for P,,

N+3
Pee( L/E) = 1 =4 U sin’¢;, 2

j=4
where ¢; is the oscillation phase corresponding to the
mass-squared difference Am?. This result follows from

the restrictions imposed by CHOOZ [5] on the magnitude
of the matrix elements U,

N+3

> Uz <002 A3)
j=4

©2007 The American Physical Society

RAPID COMMUNICATIONS


http://dx.doi.org/10.1103/PhysRevC.75.042501

D. C. LATIMER, J. ESCAMILLA, AND D. J. ERNST

Thus the magnitude of each individual U,; is small. In the
oscillation probability P,., Eq. (2), we are able to neglect
terms involving mass-squared differences between two sterile
neutrinos as they are quartic in U,;.

If there exists more than one sterile neutrino, then several
scenarios can occur. Suppose one sterile neutrino is resolvable
by our proposed experiment, but additional sterile neutrinos
exist with a much larger mass. The oscillation phase associated
with the mass-squared differences of the additional heavy
sterile neutrinos, ¢; with j = 5,..., N, would be large
and contribute an energy independent constant to P,,.. This is
theoretically clean but experimentally difficult to detect. With
perfect data, one could extract such a constant shift, necessarily
small due to Eq. (3), in the data. However, the largest error
in present experiments is the overall normalization, and thus
evidence of the heavier sterile neutrinos likely would not be
detectable.

Consider a second case in which two or more sterile
neutrinos have mass-squared differences which lie within the
sensitivity range of a single or multiple experiments. First,
Eq. (3) will restrict the number of neutrinos that couple
sufficiently to the electron-neutrino survival channel and that
are detectable. In the case as found in [13], where the mass-
squared differences associated with the possible existence of
two sterile neutrinos are distinctly different and the mixing
angles to each are comparable and sufficiently large, then the
oscillation pattern is that of a higher frequency oscillation
superimposed on a lower frequency oscillation. For [13],
the two mass-squared differences were approximately 1eV?>
and 10eV2. The pattern thus is ten cycles of the shorter
wavelength oscillation riding on each individual oscillation
of the longer wavelength pattern. In a 3 + 1 analysis of such
data both masses would be apparent, indicating the need for
a two sterile neutrino analysis. However, for cases where the
difference between the masses of the sterile neutrinos is not so
well separated and the mixing angles not so comparable, the
situation would be less straightforward.

The final case would be if the masses of the sterile neutrinos
were degenerate. Determining the mass-squared difference
would be standard; however, an indication of the existence
of multiple sterile neutrinos could only be accomplished by
measuring more than one oscillation channel. In this case,
unitarity arguments, such as those proposed in [16], could
become fruitful.

In order to most simply develop our proposal for a new
technique of searching for sterile neutrinos, we limit the
discussion in what follows to the 3 4 1 case. We are motivated
by the observation of a phenomenon in the analysis of
Ref. [13]. In Fig. 4 of Ref. [13], there is a narrow peak in
the allowed region which occurs at Am? = 0.9eV2. We
trace this peak to the Bugey reactor experiment [15], an
electron antineutrino disappearance experiment with detector
baselines of 15, 40, and 95 m. We construct a model of
the aforementioned neutrino experiments. This analysis [17]
produces mixing angles for three neutrino oscillations that are
very similar to those of Ref. [6]. In Fig. 1, we present x 2 versus
the mass-squared difference, Am?, for three cases.

The horizontal solid (green) line is the result of a three-
neutrino analysis of the data from Refs. [1-5], LSND [8],
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FIG. 1. (Color online) The value of Ax? = x? — x2, versus
Am?. The solid (green) straight line is the result for a three-neutrino
fit to data from Refs. [1-5,8,18]. The solid (blue) curve is the result
of a four-neutrino fit to this data, and the dashed (red) curve is the
result if, in addition, we add Bugey [15]. The zero for the vertical
scale (x2,,) is arbitrary.

and KARMEN [18]. The x? contains the no oscillation
contribution from LSND and KARMEN. By definition the
three neutrino results do not depend on Am? yielding a straight
line. The solid (blue) curve is the result of a 3 4 1 analysis.
As expected, the nonzero LSND data utilizes Am? and the
additional mixing angles 614 and 64 (the results are essentially
independent of 634) to lower the x2. For Am? <0.03 eV? the
fourth neutrino does not contribute to the LSND or KARMEN
experiment, and the x 2 reverts to the three neutrino result as it
must. The exact values of these two curves are irrelevant for the
discussion at hand. We include them to provide a reasonable
background for the dashed curve in which we add the Bugey
experiment [15] to the previous analysis, following exactly
the analysis in Ref. [15]. For Am? < 0.2eV?, the dashed curve
merges with the solid curve as Bugey does not contribute in this
region. Beyond this, the dashed curve contains fluctuations.
This is because the parameters are in a region that runs along
the edge of the Bugey excluded region where the x? is not
smooth. This phenomenon is also present in Ref. [13]. These
curves do not indicate the existence of a sterile neutrino. The
addition of the CDHS [19], CCFR84 [20], and NOMAD [21]
experiments were found in Ref. [13] to largely offset the LSND
indication of a sterile neutrino.

The first important feature of the dashed curve is the
narrow dip near 0.9eV2. This corresponds to the peak in
the allowed region found in Fig. 4 of Ref. [13]. Note that
we also find a second narrow dip near 1.9eV>. This larger
mass-squared difference is also present in Ref. [13]; however,
in their analysis, the inclusion of other null result short baseline
experiments [19-21] almost completely suppresses this dip’s
significance. Clearly the narrow dip in the x2 here and the
narrow peak in the allowed region in Ref. [13] originates from
the Bugey experiment.

To understand the source of this dip, we turn to the in vacuo
neutrino oscillation probability for the single sterile neutrino in
Eq. (1). We can use this to determine which data in the Bugey
experiment yield the dips in x2. Figure 2 contains a plot of
‘P.. versus L/E from the Bugey near detector located at L =
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15 m. The solid (red) curve is for the best fit parameters with
a mass-squared difference of Am? = 0.9eV? and the dashed
(violet) curve for Am? = 1.9eV?. Although the statistics are
poor, one can see that there is an harmonic oscillation in the
data at frequencies which generate the dips in the x 2. The dips
correspond roughly to a change in x? of ten. Whether these
dips are real or statistical fluctuations is not the question. The
point is that with improved statistics the existence of a sterile
neutrino with Am? in the appropriate range would produce a
measurable narrow minimum in the x 2. The Bugey experiment
is an existence proof for the validity of such an experiment.

For a reactor, the neutrino spectrum and technology set the
range of detectable neutrino energies to be from 1 to 5 MeV. At
a baseline of 15 m, the ratio L/ E ranges from 3 to 15 m/MeV.
Oscillations have undergone one cycle when ¢ = m. For a
Am? of 0.9(1.9) eV?, the oscillation lengthis 2.7 (1.3) m/MeV
which results in approximately 5 (10) cycles in the allowed
range.

The amplitude of the oscillations in the Bugey data is
1.25%. The peak to trough distance is somewhat less than the
average error bar, producing the low statistical significance to
these dips. If the statistical error bars were one fourth this
(16 times the data), an oscillation pattern of this same
magnitude would be very significant. This could be achieved
by running longer and/or building a larger detector and/or
using a more powerful reactor.

Another consideration is the energy resolution, or the
minimum size of the bin in E. In order to cleanly define the
oscillation lengthin L/ E, four data points per cycle are needed,
or a resolution of 0.7 (0.33) m/MeV for Am? = 0.9(1.9)eV?.
This corresponds to an energy resolution of 10% (5%). For
Am? = 0.9eV?, this resolution is less stringent than that of
the Bugey experiment by about 25%. For Am?> = 1.9eV?, the
needed resolution is about double that in the Bugey experiment
thus requiring a total 32 fold increase in counts.

We estimated the energy resolution requirement for an
average energy neutrino. The result will approximately hold
for smaller L/E as can be seen in Fig. 2. Focusingonan L/E
below 5 m/MeV, one could combine two bins into one wider
bin, reducing the error bars so that they become comparable

1.05 T T T T T

0.9

N

G 8
L/E (m/MeV)

FIG. 2. (Color online) The electron survival probability P,
versus L/E. The data are from the near detector, L = 15 m, of the
Bugey [15] experiment. The solid (red) curve results from a sterile
neutrino associated with Am? = 0.9 eV? and the dashed (violet)
curve results from Am? = 1.9 eV2.
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to the other error bars, while retaining the requisite number of
data points per oscillation. However, for the larger values of
L/E equal spacing in E yields wider spacing in L/E, and the
ideal spacing is not achieved.

There is an absolute maximum mass-squared difference
that can be reached by this type of experiment. This is set
by the physical size of the reactor. If one gets to a region
where the length of a single oscillation is comparable to the
dimensions of the reactor core, then neutrinos from the back
of the reactor are incoherent with the neutrinos from the front
of the reactor. For the Bugey [15] experiment, the reactor core
is a cylinder of radius 2 m and height 5 m. The detector is 7 m
horizontally from the center line of the core and 10 m below
the base of the core. We integrated over the volume of the
core, compared this to treating the core as a point source, and
found for the latter that oscillation probabilities were accurate
to a small fraction of a percent. If we use a scale factor for
the reactor core of 3 m and an average energy of 3.5 MeV, we
find the maximum achievable mass-squared difference to be
roughly 3eV2. An advantage of a smaller reactor is that this
limit would increase. This number depends on the shape of the
reactor core, the location of the detector with respect to the
orientation of the cylindrical core, and the power distribution
within the core. A straightforward calculation for a given
experiment is necessary to get more than a crude estimate.
Unfortunately, this number is smaller than the 10 eV? that is the
lower end of a presently allowed region found in Ref. [13]. To
reach this maximum sensitivity, an energy resolution of 3% is
required.

There arises a similar question concerning the size of the
detector. Present experiments have both the size of the reactor
core and the size of the detector to be much smaller than the
baseline and the oscillation length and thus can be treated
as a point. The limit on the size of the detector enters when
the oscillation length becomes comparable to the dimension
of the detector along the line of flight. For Am?> = 10eV?2,
the oscillation length is 0.9 m. To probe this region of Am?,
either horizontally thin detectors would be required or a new
technology that would include spatial resolution in addition to
energy resolution would be required.

To determine the lower limit on the measurable mass-
squared difference, we require that the oscillation phase reach
at least ¢ = m/4. The mass-squared difference would be
well determined but the mixing angle would be dependent
on the knowledge of the flux. This gives a lower limit of
Am* =0.05eV* for L = 15 m.

The measurement of Am? is insensitive to the absolute
normalization of the data; the oscillation length derived from
the harmonic oscillations in the data determines Am?. The
amplitude of these oscillations determines directly sin?(2 6,4)
which is also independent of the absolute flux if several
oscillation cycles are measured. How this works out in the
data analysis can be seen in Fig. 2. For small values of L/E,
the data are coherent and thus the peak is quite near P,, = 1.
The uncertainty in the norm of the data will necessarily be
sufficient to allow the data to be uniformly adjusted such that
the fit curve will have the peak for small L/E also quite near
Pee = 1, the required physical value. A great advantage of
the proposed experiment is that the normalization of the data,
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usually the largest systematic error in a neutrino oscillation
experiment, is nearly irrelevant.

The above utilized a baseline L = 15 m. Doubling the
flux by moving to L = 11 m would be attractive. We repeat
the analysis for this value of L. The maximum mass-squared
difference which can be probed remains around 3eV2. The
minimum and maximum value of L/E shift to 2.2 and
10.3 m/MeV, respectively. The midpoint for L/E moves to
5.1 m/MeV, and the measurement would cover four (seven)
cycles for Am? = 0.9(1.9) eV2. Toreach 3 eV?, aresolution of
4% in the energy would be required. By lowering the maximum
value of L/E the minimum sensitivity is raised, here to
0.06 V2. Going to a smaller baseline increases the flux by L2,
but the size of the reactor, hence its power, would necessarily
decrease by L3. This produces a smaller number of cycles
such that the number of energy bins decreases by an additional
factor of L. The overall result is that the experiment, to lowest
approximation, is independent of the size of the reactor. This
is true if you are searching for the existence of a sterile
neutrino. Since the accuracy of the measured mass-squared
difference would be increased by observing additional cycles,
the last factor of L would not apply if the goal were a fixed
error on Am?. The larger width in the energy binning also
reduces the resolution needed. For L = 11 m, the required
resolution increases to 6 (13)% for Am? = 0.9(1.9)eV>. For
a discovery experiment, a small research reactor with a small
detector sitting very near the core is an interesting option to
consider. The detector might even be wrapped around the core
to increase the count rate.

The argument does require that the technology for neutrino
detection scales nicely as the size of the detector. The technical
issues for doing this experiment and those involved with
using short baseline neutrino detectors for nonproliferation
monitoring [22] are related. A new technology for neutrino
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detection, such as proposed in [23], opens new windows for
the experiments being proposed.

We have shown that a very short baseline reactor experiment
can be used to measure the mass-squared difference associated
with a sterile neutrino should it lie in the range of less
than a tenth of an eV? up to several eV> by measuring
the oscillations in the data over a number of oscillation
lengths. A Fourier transform analysis of such data would
be an efficient way of extracting the oscillation frequencies;
however, such methods are not fundamentally different from
fitting oscillation parameters to the data as a function of the
mass-squared difference Am?. The experiment also measures
sin’(26y4) through the amplitude of the oscillations. We
suggest that a small reactor with a very short baseline be
investigated. The experiment is not sensitive to the absolute
normalization of the data and thus holds the possibility of
being more accurate than alternatives.

The MiniBooNE experiment [24] will soon confirm or
contradict the LSND experiment. The experiment proposed
here could play a significant role independently of that
outcome. Should MiniBooNE leave the situation ambiguous,
the proposed experiment could provide a cost effective,
accurate, and independent way to resolve the situation. Should
MiniBooNE confirm the existence of a sterile neutrino, then
this experiment might provide a more accurate measurement
of the mass-squared difference and of 014. Should MiniBooNE
not see evidence for a sterile neutrino, it would be setting upper
limits on the mixing angles. This proposed experiment might
then be a way of further looking for a sterile neutrino in this
range or, should a null result be found, further reducing the
allowed value of 6;4.
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