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1. Introduction

Over the past decade, MINOS has been successfully measuringrfenti neutrino oscilla-
tions parameters. Using the NuMI beam [1] and its two-detector designaaD&tector (ND) at
the beam source at Fermilab and a Far Detector (FD) 735 km away in tliau$ddine in Min-
nesota [2], MINOS was able to cancel out many systematic uncertaintiesxdmple associated
with Neutrino Flux [3], and push the boundaries of the measurements thiatloe made [4]-[6].

MINOS took data between May 2005 and April 2012, mostly in the so-called Epnergy
(LE) beam configuration, with the neutrino spectrum peaked at approeiynz GeV, close to the
standard 3-flavour oscillations maximum at about 1.6 GeV in the MINOS Ractbe. This al-
lowed MINOS to carry out precise measurements of the muon neutrino éiaegpce oscillations
parameters. MINOS was then reborn as the ongoing MINOS+ experimgrard is now taking
data in the NOA-era NuMI beam, which started producing neutrinos in September 20d 3san
running at a higher energy, optimal for the N experiment [8]. This so-called Medium Energy
(ME) beam is peaked at approximately 7 GeV, relatively far from the stah@-flavour oscillations
maximum, however, on the other hand, MINOS+ is currently the only neutsiperénent in the
world seeing a wide-band on-axis beam, with a wider neutrino energy twag other accelerator
neutrino experiments such as M@ and T2K, and with significantly more events per unit of expo-
sure due to being on-axis. MINOS+ has therefore a unique potential kddomew physics and
exotic phenomena such as sterile neutrinos, Non-Standard InteradtiSns[9], and large extra
dimensions. This proceedings paper summarises some MINOS and MINS@&tsras of October
2014.

1.1 The MINOS(+) Experiment

The MINOS(+) experiment consists of two detectors, a Near and a Racfoe The detectors
are in the path of the NuMI neutrino beam. The ND is located at Fermilab, 1.Gokmthe NuMI
beam source, and its purpose is to measure the neutrino beam beftdatioss have occured. The
FD is located~700 m underground in the Soudan Mine, and measures the neutrino fleatha
neutrinos have oscillated.

In order to generate neutrinos, the NuMI beam sends bunches of @2@fbBtons onto a 1 m
long graphite target. This generates hadrons which are focused by tgmetimhorns and decay
into secondaries and neutrinos in a 675 m long decay pipe. The seimala then removed from
the beam by a hadron absorber at the end of the decay pipe and a “hielali sonsisting of 240 m
of dolomite rock on the way to the MINOS ND. This leaves a neutrino beam tretists mostly
of muon neutrinos (91.7%), with an admixture of muon antineutrinos (7%)azsmdall electron
neutrino contamination (1.3%). The NuMI beam can be modified to produeatameutrino en-
hanced beam (rather than the standard neutrino-dominated beam) tsjrr@tke horn current and
thus focusing negative hadrons.

Both MINOS(+) detectors are large magnetized iron scintillator tracking ica&ters opti-
mised to measure muon tracks from muon neutrino charged current (C@dtibms and to sep-
arate muon neutrinos from antineutrinos based on track curvature. arkeyuilt out of alternate
planes made of steel and scintillator. The scintillator planes are attached te¢h@lanes and
consist of long scintillator strips with embeded wavelength shifting fibers tieakead out by pho-



MINOS and MINOS+ Results Anna Holin

Figure 1. Pictures of the two MINOS+ Detectors. The Near Detector igllan at about 1 kT mass and
15 m length. The Far Detector is very large at 5.4 kTon mass3@nd length, and has a veto shield above
it to identify cosmic ray muons.

tomultiplier tubes. Subsequent scintillator planes are positioned orthogonalhectoother for 3-D
reconstruction of events. The steel planes serve as a large detectoioniasrease the likelihood
of neutrinos interacting in the detector. Figure 1 shows pictures of the NIN®ar and Far de-
tectors. The ND is 15 m long, 3.8 m tall and 4.8 m wide. It weighs approximatkly dnd has a
“calorimeter” region where each steel plane is instrumented with scintillatdragapectrometer”
region where only every fifth plane is instrumented; there are 282 stem¢qlavhether instru-
mented or not, in total. The FD is 30 m long, 8 m wide and 8 m tall. It weighs 5.4 KTcansists
of 486 fully instrumented steel/scintillator planes. It also has a veto shield ttifideasmic ray
muons.

1.2 Neutrino Oscillations

There are three known active neutrino flavours, the electron, mudrigameutrino ¥e,Vy,Vr).
Each neutrino also has a corresponding antineutrino. Neutrinos intamhcvia the weak force
(and gravity), and therefore very rarely, and have been obsdovedcillate between the flavours
as they travel. Neutrino oscillations can be described by Equation 1.1:

Ve Vl
Ve | =U | w2 (1.1)
VT V3

where U is the Pontecorvo-Maki-Nakagava-Sakata (PMNS) matrix [[lZ]which has a
parametrisation of the form:

C12C13 ) $12C13 ) ;36710
U= | —S12C23— C1093513€° C12C23— S1293513€°  $3C13 (1.2)
1253 — C12C3513¢°  —C12%3 — 1202351360 C23C13

In the aboveye , r are the neutrino flavour eigenstates; 3 are the neutrino mass eigenstates,
Cij =cosfj, 5j = sing;, with 6;j being the mixing angle, andlis the charge-parity (CP) violating
phase.

For a two-neutrino approximation where the difference in mass betweerftive mass states
is very small, the probability that a muon neutrino will have oscillated to a tau neudsrit prop-
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agates is to first order given by:

Py, v, = SINF 20 sin? (1.3)

1.27AmPL

(F27)
whereL is the baseline in ki is the neutrino energy in GeV, amh? is the mass squared

difference between the two effective flavour states\id/c*. Three-flavour neutrino oscillations
are actually parametrised using two mass squared differentes,-(solar sector) andms, (at-
mospheric sector), three mixing angled;», 613, and 6,3, and a Charge Parity violating phase -
d. As the 6,3 angle has now been measured by the Daya Bay [13], Double Chooanfti4RENO
[15] experiments to bez 9°, it can no longer be treated as negligible, and the full three-flavour
framework has been adopted by MINOS for oscillation measurementser@yrthe outstanding
unknowns in the standard neutrino oscillations framework are the neutriss Imerarchy (whether
the mass statey is heavier or lighter than thex -m, mass state “doublet”), the CP violating phase
J, and the precise value of the mixing anéke, including the octant of the sii,3 term.

1.3 Sterile Neutrinos

Though LEP has measured the number of light neutrinos to be 2@808 [16]* there is still
the possibility that there are sterile neutrinos that do not interact via the fweak There could
be a fourth (or more) neutrino mass state that oscillates together with the rstautise neutrinos
but cannot be detected via normal charged current (CC) and neutreht (NC) interactions. For
example, assuming a simple 3+1 model, this could lead to the observation of aalditéirino
disappearance depending on the value of the third mass squared”dié‘eemﬂnﬁg. There would
also be additional mixing anglét,, 6>4 andBz,.

Sterile neutrinos could explain some of the anomalies seen in the neutrino sechoas the
LSND [18] and MiniBooNE [19] results, but so far the evidence haslieeonclusive with tension
between appearance and disappearance results.

2. Resaults

2.1 Standard Oscillations Three-Flavour Results

New results are presented for the combined three-flavour analysiswysthigappearance data,
Ve appearance data, and an increased atmospheric event sample of 48at&TAs in the previ-
ous results from this analysis [6], the full MINOS beam data set is usedantithal exposure of
10.71x 10?0 protons-on-target (POT) of neutrino-dominated mode beam data, ad B0F POT
of antineutrino-enhanced beam mode data. The larger atmosphericseveple used here corre-
sponds to a 28% increase on the previous analysis, which used 37y&&ksTof data.

For thev, beam data, CC interactions are selected by requiring that there be a malon tra
and applying a k-Nearest-Neighbor algorithm [20] using various muak tvariables related to
energy deposition and topology of the track. Both a contained-vertaxc{fibvolume) sample is
selected for the beam muon neutrino events and a non-fiducial muon savitpleertices outside
the detector. A special selection is also applied to select a sample of muon &irimevents

1This number has since been revised slightly downward to-200@5 [17].
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Figure 2: Main Samples used in Combined Analysis. MINOS beam datalaersin the top row, and
the combined MINOS and MINOS+ atmospheric data for conthivertex and anti-fiducial samples of
neutrinos and antineutrinos are shown in the middle ancdbotows. The distributions of atmospheric
neutrinos are plotted as a function of zenith angle and ség@into bins of reconstructed neutrino energy.
The observed data (black points) are compared with the gfedifor no oscillations in gray and the best fit
three-flavour oscillations in red. The cosmic ray backgismshown in blue while the NC background is
shown in gray.

in the neutrino beam, and to select muon antineutrinos in the antineutrino-echbeam. For
the ve beam data, CC events are selected using a library-event-matching (Lgdittam, which
compares shower events to large samples of tens of millions of NC backbemehCCv, signal
events in order to determine whether a given event isvglike [5]. To include atmospheric neu-
trinos and distinguish them from cosmic ray background events in the cothbiradysis, several
different categories of events are analysed (see [21] for detail. tWb main sample categories
are contained-vertex events and non-fiducial (upward going ord&at muon track) events. The
FD veto-shield helps in reducing the background cosmic ray muon evermtsdaking for coinci-
dences between hits in the shield and the selected tracks. The contaiteedaral non-fiducial
atmospheric neutrino samples are further split into muon neutrino and antimeesémples using
track curvature, and into different energy slices. Finally, an atmogpkbkower selection is also
included in the combined analysis. A summary of the muon neutrino spectraruges analysis
is shown in Fig. 2.

In the final fit, theAm%z, 6,3, anddcp parameters are left unconstrainétls is fit as a nuisance
parameter and constrained by the reactor resultg @sin= 0.0242+ 0.0025). The solar mixing
parameters are fixed tm3,=7.54x107° eV? and sirf 6,=0.307. Systematic uncertainties are
taken care of by the inclusion of 32 different nuisance parameters inttti2ue to the separating
of the neutrino and antineutrino samples, the combined analysis is sensitiverieutrino mass
hierarchy, the value odcp, the octant 0.3, and the value 0813. The calculations of oscillation
probabilities in this analysis use the full three-flavour PMNS matrix calculatisitls the inclusion
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Data Set No Osc. Pred, With Osc. Pred,| Observed Events
vy from v, beam 3201 2496 2579
vy from v, beam 363 319 312
Non-fiducialv, from v, beam 3197 2807 2911
Atm. contained-vertex, andvy 1414 1024 1134
Atm. non-fiducialy™ andu— 732 575 590
Atm. showers 932 877 899

Table 1: Summary of Numbers of Events for the Combined Three-Flaymalysis.
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Figure 3: Contours and Profiles from Fit to 48.67 kT-years of atmosjghdaita combined with disappear-
ance and appearance data from the MINOS beam. Left panels$&% and 90% confidence limits in
(Am%z, sir? 6,3) calculated for normal hierarchy (top) and inverted hiehgr (bottom). Right panels show
log-likelihood profiles for each hierarchy plotted hm? (top right) and sif 6,3 (bottom right). The best fit
is indicated by the star and occurs in the inverted hieraatiyng, = —2.37x 103 eV2 and sirf 6,3 = 0.43.

of the MSW [22]-[23] effect. For the beam events, the ND is used toigrdite FD event spectra.

A summary of the numbers of events selected in the combined three-flavalysians pre-
sented in Table 1. The fit obtains a best fit value for the atmospheric maagedadifference
of Amg, = 2.347335 x 102 eV2, and for the mixing angle parameter @3 = 0.4370.3S in the
case of the normal mass hierarchy. The fit calculates valuasgf = 2.3770.32 x 102 eV2 and
Sin? 6,3 = 0.435.82 in the case of the inverted mass hierarchy. The 90% confidence limits (C.L.)
for the sirf 623 parameter are.G7 < sin? 6,3 < 0.64 in the case of the normal mass hierarchy, and
0.36 < sir? 823 < 0.65 in the case of the inverted mass hierarchy. The best-fit contours@ss $n
Fig. 3 and show a slight preference for the inverted hierarchy and wer loctant of6,3. A com-
parison of the MINOS(+) results with the T2K experiment results [24] & in Fig. 4. The
MINOS(+) results represent the most precise measuremeirtgfto date. In the future, it should
be possible to combine MINOS(+) and N@ data together (when the latter becomes available)
to achieve even more precise results and cut int@@gg@ctant and neutrino mass hierarchy phase
space.
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Figure 4: Comparison of contours from the MINOS(+) combined anal'ys'rﬁrrﬁzlsin2 6.3 space with T2K
experiment results [24].

2.2 New MINOS+ Data

The upgraded NuMI beam restarted on the fourth of September 2013 imbtte and data
from a total beam exposure of 1.680°° POT is used for the MINOS+ spectra shown in this
paper. The new MINOS+ data are presented in Fig. 5 together with the tatras oscillations.
The oscillations prediction comes from the best-fit results presented in éh@ps section. The
MINOS+ data are consistent with the MINOS oscillation results. The neutatesample contains
1037 events with an oscillated (unoscillated) prediction of 1088 (1255j)tevd he antineutrino
sample contains 48 events, with an oscillated (unoscillated) prediction oR3 eyénts.

3. MINQOS Sterile Neutrino Results

MINOS uses the simple 3+1 model for its sterile neutrino results. Essentially Kt |y
distortions from a three-flavour formalism. There are three differegitmes in which MINOS is
sensitive to a fourth sterile neutrino. For smaihg, <0.1 e\?, in the “slow” sterile oscillations
regime, spectrum disortions are expected well above the standard ostdlati@ximum in the
FD, with no effect in the ND. For medium values of 0.1%¥ AmZ; < 1 e\, in the “interme-
diate” regime, sterile oscillations at the FD become fast and average ougesuitin a counting
experiment, still without effect in the ND. For Iargmﬁ3 21 e\V2 however, in the “rapid” sterile
oscillations regime, there are rapid oscillations at the FD which averageralinaddition there
is an oscillations effect in the ND which affects the extrapolation to the FD.

In order to account for ND distortions of the spectrum due to sterile neutstillations,
MINOS looks at the Far/Near ratio for both the CC and NC events and fitssitidated F/N ra-
tio directly to the F/N data ratio using g function. It fits for several parameter&ns,, 6.3,
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Figure 5: Reconstructed Energy Spectra and Ratios to No OscillafmmelINOS+ Far Detector Selected
Events. Predictions are shown for no oscillations and faillasions at the MINOS(+) best fit. The total
one-sigma systematic error is shown for the oscillatediptiech. The left panels show the MINOS+ data
on its own, and the right panels show the MINOS+ data combividdthe MINOS beam data.

Arrﬁ3, 6,4 and B34. Systematic uncertainties are reassessed, including beam systemattainncer
ties which become more important due to the possible ND oscillations for IargeS/aflAmﬁ3.
Covariance matrices are used to include a total of 26 different systemagcaimties in the fit, and
the Feldman-Cousins approach is used to correct the log-likelihoodcearfa5]. For the results
shown here, the full MINOS LE neutrino-dominated beam mode data s&€1.56 ¥ 10°° POT is
used.

Fig. 6 shows a comparison of the FD data with the standard three-flavedicpon for the full
MINOS LE neutrino-mode beam sample, including the corresponding Faritdéos. 2721v,-
CC-like events, and 1221 NC-like events, are observed in the FD. Aidirtal fit of the Far/Near
predictions to the Far/Near data, MINOS gives the world’s strongestnt on muon neutrino
to sterile neutrino oscillations fdxmﬁ3 <1 eV2. The corresponding contours can be seen in Fig. 7.
Moving forward, additional neutrino data from MINOS+, and also datanitineutrino-enhanced
beam mode will provide even better limits for the sterile neutrino disappeasaratgsis.

4. Summary

The MINOS experiment has been reborn as the new MINOS+ experimére ipgraded ME
NuMI beam. It started taking data in September 2013 and has already ctedriio the standard
oscillations three-flavour analysis with additional atmospheric neutrinos @ais.ccombined three-
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flavour analysis obtains the atmospheric parameter best-fit poitingf = 2.37"333 x 10-3 eV?
and sirf 623 = 0.4370.32 in the inverted hierarchy phase space. The data shows a slight pregere
for the inverted hierarchy and the lower octant@as. A first look at the new MINOS+ beam data
is shown and is consistent with the updated results from the standard ostdlatialysis. Finally,
new MINOS results for the search for sterile neutrinos are presentedeam constraints are placed
on the possible phase-space accessible to potential sterile neutrinoseisirigo disappearance.
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