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PRL 102, 101802 (2009) PHYSICAL REVIEW LETTERS 13 MARCH 2009

Unexplained Excess of Electronlike Events from a 1-GeV Neutrino Beam

AA. Aguilar—Arevalo,S C.E. Anderson,'® A.O. Bazarko," S.J. Brice,” B.C. Brown,” L. Bu&gel,5 j. Cao,'* L. Coney,’
J.M. Conrad,>'® D. C. Cox,'® A. Curioni,'® Z. Djurcic,’ D. A. Finley,” B.T. Fleming,'® R. Ford,’ F.G. Garcia,’
G.T. Garvey,'! C. Green,™'! J. A. Green,'®'! T. L. Hart, E. Hawker,'' R. Imlay,'% R. A. Johnson,> G. Karagiorgi,™"?
P K.asper,7 T. Katori,'° T. Kobilarcik, L. Kourbanis,’ S. Koutsoliotas,” E. M. Laird,”” S. K. Linden,'® J. M. Link,"” Y. Liu,*
Y Lin! W.C. Louis,"' K. B. M. Mahn,> W. Marsh,” G. McGregor,'! W. Metcalf,'> P. D. Meyers,'” F. Mills,” G. B. Mills,"!
J. Monroe,>'® C.D. Moore,” R. H. Nelson,* V.T. N guyen,>"* P. Nienaber,' J. A. Nowak,'? S. Ouedraogo,'?
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M. O. Wascko,'>" D. H. White,"! M.J. Wilking,* H.J. Yang,'* G.P. Zeller,”'' and E.D. Zimmerman"

(MiniBooNE Collaboration)

University of Alabama, Tuscaloosa, Alabama 35487, USA
2Bucknell University, Lewisburg, Pennsylvania 17837, USA
3University of Cincinnati, Cincinnati, Ohio 45221, USA
4University of Colorado, Boulder, Colorado 80309, USA
SColumbia University, New York, New York 10027, USA
SEmbry Riddle Aeronautical University, Prescott, Arizona 86301, USA
7 Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
8University of Florida, Gainesville, Florida 32611, USA
University of lllinois, Urbana, lllinois 61801, USA
Oyndiana University, Bloomington, Indiana 47405, USA
1y o5 Alamos National Laboratory, Los Alamos, New Mexico 87545, Usa
12} ouisiana State University, Baton Rouge, Louisiana 70803, USA
BaMassachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
1‘4Urziver‘sity of Michigan, Ann Arbor, Michigan 48109, USA
, 'S princeton University, Princeton, New Jersey 08544, USA
16Saint Mary’s University of Minnesota, Winona, Minnesota 55987, USA
"Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061, USA
8yale University, New Haven, Connecticui 06520, USA
(Received 14 Decernber 2008; published 11 March 2009)

The MiniBooNE Coliaboration observes unexplained electronlike events in the reconstructed neuirino
energy range from 200 to 475 MeV. With 6.46 X 102 protons on target, 544 electronlike events are
observed in this energy range, compared (o an expectation of 415.2 % 43.4 events, corresponding to an
excess of 128.8 + 20.4 + 38.3 events. The shape of the excess in several kinematic variables is consistent
with being due to either v, and 7, charged-curreni scatlering or », neutral-current scattering with a
photon in the final state. No significant excess of events is observed in the reconstructed neutrino energy
range from 475 io 1250 MeV, where 408 events are observed compared to an expectation of 385.9 * 35.7
events.

DOX: 10.1103/PhysRevLett.102.101802 PACS numbers: 14.60.Lm, 14.60.Pq. 14.60.5t

In a previous Letter 1], the MiniBooNE Collaboration This Letier reports on a more detailed investigation of the
reported initial results on a search for v, — v, oscilla- low-energy electronlike events [3]. Published explanations
tions. The search was motivated by the LSND observation ~ for the low-energy excess range from anomaly mediated
(2] of an excess of P, eveats in a ¥, beam that implied neutrino-photon coupling [4] to neutrinc oscillations in-
larger values of Am? than any of the currently confirmed  volving sterile neutrinos [5-9] to Lorentz violation [10]. In
oscillation measurements. The MiniBooNE result showed the course of this investigation, many improvements have
no evidence of an excess of electronlike events for neutrino ~ been made (o ihe data analysis, and the data sample has
energies above 475 MeV. However, a sizeable excess of increased from 5.58 X 10% protons on target (POT) fo
electronlike events was observed from 300 to 475 MeV. 646 X 1020 POT. The excess of electronlike events per-

0031-9007/09/102(10)/101802(5) 101802-1 © 2009 The American Physical Society
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27 November 1986

ANOMALOUS ELECTRON PRODUCTION OBSERVED IN THE CERN PS NEUTRINO BEAM

G. BERNARDI *, G. CARUGNO °, J. CHAUVEAU ¢, F. DICARLO ”, M. DRIS °,
J. DUMARCHEZ *, M. FERRO-LUZZI ¢, J.-M. LEVY * D. LUKAS ¢, J.-M. PERREAU °,
Y. PONS * A.-M. TOUCHARD ?* and F. VANNUCCI *

4 LPNHE, University of Paris, Paris, France

b University of Rome I and INFN, Rome, Italy
 College de France, F-75231 Paris, France

4 Nuclear Research Center Demokritos, Athens, Greece

¢ CERN, European Organization for Nuclear Research, CH-1211 Geneva 23, Switzerland

Received 26 May 1986

Neutrino interactions in a fine-grain calorimeter have been analysed with emphasis on events with associated electro-
magnetic showers. The good granularity of the detector allows to separate photon from electron showers. The number of
events with an electron was found to be about three times larger than expected on the basis of the beam composition. This

may be interpreted as due to v, — ve oscillations.

The experiment PS191 at CERN searched for de-
cays of heavy neutrinos using a decay detector follow-
ed by a fine-grain electromagnetic calorimeter. The
trigger conditions were set by a scintillator hodoscope
at a depth of 1.7 radiation lengths inside the calori-
meter. The purpose of the hodoscope was to select
events where one or more showers traversed the
hodoscope plane. The threshold for the acceptance of
the scintillator signals was set to twice the minimum-
jonization value in the scintillator (as measured in a
calibration run). If more than one scintillator slab
(30 X 300 X 1 ¢m3) out of the available twenty gave
a signal, then the event was accepted even if the am-
plitudes corresponded to the minimum-ionizing level.
These conditions were such that, as a by-product,
about a thousand neutrino interactions were recorded
in the calorimeter modules preceding the hodoscope.
Clearly, shower-associated interactions were favoured
in this sample. An analysis of these events shows an
abnormal abundance of electrons stemming directly
from the vertex of the interaction which cannot be
explained on the basis of the neutrino beam composi-
tion except as an improbable statistical fluctuation.

Details of the beam and a general description of
the apparatus are given elsewhere together with the

0370-2693/86/$ 03.50 © Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division)

results on neutrino decays [1]. The beam consisted of
v, with an energy spectrum peaking at ~600 MeV
and a small admixture, (0.7 £ 0.2)%, of v, at some-
what higher energies. Fig. 1 shows the energy spec-
trum of the neutrino fluxes calculated using two inde-
pendent and consistent simulation programs ¥!_ Both
v, and v, fluxes are simulated by these programs cur-
rently used by most low-energy neutrino experiments;
in particular, the v, source from g decays has been
included in the calculation. The part of the apparatus
that we are concerned with is the calorimeter, made
of flash-tube chambers separated by 3 mm thick iron
plates. The granularity of the detector is 17% of a ra-
diation length and the transversal dimensions of the
tubes are S X 5 mm?2. The “target” region for the in-
teractions under study consisted of 10 layers of
“flash-tube/iron-plate” sandwiches weighing a total
of ~5 t. The surface covered by the detector across
the beam was 6 X 3 m2. The same target structure
was repeated beyond the hodoscope for a total of 30
identical sandwiches, i.e., an additional 5.1 radiation
lengths. The fine granularity of the detector allows

*! gee ref. [2] and calculations independently performed by
us on g decays, and ref. [3].
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SEARCH FOR NEUTRINO OSCILLATIONS

PHYSICS LETTERS R

13 April 198¢

P. ASTIER *, G. BERNARDI*®, G. CARUGNO®, J, CHAUVEAU * P. CHRYSICOPOULOU b

1. DUMARCHEZ* M. FERRO-LUZZI ¢, F. KOVACS?, A. LETESSIER-SELVON?, J -M. LEVY 2,
M.J. MURTAGH Y, J.-M. PERREAU ¢, Y. PONS?®, J.L. STONE b A.-M. TOUCHARD?

F. VANNUCCI** P, WANDERER ¢ and D.H. WHITE ¢

® LPNHE, University of Paris VI and VII, F-75230 Paris Cedex. France

¥ Boston University, Bosion, MA 02215, USA

¢ CERN, European Organisation for Nuclear Research, CH-1211 Geneva 23, Switzerland
4 Brookhaven National Laboratory, Upton, Long Island, NY 11973, USA

Received 3 February 1989

A search for v, -»v, (and ¥, —+¥.) oscillations has been conducted with the AGS wide-band neuirinc beam at the Brookhaven
National Laboratory. We find more v, (V. ) interactions than were expected on the basis of the number of incident v, (V,) calcu-
lated as part of the neutrino beam. The excess is about a factor two over the expectation, the statistical significance being about

two and a half standard deviations for v, and weaker for v,.

1. Introduction

The CERN PS191 Experiment [1] had been de-
signed to search for neutrino decays by looking in an
appropriate calorimeter for electron showers associ-
ated with a decay configuration observed in an up-
stream helium-filled volume. Intrinsic to the detector
performance was the capability of observing electron
production in neutrino interactions within the calo-
rimeter itself. No example of neutrino decay was ob-
served in this investigation. Instead we were con-
fronted with an abnormal electron production by
neutrino in a v, beam with a small contamination of
ve [2]. The statistical significance of the effect was
marginal and we were motivated to repeat the exper-
iment at BNL [ 3] with an improved apparatus and a
more intense bearn.

2. Detector

The detector is shown in fig. 1. [ts primary com-
poneni was a fine-grained calorimeter made of sand-
wiches of 3 mm thick iron plates between flash-tube
chambers [4] buili by the Fréjus Collaboration for

their proton-decay search. The cross section of the
tubes was SX 5 mm® and their length 6 m: they were
assembled to give only the vertical coordinate, The
iron thickness between sensitive planes represented
~ 17% of a radiation length. The front surface of the
detector covered an area of 3 X 6 m?. The total weight
was 30 t of which only 7 t were used in the fiducial
volume. Being compact and dense this calorimeter
had a large angular acceptance.

A liquid-scintillator veto counter®' was the first
detection plane of the apparatus. It was followed by
ten calorimeter modules which served as target re-
gion for the neutrino interactions. Two plastic-scin-
tillator hodoscopes followed them and were used for
trigger purposes. Another set of calorimeter modules
interleaved with lead plates of increasing thickness
were placed downstream of the trigger planes to mea-
sure and contain the showers originating in the tar-
get. There was a total of ~ 15 radiation lengths from
the central plane of the target region to the end of the
detector. The first plane of the apparatus was located
175 m from the neutrino production targei.

*' We are indebied io the E734 Coliaboration for the use of a part
of their liquid-scintiilator system.

646 0370-2693/89/% 03.50 © Elsevier Science Publishers B.V,
(North-Holland Physics Publishing Division)
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ated. To take into account this effect a correction was
applied on both data (fig. 4a) and simulation (fig.
4b). We found that this correction affected some 6%
of the connected showers.

The second bias acted in the opposite direction,

650

PHYSICS LETTERS B

13 April 1989

namely it caused truly connected showers to appear
disconnected because of detector inefficiency. In or-
der to deal with this effect we applied a global correc-
tion to the disconnection distribution obtained from
the (efficiency-free) Monte Carlo simulation. The
inefficiency of the chambers was measured through-
out the experiment using minimum jonising tracks
from the two-track events. The probability for a gen-
uine electron to appear disconnected by 0, | and 2
chambers turned out to be 0.83, 0.13 and 0.04,
respectively.

Electron events are of course expected to come frorm
the v, component in the neutrino beam. To estimate
how many such events should be present in the ex-
periment we relied on another *“ad hoc” Monte Carlo
sample. This sample was generated with an incident
neutrino beam consisting only of v, and it was scanned
in order to evaluate the capabilities of both detector
and scanner to correctly recognise the v, interactions.
The relative normalisation was obtained via the two-
track events. The result of the simulation and its scan
was that the expected number of electron events from
the v, contamination to be found in our sample was
53+6(stat.) 11 (syst.). The detector inefficiency
will have the effect of spreading out these events over
the first three bins of the plot of fig. 4b. From these
numbers we conclude that the predicted (integrated)
flux ratio after our cuts is

vy, = [0.61 £0.06(stat.) £0.10(syst.) ]%.

The effective number of electrons in our data was
obtained from the measured disconnection distribu-
tion. Without introducing any hypothesis on the dis-
tribution or amount of the n? background, we di-
rectly subtracted the simulated distribution
(including the expected v, contamination mentioned
above ) from the experimental distribution. The sim-
ulation included 2.6 * 1.4 events expected from the
hadron background on the basis of the pion calibra-
tion runs. Fig. 5a shows the subtracted distribution.
There is a clear signal for zero-disconnected showers,
viz. electrons.

The total number of excess electrons was obtained |
by summing the first three bins. Over this range there
were 363118 events to be compared with the
299+ 21 events expected from the simulation (errors
include the systematic uncertainty on the beam flux).
The net excess is 64 £ 28 events. The total number of
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Abstract. Muon electron pairs were detected in an Al
multiplate spark chamber, exposed to a neutrino beam
from the CERN PS. The leptons were not accom-
panied by other particles, except occasionally by pro-
tons. The background came mainly from muon associ-
ated n° production, with one decay gamma lost. It was
determined empirically, together with the small contri-
bution from v, reactions. For electron energies above
2GeV the background is 5.7+ 1.5 events, whereas 18
(ue)-candidates have been observed. Hence the effect is
established, with a rate of about 10~ as compared to
the muonic reactions above 3 GeV. Charm creation as
the origin of this (ue)-production process is excluded;
heavy neutral lepton production does not fit the
kinematics observed. Instead the events are compatible
with the two-body decay of an object with variable
invariant mass of order 1 GeV, possibly resulting from
axion interactions.

We have observed [1] 18 muon electron candidates of
the form

v+ N et p(+A7)

with no other hadron or photon in the same picture,
except for occasional short tracks (/) at the vertex.
All of them occurred at a visible total energy above
3GeV. They were detected in a multiplate spark
chamber, exposed to the CERN PS wide band neu-
trino beam, with an average energy of 2.2 GeV.

The detector [2] consisted of 258 Al plates,
2mx2m in size, 1 cm thick and spaced Icm apart.
The spark chambers were filled with Ne-He, and they
i Now at CERN, Geneva, Switzerland
2 Now with Bundeswehr-Hochschule, Munich
3 Now at Cesellschafi fiir elekironische Datenverarbeitung,
Aachen

were fired every PS pulse. At the end of the set-up there
were 12iron plates, 4 cm thick, interleaved with 3-plate
spark chambers, which formed an Internal Muon

) Identifier’ (IMI). Two views were photographed, at a

stereo angle of 90°, thus providing a clear separation of
several structures in one photograph. No magnetic
field was applied, and therefore a distinction between
e~, e*, and 7 is not possible. However, single shower
and multi shower events (like 7n%’s) can be separated
down to an opening angle of 1°. Also hadron tracks
inside showers are readily recognized.

The apparatus was well suited for the detection of
electromagnetic showers [3), since the radiation length
X, was only 22cm in space. Because of its large
angular acceptance, and its sizeable length (22X ), the
efficiency for detecting both decay-gaminas from a
neutrino produced z° was typically 60%. The shower-
energy was measured by spark counting, and an
absolute calibration was achieved by means of a
momentum selected electron beam. In the range
0.1<E,<2GeV, the energy error was determined
AE,JE,=22%. This error does not depend too much
on energy, up to 10GeV.

The muons were identified from the absence of
nuclear interactions over a certain pathlength I The
discrimination between muons and hadrons was easy,
since the Al part of the chamber was already 10 nuclear
interaction lengths A, deep. Another 6 4, were con-
centrated in the IMJ, at the end of the detector.

“Naked” (ue)-pairs have been analysed in 540,000
pictures from neutrino eXposures. They have been
defined as follows:

1) There must be one track with a length [>4A4,,
showing neither interaction nor scattering in the cham-
ber (“u”).

2) There must be an electromagnetic shower with an
energy E, >300MeV, starting immediately at the ver-
tex, i.e. at the ongin of the track (“¢”).
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Fig. 1. Typical (ue)-candidate. On t
electron shower are overexposed
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he muon irack several faint sparks near the vertex were lost in reproduction. Instead, the sparks beyo



