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The sensitivity to the sterile neutrino mixing at very short baseline
reactor neutrino experiments is investigated. If the reactor core is relatively
large as in the case of commercial reactors, then the sensitivity is lost for
Am? > 1 eV? due to smearing of the reactor core size. If the reactor core is
small as in the case of the experimental fast neutron reactor Joyo, the ILL
research reactor or the Osiris reactor, on the other hand, then sensitivity
to sin® 2014 can be as good as 0.03 for Am? ~ several eV? because of its
small size.
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1. Introduction

Schemes with sterile neutrinos have attracted a lot of attention since the
LSND group announced the anomaly [1,2,3] which would imply mass squared
difference of O(1) eV? if it is interpreted as a phenomenon due to neutrino
oscillation. The standard three-flavor scheme has only two independent mass
squared differences, i.e., Am%; = Am?2 ~ 8x 1075 eV? for the solar neutrino
oscillation, and |[Am3;| = AmZ,, ~ 2.4 x 1073 eV? for the atmospheric
neutrino oscillation. To accommodate a neutrino oscillation scheme to the
LSND anomaly, therefore, the extra state should be introduced. This extra
state should be sterile neutrino, which is singlet with respect to the gauge
group of the Standard Model, because the number of weakly interacting light
neutrinos should be three from the LEP data [4].

Recently, sterile neutrino scenarios are becoming popular again because
of a few reasons. One is the data of the MiniBooNE experiment which has
been performed to test the LSND anomaly. Although their data on the
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neutrino mode [5] disfavor the region suggested by LSND, their data on the
anti-neutrino mode [6] seem to be consistent with these of LSND. The second
one is the so-called reactor anomaly. The flux of the reactor neutrino was
recalculated in Ref. [7] recently and it was claimed that the normalization is
shifted by about +3% on average. This claim is qualitatively consistent with
an independent calculation in Ref. [8]. If their claim on the reactor neutrino
flux is correct, then neutrino oscillation with Am? >1 eV?2 may be concluded
from a re-analysis of 19 reactor neutrino results at short baselines [9]. The
third one is the so-called gallium anomaly. The data of the gallium solar
neutrino calibration experiments indicate deficit of v, and it may imply
neutrino oscillation [10].

It has been known that reactor experiments with more than one detector
have a possibility to measure 613 precisely because some of the systematic
errors can be canceled by the near—far detector complex [11,12,13,14]. Three
experiments [15,16, 17| are now either running or expected to start soon to
measure f13. In the standard three-flavor case with [Am3;| = 2.4x 1073 eV?,
it was shown assuming infinite statistics that the optimized baseline lengths
Ly and Ly for the far and near detectors are Ly ~ 1.8 km and Ly ~ 0 km in
the rate analysis [18, 19|, while they are Ly ~ 10.6 km and Ly ~ 8.4 km in
the spectrum analysis [20]. To justify the assumption on negligible statistical
errors for L ~ 10 km, unfortunately, one would need unrealistically huge
detectors, so one is forced to choose the baseline lengths which are optimized
for the rate analysis for Am? = 2.4 x 1073 eV2. On the other hand, if one
performs an oscillation experiment to probe Am? ~ O(1) eV?2, it becomes
realistic to place the detectors at the baseline lengths which are optimized
for the spectrum analysis (see Sec. 4 in the published version of Ref. [20]).

In this paper, I would like to discuss the sensitivity of very short line
reactor experiments to the sterile neutrino mixing for Am? ~ O(1) eV?
in the so-called (3+1)-scheme [21]. Proposals have been made to test the
bound of the Bugey reactor experiment [22] on the sterile neutrino mixing
angle using a reactor [23,24]', an accelerator [28,27], and a 3-source [29,30].

2. Four-neutrino schemes

Four-neutrino schemes consist of one extra sterile state and the three
weakly interacting ones. The schemes are called (3+1)- and (2+2)-schemes,
depending on whether one or two mass eigenstate(s) are separated from the
others by the largest mass-squared difference ~ O(1) eV2. The (2+2)-scheme
is excluded by the solar and atmospheric neutrino data [31], so I will not
discuss the (2+2)-schemes here. In the (3+41)-scheme, the phenomenology of

! See, e.g., Refs. [20] (the published version), [25,26] for earlier works on search for
sterile neutrinos at a reactor.
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solar and atmospheric oscillations is approximately the same as that of the
three-flavor framework, so there is no tension between the solar and atmo-
spheric constraints. However, the (3+1)-scheme has a problem in accounting
for LSND and all other negative results of the short baseline experiments.
To explain the LSND data while satisfying the constraints from other dis-
appearance experiments, the oscillation probabilities of the appearance and
disappearance channels should satisfy the following relation [32,33]

sin? 260;sxp (Amz) < % sin? 20Bugey (AmQ) sin? 20cpusw (Am2) , (1)

where Orsnp (Am?), Ocpusw (Am?), QBugey(Am2) are the value of the effective
two-flavor mixing angle as a function of the mass squared difference Am?
in the allowed region for LSND (7, — 7.), the CDHSW experiment [34]
(v — vu), and the Bugey experiment [22] (7, — 7.), respectively. The rea-
son that the (3+1)-scheme to explain LSND has been disfavored is because
Eq. (1) is not satisfied for any value of Am?, if one adopts the allowed re-
gions in Refs. [34] and [22]. If the flux of the reactor neutrino is slightly
larger than the one used in the Bugey analysis [22]|, however, the allowed
region becomes slightly wider and one has more chance to satisfy Eq. (1)%.
I will use the following parametrization for the mixing matrix |30]

U = R34(034,0) R24(024,0) Ra3(023, 63) R14(014,0) R13(613,2) R12(612,01) ,

where R;i (6, 0;) are the complex rotation matrices in the jk-plane defined
as

[Rjk (Ojk 5l)]pq = Opg + (cos Ok — 1) (9p0;¢ + OkpOikq)

+ sin ij <6_i615jp(5kq - ei(sl(qu(Skp) .
With this parametrization, for the very short baseline reactor experiments,
where the average neutrino energy F is approximately 4 MeV and the base-

line length is about 10 m, I have |Am§kL/4E\ < 1 (j,k =1,2,3), so that
the disappearance probability is given by

Am?, L
P(0, — 7,) = 1 — sin® 2614 sin® ( Tél > (2)

to a good approximation. So the analysis of the (3+41)-scheme is reduced
to that of a two-flavor framework with the oscillation parameters (Am?2,,
.2

sin® 2614).

2 Although the situation of the (3-+1)-scheme is improved slightly after Refs. [7, 9],
the improvement is not sufficient enough to have a satisfactory fit to all the data,
according to Ref. [35].
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3. Sensitivity to sin? 26,4 by a spectral analysis

Throughout my paper I discuss the case with a single reactor and two
detectors. I assume here that the near and far detectors are identical and
they have the same sizes of systematic errors. The conditions of the detectors
are assumed to be the same as those of the Bugey experiment, i.e., liquid
scintillation detector of volume 600 liters with the detection efficiency which
yields about 90,000 events at L = 15 m from a reactor of a power 2.8 GW
after running for 1800 hours.

To evaluate the sensitivity to sin? 26014, let us introduce the following x>
which was adopted in Ref. [20] (see Ref. [21] for details)

n
. 1
N :m'm{ 5 - gt il (ot o) — adyt]

e e ) @)

x? stands for a quantity which expresses how much deviation we have be-
tween the numbers of events with and without oscillations, compared with
the experimental errors. In Eq. (3), mf is the number of events to be mea-
sured at the near (A = N) and far (A = F') for the i-th energy bin with the
neutrino oscillation, and tiA is the theoretical prediction without the oscil-

lation. (¢/1)? is the uncorrelated error which consists of the statistical plus

)

uncorrelated bin-to-bin systematic error: (t{c)? = ¢t + (tAadb) , Where
o4} is the uncorrelated bin-to-bin systematic error. a? (A = N, F) is a
variable which introduces the detector-specific uncertainties ogg of the near
and far detectors. «; (i = 1,---,n) is a variable for an uncertainty opy, of
the theoretical prediction for each energy bin which is uncorrelated between
different energy bins®. o/, (A = N, F) is a variable which introduces an
energy calibration uncertalnty 0cal and comes in the theoretical prediction in
the form of (14 1)E instead of the observed energy F. v is the deviation
divided by the expected number of events from the theoretlcal prediction tA
due to the energy calibration uncertainty. Here, I take the following refer—
ence values for the systematic errors: oqn, = 0.5%, cag = 0.5%, opy, = 2%,

opB = 3%, Ocal = 0.6%.

3 The first suffix of o stands for the property for the systematic error with respect
to the detectors while the second is with respect to bins, and capital (small) letter
stands for a correlated (uncorrelated) systematic error.
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3.1. Commercial reactors

First of all, I will consider a commercial reactor whose thermal power is
2.8 GW and I will assume that the dimension of its core is 4 m in diameter
and 4 m in height.

x? in Eq. (3) is computed numerically in the case of Am?%; = 1 eV? as
a function of the baseline lengths Ly and Ly of the two detectors, and the
baseline lengths Ly and Ly are varied to optimize the sensitivity to sin® 26, 4.
It is found that the set (Ln,Lp) ~ (17 m, 23 m) gives the optimum. In
contrast to the rate analysis, in which the optimized baseline length of the
near detector is Ly = 0 m to avoid oscillations, the spectrum analysis with
(LN, Lr) = (17 m, 23 m) looks at the difference between the maximum and
minimum of the spectrum shape with neutrino oscillations at Ly and Lg
mainly for the energy region E, ~ 4 MeV, where the number of events are
expected to be the largest (see left panel in Fig. 1). Unlike the case of infinite
statistics [20], the statistical errors are important in the present setup of the
detectors, and longer baseline lengths are disfavored.

Nno osc
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/ Y L=4m ———
—_ . 7 '\\
| >‘” | >a> II \ L=8m oo
> ~ il A
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
E,/MeV E,/MeV

Fig. 1. The energy spectrum with neutrino oscillations at the two different detectors
and the one without oscillations. The optimized baseline lengths give maximum
difference in the distortions in the energy spectrum. Left panel: the case of a
commercial reactor. Right panel: the case of a research reactor.

The sensitivity to sin® 2614 in the case of the baseline lengths (L, Ly) =
(17 m, 23 m) is shown in Fig. 2 as a function of Am?, (the line referred
to as “Commercial”). The region suggested by combination of the reactor
and gallium anomalies and the MiniBooNE data is also given in Fig. 2 for
comparison. For Am3; > 2 eV2, the sensitivity is no better than 0.1, which
is basically the result of the rate analysis. The sensitivity in the case of
a hypothetical point-like reactor, where all the conditions for the detectors
are the same, is also given in Fig. 2 for comparison (the line referred to as
“Point-like”). Fig. 2 indicates that the sensitivity would be as good as several
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x1072 for a few eV?, if the core were point-like. So we can conclude that
we have poor sensitivity for Am3; > 2 eV? because of the smearing effect of
the finite core size of the reactor.

Joyo with Lg=4m, Ly=3m -.....oo
Joyo with Lg=8m, Ly=4m — — -
ILL with Lg=8m, Ly=4m

Osiris with Lg=8m, Ly=4m ...
Commercial with Lg=23m, Ly=17m ——
Point-like with LF=23m, Ly=17m —omimn
Reactor anomaly 90%CL s

Reactor anomaly 95%CL
Reactor anomaly 99%CL ]

10°

Fig.2. The sensitivity to sin® 2614 of each reactor with the two detectors at its
optimum baseline lengths. Also shown as a shaded area is the region given in
Ref. [9] from the combination of the reactor neutrino experiments, Gallex and Sage
calibration sources experiments, the MiniBooNE reanalysis of Ref. [10], and the
ILL-energy spectrum distortion.

3.2. Research reactors

In the previous subsection, we have seen that the sensitivity to sin? 26,4
is lost because of the smearing effect of finite core size. Next, I would like to
discuss three research reactors, Joyo [37] with MK-III upgrade [38], the ILL
research reactor [39], and the Osiris research reactor [40]. They all have a
relatively small size and a relatively large thermal power.

Joyo is an experimental fast breeder reactor and the dimension of its
core is 0.8 m in diameter and 0.5 m in height, and its thermal power is
140 MW. The ILL (Osiris) research reactor is a thermal neutron reactor
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with high enrichment of uranium 23U, and the dimension of its core is
0.4 m in diameter and 0.8 m in height (0.57 m x 0.57 m x 0.6 m) and its
thermal power is 58 MW (70 MW), respectively.

Again, x? in Eq. (3) is computed numerically in each case, and it is
optimized with respect to Ly and Lg. The optimum set of the baseline
lengths turns out to be (Ly, Lr) ~ (4 m, 8 m) for Am?2; = 1 eV? for all the
three cases. Left panel in Fig. 1 shows the spectrum distortion in the case
of L=4m, 8 m.

The sensitivity to sin? 264 is shown in Fig. 2 as a function of Am?, in
the case of the sets of the baseline lengths (Ln, Lr) = (4 m, 8 m) for the
three cases and (L, Lr) = (3 m, 4 m) for Joyo. From Fig. 2 it is clear that
the sensitivity of an experiment with a small core reactor is better than that
with a commercial reactor for 2 eVZ< Am?; < 10 eV2.

4. Discussion and conclusion

In the framework of the (3-1)-scheme, the sensitivity to sin® 2014 of very
short baseline reactor oscillation experiments was studied by a spectrum
analysis. The assumptions are that one has two detectors whose size and
efficiency are exactly the same as those used at the Bugey experiment and
x? is optimized with respect to the positions of the two detectors.

In the case of a commercial reactor, by putting the detectors at Ly =
17 m and Ly = 23 m, one obtains the sensitivity as good as several x10~2
for Am3; <16V, but the sensitivity is lost above 1 eV due to the smearing
of the finite core size.

In the case of a research reactor with a small core (such as Joyo, ILL,
Osiris), on the other hand, one obtains the sensitivity as good as a several
x1072 for 1 eVZ< Am?; < 10 eV2 if the detectors are located at Ly = 4 m
and Ly = 8 m.

In all the cases discussed above with the Bugey-like detector setup, the
statistical errors are dominant. The reason that the case of the research
reactors (Joyo, ILL, Osiris) is competitive despite its small power is because
the total numbers of events at L ~ several meters are comparable to those
of the case with a commercial reactor at L ~ a few x 10 meters.

To turn this idea into reality, there are two experimental challenges. One
is to put detectors at a location very near to a research reactor. The other
one is to avoid potentially huge backgrounds from the reactor?.

Nevertheless, since the best fit point (Am?2;, sin?2614) ~ (2 eV2, 0.1)
obtained in Ref. [9] lies within the excluded region in Fig. 2, the experiment
at these research reactors offers a promising possibility.

4 An experiment [41] was performed to detect neutrinos from a fast neutron reactor at
Joyo, but unfortunately they did not get sufficient statistical significance.



2386 O. YASUDA

The author would like to thank Marek Biesiada and other organizers for
invitation and hospitality during the conference. He would also like to thank
F. Suekane and G. Mention for useful correspondence and K. Schreckenbach
for discussions on research reactors. This work was partly supported by the
Grants-in-Aid for Scientific Research of the Ministry of Education, Culture,
Sports, Science, and Technology, Japan, under Grant No. 21540274.

REFERENCES

[1] C. Athanassopoulos et al. [LSND Collaboration|, Phys. Rev. Lett. 77, 3082
(1996) |arXiv:nucl-ex/9605003|.

[2] C. Athanassopoulos et al. [LSND Collaboration|, Phys. Rev. Lett. 81, 1774
(1998) [arXiv:nucl-ex/9709006|.

[3] A. Aguilar et al. [LSND Collaboration|, Phys. Rev. D64, 112007 (2001)
[arXiv:hep-ex/0104049].

[4] K. Nakamura et al. [Particle Data Group|, J. Phys. G 37, 075021 (2010).

.A. Aguilar-Arevalo et al. [MiniBoo ollaboration|, Phys. Rev. Lett. 98,
5] A.A. Aguilar-A 1 I. [MiniBooNE Collab i PF Rev. L
231801 (2007) |arXiv:0704.1500 [hep-ex]].

[6] A.A. Aguilar-Arevalo et al. [MiniBooNE Collaboration|, Phys. Rev. Lett.
105, 181801 (2010) [arXiv:1007.1150 [hep-ex]].

[7] T. A. Mueller et al., Phys. Rev. C83, 054615 (2011) [arXiv:1101.2663
[hep-ex]].

[8] P. Huber, Phys. Rev. C84, 024617 (2011) [arXiv:1106.0687 [hep-phl].

[9] G. Mention et al., Phys. Rev. D83, 073006 (2011) [arXiv:1101.2755
[hep-ex]].

[10] C. Giunti, M. Laveder, Phys. Rev. D82, 053005 (2010) [arXiv:1005.4599
[hep-phl|.

[11] Yu. Kozlov, L. Mikaelyan, V. Sinev, Phys. At. Nucl. 66, 469 (2003);
[Yad. Fiz. 66, 497 (2003) | [arXiv:hep-ph/0109277].

[12] H. Minakata et al., Phys. Rev. D68, 033017 (2003) [Erratum ibid. D70,
059901 (2004)] [arXiv:hep-ph/0211111].

[13] P. Huber, M. Lindner, T. Schwetz, W. Winter, Nucl. Phys. B665, 487
(2003) [arXiv:hep-ph/0303232].

[14] K. Anderson et al., arXiv:hep-ex/0402041.

[15] F. Ardellier et al., arXiv:hep-ex/0405032.

[16] X. Guo et al. [Daya-Bay Collaboration|, arXiv:hep-ex/0701029.

[17] J. K. Ahn et al. [RENO Collaboration]|, arXiv:1003.1391 [hep-ex].
[18] O. Yasuda, arXiv:hep-ph/0403162.

[19] H. Sugiyama, O. Yasuda, F. Suekane, G.A. Horton-Smith, Phys. Rev. D73,
053008 (2006) [arXiv:hep-ph/0409109].


http://dx.doi.org/10.1103/PhysRevLett.77.3082
http://dx.doi.org/10.1103/PhysRevLett.77.3082
http://dx.doi.org/10.1103/PhysRevLett.81.1774
http://dx.doi.org/10.1103/PhysRevLett.81.1774
http://dx.doi.org/10.1103/PhysRevD.64.112007
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1103/PhysRevLett.98.231801
http://dx.doi.org/10.1103/PhysRevLett.98.231801
http://dx.doi.org/10.1103/PhysRevLett.105.181801
http://dx.doi.org/10.1103/PhysRevLett.105.181801
http://dx.doi.org/10.1103/PhysRevC.83.054615
http://dx.doi.org/10.1103/PhysRevC.84.024617
http://dx.doi.org/10.1103/PhysRevD.83.073006
http://dx.doi.org/10.1103/PhysRevD.82.053005
http://dx.doi.org/10.1134/1.1563707
http://dx.doi.org/10.1103/PhysRevD.68.033017
http://dx.doi.org/10.1016/S0550-3213(03)00493-0
http://dx.doi.org/10.1016/S0550-3213(03)00493-0
http://dx.doi.org/10.1103/PhysRevD.73.053008
http://dx.doi.org/10.1103/PhysRevD.73.053008

[20]
[21]
[22]
23]
[24]
[25]
[26]

[27]
[28]

[29]
[30]

[31]
[32]
[33]

[34]
[35]

[36]
[37]
[38]
[39]

[40]

[41]

Search for Sterile Neutrinos at Reactors with a Small Core 2387

H. Sugiyama, O. Yasuda, Int. J. Mod. Phys. A22, 3407 (2007)
[arXiv:hep-ph/0508090].

O. Yasuda, J. High Energy Phys. 1109, 036 (2011) [arXiv:1107.4766
(hep-phl].

Y. Declais et al., Nucl. Phys. B434, 503 (1995).

T. Lasserre [Nucifer Collaboration],
http://www.el5.physik.tu-muenchen.de/fileadmin/downloads/seminars/
1011/SterileNeutrinosWorkshop/lasserre-tumE15-feb2011-nucifer.pdf

S. Oguri, http://www.awa.tohoku.ac.jp/AAP2010/2ndDay/AAP2010_panda.pdf

D.C. Latimer, J. Escamilla, D.J. Ernst, Phys. Rev. C75, 042501 (2007)
[arXiv:hep-ex/0701004].

A. de Gouvea, T. Wytock, Phys. Rev. D79, 073005 (2009)
|arXiv:0809.5076 [hep-phl|.

B. Baibussinov et al., arXiv:0909.0355 [hep-ex].

S.K. Agarwalla, P. Huber, J.M. Link, J. High Energy Phys. 1001, 071 (2010)
[arXiv:0907.3145 [hep-phl].

M. Cribier et al., arXiv:1107.2335 [hep-ex].

D.A. Dwyer, K.M. Heeger, B.R. Littlejohn, P. Vogel, arXiv:1109.6036
[hep-ex].

M. Maltoni, T. Schwetz, M.A. Tortola, J.W.F. Valle, New J. Phys. 6, 122
(2004) [arXiv:hep-ph/0405172].

N. Okada, O. Yasuda, Int. J. Mod. Phys. A12, 3669 (1997)
[arXiv:hep-ph/9606411].

S.M. Bilenky, C. Giunti, W. Grimus, Eur. Phys. J. C1, 247 (1998)
[arXiv:hep-ph/9607372].

F. Dydak et al., Phys. Lett. B134, 281 (1984).

T. Schwetz, http://bearcat.phys.vt.edu/indico/getFile.py/
access?contribId=21&sessionId=4&resId=0&materialId=slides&confId=2

M. Maltoni, T. Schwetz, Phys. Rev. D76, 093005 (2007) [arXiv:0705.0107
[hep-phl].

The experimental fast reactor Joyo,

http://www. jaea.go.jp/04/0-arai/joyo/english/index.html

T. Aoyama et al., Nucl. Sci. Eng. 237, 353 (2007).

The ILL research reactor, http://www.ill.eu/

The Osiris research reactor, http://nucleaire-saclay.cea.fr/en/Phocea
/Vie_des_labos/Ast/ast_sstheme.php?id_ast=66

H. Furuta et al., arXiv:1108.2910 [hep-ex].


http://dx.doi.org/10.1142/S0217751X07036993
http://dx.doi.org/10.1007/JHEP09(2011)036
http://dx.doi.org/10.1016/0550-3213(94)00513-E
http://dx.doi.org/10.1103/PhysRevC.75.042501
http://dx.doi.org/10.1103/PhysRevD.79.073005
http://dx.doi.org/10.1007/JHEP01(2010)071
http://dx.doi.org/10.1088/1367-2630/6/1/122
http://dx.doi.org/10.1088/1367-2630/6/1/122
http://dx.doi.org/10.1142/S0217751X97001894
http://dx.doi.org/10.1016/0370-2693(84)90688-9
http://dx.doi.org/10.1103/PhysRevD.76.093005

	1 Introduction
	2 Four-neutrino schemes
	3 Sensitivity to sin2214 by a spectral analysis
	3.1 Commercial reactors
	3.2 Research reactors

	4 Discussion and conclusion

