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Here we review the current status of global fits to neutrino oscillation datanvitie three-flavour frame-
work. In our analysis we include the most recent data from solar andsgtneric neutrino experiments
as well as the latest results from the long-baseline accelerator neutpeadreents and the recent mea-
surements of reactor neutrino disappearance reported by Doubte Ibaya Bay and RENO. We present
updated determinations for the two neutrino mass splittings and the three raixgigs responsible for
neutrino oscillations that, for the first time, have all been measured withcturacies ranging from 3 to
15%. A weak sensitivity for the CP violating pha$eés also reported from the global analysis.
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1 Introduction

Prompted by the observed anomalies in the solar and atmaspleatrino fluxes, a rich variety of neutrino
oscillation experiments has been proposed along the lasidée Today a large amount of experimental
data provides convincing evidence for neutrino oscillagion solar and atmospheric neutrino experiments
as well as in reactor and long-baseline accelerator expatsn Thanks to the good quality and the com-
plementarity of the different experimental data sets wesh@w a pretty accurate determination of the
parameters governing three-flavour neutrino oscillations

The paper is organized as follows. In Sec. 2 we briefly desctib solar neutrino experiments included
in the analysis and the KamLAND reactor neutrino experimand discuss the determination of the lead-
ing oscillation parameters in the solar sector.3, andf;, from the combination of KamLAND and solar
neutrino experiments. In Sec. 3 we discuss the determimafithe leading oscillation parameters in the
atmospheric neutrino sectdm?, andfz by the combination of the full Super-Kamiokande atmosgheri
neutrino data sample with the long-baseline acceleratar fdam the K2K and MINOS experiments, that
provide an independent confirmation of the atmosphericrimeubscillations. After describing the dom-
inant oscillations in the solar and atmospheric neutrircdass, we devote Sec. 4 to the determination of
the reactor mixing anglé,3. We discuss the constraints p; coming from the interplay of the solar +
KamLAND and atmospheric + accelerator data samples, fraelbctron neutrino appearance searches
at long-baseline experiments and finally from the recentsueanents reported by the new generation of
reactor experiments The results from the three-neutrinbajlanalysis of current neutrino data (obtained
in Refs. [1-3]) are summarized in Sec. 5. There we presertidkefit values and allowed ranges for all
the neutrino oscillation parameters. Finally we conclud8ec. 6 with a summary of the presented results
and a short discussion about the future prospects in newsaillation physics.
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2 M. Tortola: Status of three—neutrino oscillation parameters

2 The solar neutrino sector

2.1 Solar neutrino data

We include in our analysis the latest solar neutrino data fitte radiochemical experiments Homestake [4],
Gallex + GNO [5] and SAGE [6]. The most relevant informatian the determination of the oscillation
neutrino parameters, however, comes from the real-timer@qgnts Super-Kamiokande (SK) and Sud-
bury Neutrino Observatory (SNO).

The Super-Kamiokande experiment, located at the Kamioka imiJapan, is a Cherenkov detector that
uses 50 kton of ultra pure water (with a fiducial volume of 2Rt&n for solar neutrino measurements)
as target for the interactions of the solar neutrinos, detethrough elastic neutrino-electron scattering:
v, + e~ — v, + e . The scattered electrons produce Cherenkov light whicktisaied by the photomul-
tipliers that cover the internal part of the detector. Thpeziment is sensitive to all active neutrino flavors
through the neutral-current interaction, although themgaintribution comes fromy,, due to the larger
value of the charged-current cross section. The existehaelivectional correlation between the incident
neutrino and the recoil electron in the elastic scatterlluyva the reconstruction of the incoming neutrino
energy. Here we consider the solar neutrino data from tleethhases of the Super-Kamiokande experi-
ment [7-9]. The three data samples (SK-I, SK-Il and SK-IHy& been collected with different exposure
times and neutrino energy thresholds and are presented fortim of day/night or zenith-angle spectrum,
providing information about the incident neutrino energyl dhe arrival neutrino direction. So far the
Super-Kamiokande solar neutrino data has not reportedrésepce of spectral distortions or day/night
asymmetries in the solar neutrino flux.

The Sudbury Neutrino Observatory (SNO) is a water Cherematector filled with 1000 tonnes of
pure heavy water (BD) contained in a 12 m diameter acrylic sphere. It is locat&h2underground in
the Creighton mine near Sudbury, Canada. The heavy watel® |govides deuterons as a target for
charged-current (CC) and neutral-current (NC) weak ictéyas, as well as electrons for elastic scattering
(ES) processes with solar neutrinos:

vetd—p+p+e (CC)
ve +d—n+p+v, (NC) 1)
vy +e —uv,+e (EY

By measuring the rate of CC and NC events, SNO is able to detertime electron neutring. flux and the
total activer, flux of ®B neutrinos from the Sun. In the CC and ES reactions, theliegalectron emits
Cherenkov light detected by 9456 photomultiplier tubes {TBMmounted on a geodesic support structure
surrounding the heavy water vessel. The detector is imrdénsgtra—pure light water to provide shielding
against radioactive backgrounds from the geodesic strietud the cavity rock. For the NC reaction, the
signal is the appearance of a free neutron in the detectoe. libarated neutron is then thermalized in
the heavy water as it scatters around and it is finally cagtbgeanother nucleus. The way in which
this neutron is detected is what characterizes the thre@ngmphases of the SNO experiment. In phase
| neutrons were captured on deuterons, in phase Il 2 tonnBsGf were added to enhance the neutron
capture efficiency on chlorine, while in the last phase mmgwere mainly detected by an array*éfe
proportional counters. Here we use the neutrino oscitiatiata from the three phases of SNO [10, 11].
The direct measurement of tHi8e solar neutrino signal rate performed by the Borexinoatata-
tion [12] is also considered in our analysis. An interactiate of the 0.862 MeV Be neutrinos of
49+ 3(statp-4(syst) counts/(dag00 ton) has been reported. This measurement constitugefirsh di-
rect determination of the survival probability for solarin the transition region between matter-enhanced
and vacuum-driven oscillations. The survival probabitifyd.862 MeV7”Be neutrinos is determined to be
nge")bs = 0.56 + 0.1. Given the present uncertainties, for the moment Borexiaggmno significant role
in the determination of neutrino oscillation parametets,tbe observed neutrino survival probability is in
perfect agreement with all the other solar data.
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For our simulation of the production and propagation of riras in the Sun we consider the most
recent update of the standard solar model [13], fixing owutations to the low metalicity model labelled
as AGSS09. The impact of the choice of a particular solar ioder the neutrino oscillation analysis
has been discussed in the arXiv updated version of Ref. [ll4¢. analysis methods used here are similar
to the ones described in [15] and references therein, imgjuithe use of the so-called pull approach for
the x2 calculation, as described in Ref. [16]. In this method afiteynatic uncertainties are included by
introducing new parameters in the fit and adding a penaltgtion to they 2.

2.2 The KamLAND reactor experiment

KamLAND is a reactor neutrino experiment with its detectmrdted at the Kamiokande site. Most of the
7, flux incident at KamLAND comes from nuclear plants at disesof80 — 350 km from the detector,
making the average baseline of about 180 kilometers, longgmto probe the solar neutrino oscillations
with Am2, ~ 10~°eV2. The KamLAND collaboration has for the first ime measuresldisappearance
of neutrinos traveling to a detector from a power reacto}.[Iiey have observed a strong evidence for the
disappearance of neutrinos during their flight over suctadies, giving the first terrestrial confirmation of
the solar neutrino anomaly and also establishing the asoitl hypothesis with man-produced neutrinos.
In KamLAND the reactor antineutrinos are observed by therise beta decay procegs+ p — et +n,
where the delayed coincidence of the prompt energy fromadkénon and a characteristic gamma from the
neutron capture allows an efficient reduction of backgreufidhe neutrino energy is related to the prompt
energy byE, = E,. + A — m., whereA is the neutron-proton mass difference ang is the positron
mass.

In our global analysis of neutrino oscillation data we cdesithe most recent results published by the
KamLAND reactor experiment with a total livetime of 2135 daijncluding the data collected during the
radiopurity upgrade in the detector [18]. After all selentcuts a total of 2106 reactor antineutrino events
have been observed in the detector while 2BT98 reactor antineutrino events together with 3226.1
background events were expected in the absence of neusaillations. For our simulation we use the
recent re-evaluation of the reactor anti-neutrino fluxeemgin [19] and include various systematic errors
associated to the neutrino fluxes, reactor fuel composdiwhindividual reactor powers. Matter effects
are also considered in our simulation, as well as a caredatrment of backgrounds and information on
the average contribution to the total reactor neutrinoaigs a function of the distance to the detector. To
avoid large uncertainties associated with the geo-neuftirx present at lower energies, an energy cut at
2.6 MeV prompt energy is applied for the oscillation anadysi

The KamLAND allowed regions fasin? 61, andAm3, are shown in Fig. 1 (blue lines) in comparison
with the regions from solar data (black lines). As can be $emn the figure, the oscillation parameters
derived from the KamLAND-only antineutrino data are in gamgteement with those of the solar-only
neutrino data.

2.3 Combined solar + KamLAND analysis

Fig. 1 illustrates how the determination of the leading sokzillation parameter;» andAm3, emerges
from the complementarity of solar and KamLAND neutrino deffaom the global three-flavour analysis
we find the following best fit points (witho errors):

sin? 012 = 0.32070°013, Am3; =7.62+£0.19 x 107" eV, )

The spectral information from KamLAND data leads to an aateidetermination afm3, with a 2.5%
1o uncertainty. The main limitation for thAm?2, measurement comes from the uncertainty on the energy
scale in KamLAND that produces a 1.8% error&m?, [18] . KamLAND data start also to contribute to
the lower bound ogin? #;,, whereas the upper bound is dominated by solar data, mostiamtly by the
CC/NC solar neutrino rate measured by SNO.
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4 M. Tortola: Status of three—neutrino oscillation parameters

0.2 04 0.6 0.8
. 2
Sin 612

Fig. 1 Determination of the solar oscillation parameters from the interplay of datadil solar neutrino experiments
and KamLAND. We show the allowed regions at 90% awrd@. (2 dof) for solar and KamLAND, as well as the
30 region for the combined analysis. The dot, star and diamond indicate shétgmints of solar data, KamLAND

and global data, respectively. We minimise with respeciin?,, 623 andds, including always atmospheric, long-
baseline and reactor data.

3 The atmospheric neutrino sector

3.1 Atmospheric neutrino data

After several years observing a deficit in the detected numbatmospheric neutrinos with respect to the
predictions, in 1998 the Super-Kamiokande collaboratiotained evidence for neutrino oscillations [20]
from the observation of the zenith angle dependence of fiike atmospheric neutrino data. Subse-
quently, Super-Kamiokande data showed a dip inZhé distribution of the atmospherie, survival
probability [21], providing a clear signature for neutrioscillations.

In this analysis we include the full sample of atmospheriatrieo data from all three phases of the
Super-Kamiokande experiment [22], using directly fiamap provided by the Super-Kamiokande collab-
oration. All types of atmospheric neutrino events define&bper-Kamiokande (fully contained, partially
contained and upward-going muons, plus further divisions additional sub-samples) collected almost
continuously from 1996 until June 2007 have been considienethe analysis. Improved reconstruction
algorithms and Monte-Carlo simulations have also beenrpurated. The atmospheric neutrino oscilla-
tion analysis has been performed within the one mass scal®dmation, neglecting the effect of the
solar mass splitting. The allowed regions for the oscilafparametersin® 6,3 and Am2, obtained from
the three-neutrino analysis of atmospheric neutrino ddtar(minimizing oveid,3) are given by the black
lines in Fig. 2. The preferred values for the oscillationgmaeters for normal (inverted) mass ordering
given by the atmospheric data only are located at:

sin? fo3 = 0.50 (0.53),  Am3, = 2.11 x 1073 eV? (2.11 x 1073 eV?). (3)

3.2 Long-baseline neutrino experiments

Several long-baseline accelerator neutrino experimeas heen proposed to probe thedisappearance
oscillation channel in the same region Afn? as explored by atmospheric neutrinos. In this section we
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will discuss the results of the KEK to Kamioka (K2K) and theiMénjector Neutrino Oscillation Search
(MINOS) experiments.

In K2K the neutrino beam is produced by a 12 GeV proton beam fre KEK proton synchrotron, and
consists of 98% muon neutrinos with a mean energy of 1.3 Ge&.bEBam is controlled by a near detector
300 m away from the proton target. Information on neutringiltzgions is obtained by the comparison of
the near detector data with theg content of the beam observed by the Super-Kamiokande detaica
distance of 250 km. In our global analysis we include the tatagamples released by the K2K Collabo-
ration, K2K-1 and K2K-II, collected in the period from Jun99 to July 2001 and from December 2002
to November 2004, respectively [23]. From the combinedyasislbf K2K-1 and K2K-11, 112 events have
been observed in Super-Kamiokande, whergasl T3 2 were expected for no oscillations. This gives a
clear proof forv,, disappearance (the probability that the observationsxquiaieed by a statistical fluctu-
ation without neutrino oscillations is 0.0015%). Morequle spectral distortion expected for oscillations
has been seen through the energy reconstruction of the §@sing muon events observed. More details
about our treatment of the K2K data can be found in Ref. [24].

MINOS is a long-baseline experiment that searches/fodisappearance in a neutrino beam with a
mean energy of 3 GeV produced at Fermilab. It consists of adetactor, located at 1 km from the neu-
trino source and a far detector located at the Soudan Mir&5km from Fermilab. Here we consider the
results forv,, disappearance from the MINOS experiment with an accunullexposure of’.25 x 10%°
protons-on-target (p.o.t.) [25]. The energy neutrino eelevant for the analysis of neutrino oscillations
is presented in 27 energy bins between 0 and 10 GeV. In ounakysis of MINOS data we fit the event
spectrum within a full three-flavour framework using the GIES software [26] to simulate the experi-
ment. Backgrounds provided by the MINOS collaboration actuided in our simulation, together with a
total systematic uncertainty of 5% and an energy resolufd®b%, in order to reproduce the two-flavour
allowed regions obtained by MINOS. In addition to matteeef§, we include also the effect &fin2, as
well asf; 5 and the CP-phaskin the analysis of the disappearance and appearance charifieé tension
between the muon neutrino and muon antineutrino measutemegorted by the MINOS Collaboration
in [27] has now been clarified after the improved measureraemntuon antineutrino disappearance pub-
lished in [28], which showed that both data samples are ctibipaHowever, since the statistics of muon
antineutrino disappearance is still rather weak compai#dtive oscillations in the neutrino channel we
only include this later channel in our global fit.

The allowed regions for the combined analysis of K2K and MBNdata are shown in Fig. 2 in compar-
ison to the ones from atmospheric neutrino data only. Thigéiglustrates that the neutrino mass-squared
difference indicated by the, disappearance observed in long-baseline experimentpésiect agreement
with atmospheric neutrino oscillations. Hence, K2K and I8! provide a confirmation of oscillations
with Am3, from an artificial neutrino source. Note here that currenN®B data largely surpass the pi-
oneering K2K observations which by now give only a very minontribution to the neutrino parameter
determinations.

3.3 Combined atmospheric + long-baseline analysis

Combining the atmospheric and long-baseline neutrino filata K2K and MINOS we obtain improved
constraints on the atmospheric neutrino oscillation patars. The results from the combined analysis
are shown in the red/shadowed regions of Fig. 2. There we @arhat currently the determination of
the atmospheric parameters is mostly dominated by longlibasdata (mainly MINOS). However, the
information coming from atmospheric data is still very imjamt to constrain the mixing anglgs, as well
asf3. We find the following best fit values with errors at for normal (NH) and inverted (IH) mass

1 The searches for electron neutrino appearance at the lasgjibe accelerator experiments MINOS and T2K will be prieskn
in Sect. 4, when discussing the determination of the reactoinmanglef; 3
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Fig. 2 Determination of the atmospheric oscillation parameters by the interplay afsptmaric (black) and LBL
disappearance (blue) data at 90% CL (dashed) ar{dd@id) for 2 dof. The 3 constraints resulting from the combined
analysis are shown in the red/shaded region. The left panel con@spwthe normal hierarchy while the left one shows
the results for the inverted mass ordering.

hierarchy:

o, [ 0497508 (NH)
sin” 023 _{ 0.5379:95 (1) 4)

o [ 2537598 x 1073 eV?  (NH)
Am31|_{ 2491007 x 1072 eV?  (IH) ©)

Notice that, due to the definition of the neutrino mass $pit in a three-neutrino scheme, the sub-leading
effects of Am3, lead to different best fit points fgiAm2,|, depending on the neutrino mass hierarchy.
The reason for this apparent shift iAm%, | is a result of our parameterization since for NH the largest
frequency is given byAm3, |, while in IH it is |[Am3, | + AmZ,, which explains whyAm?, | is smaller

for IH. The presentlo uncertainties om\m?%, given in Eq. (5) are at the level of this sub-leading effect
and therefore it should be included in our analysis of loagdhine data.

4 The reactor anglef;s

For a long period the reactor mixing andle; has been the only unknown neutrino oscillation parame-
ter. Unlike for the rest of parameteiy,; was not measured since no neutrino oscillations driven isy th
parameter were observed. In fact, until last year the magirate information about the reactor mixing
angle was an upper-bound coming from the non-observatioaaaftor antineutrino disappearance at the
CHOOZ reactor experiment [29]:

sin? 613 < 0.039 (6)

at 90% CL forAm32, = 2.5 x 10~ %eV?,

Nevertheless, the precise determination of this paraneiaucial for the development of the future
neutrino oscillation experiments, since it controls treesif the matter effects and the CP-violating factor
in the oscillation probabilities relevant for the atmosptiand long-baseline experiments. In consequence,
a large effort has been concentrated in the determinatichisfangle either through the searches for
electron neutrino appearance at accelerator experimentglaas through the design of a new generation
of reactor experiments.
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Fig. 3 Left: Allowed regions in thefis - 613) plane at 90% and 99% CL (2 dof) for solar and KamLAND, as well
as the 99% CL region for the combined analysisn2; has been minimized out. The dot, star and diamond indicate
the best fit points for solar, KamLAND and combined data, respecti®ityht: Ax? as a function ofin? 6,3 for the
solar + KamLAND analysis using different assumptions on the reactaratalysis.

4.1 Hints on non-zeré,; from global analysis

The interplay between different data samples in a globarimeuoscillation fit has shown some sensitivity
to the reactor mixing angke ;. In particular, from the combined analysis of solar and K&ND neutrino
data, a non-zer, 3 value is preferred:

(7)

sin? 013 = 0.035700;%  (solar + KamLAND)

with sz(siHQ 013 = 0) = 5.4, and therefore a 2z3hint for 613 # 0 coming from the solar sector. This
non-trivial constraint orf;3 comes mainly from the preference of KamLAND data for a norozh;
(visible in the left panel of Fig. 3), but also from the diféet correlation betweesin® 6,3 andsin® 6,
present in the solar and KamLAND neutrino data samples [4 Gn the other hand, a non-zero value of
613 helps to reconcile the slightly different best fit points fiom3, for solar and KamLAND separately.

In the left panel of Fig. 3 we show the 90% and 99% CL allowedbrg)in thesin? 6,5 — sin? 6,5 plane
from the analysis of solar and KamLAND data as well as fromcibvabined solar + KamLAND analysis.
This result depends on the assumptions made on the reattoamtaysis, as shown in the right panel of
Fig. 3, where different constraints @ns from the combination of solar and KamLAND are obtained. In
particular, the best fit value fain? 6,5 may range from 0.035 (for the “sol + KL” case in the left panatia
black/solid line in the right panel) to 0.023 (for the “sol + K SBL (free norm)” case in the green/dotted
line of right panel), see Ref. [3] for a detailed discussiblowever, the impact of these differences over
the global neutrino analysis is very mild since the globaédaination of¢;; is dominated by the recent
measurements at the new reactor experiments, as we will see.

An additional hint for a non-zero value éf3 can be obtained from the combination of atmospheric
and long-baseline neutrino data [31, 32]. Atmospheric mewtdata from Super-Kamiokande I+11+l111
described in the previous section implies a best fit poing etwse tod;3 = 0 [22], with Ax? = 0.0(0.3)
for 6,3 = 0 for NH (IH). However, in the combination with the accelerateutrino data from MINOS we
find a slight preference fat;3 > 0, with Ax? = 1.6(1.9) atf;3 = 0 for NH (IH) [3]. As shown in Fig. 4
this happens due to a small mismatch of the best fit value¥or3, | atf;3 = 0, which can be resolved
by allowing for non-zero values @ 3 [33].
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Fig. 4 Allowed regions at.o and 90% CL for atmospheric (SK) and MINOS data in the planéiotd,; andAm?,
for NH (left) and IH (right). Combined data is shown as shaded/red neafi®0% CL. The black dot, blue star, white
diamond correspond to the best fit points of SK, MINOS, SK+MINOSpeetively.

4.2 Searches far, appearance at long-baseline experiments

In our global analysis of neutrino oscillation data we imduhe latest, appearance data from the long-
baseline accelerator experiments MINOS and T2K. At leadimigr, thev,, — v, oscillation probability
at long-baseline experiments is given by the following esgion:

2

P, = sin? 26,3 sin? By sin’ (AmmL> ¥ 8)
4F

Therefore, the observation of appearance in an almost purg beam provides a clear evidence for a

non-zerof;3. Sub-leading terms not explicitly shown in Eq. (8) dependf@CP-violating phasé and

then, some sensitivity to this parameter will also be olgdifnom the analysis of appearance neutrino data.

The MINOS Collaboration has reported data from the searah,of> v, transitions in the Fermilab
NuMI beam [34] corresponding &2 x 102° protons on target. MINOS finds 62 events with an expectation
in absence of oscillations @b.6 + 7.0(stat)+ 2.7(syst), showing a 14 excess of electron neutrinos over
the expected background. We fit the MIN@Sspectrum by using the GLoBES simulation software [26],
where we calibrate our predicted spectrum by using the imédion given in [35]. A full three-flavour fit
is performed taking into account a 5% uncertainty on the enalnsity along the neutrino path.

The Tokai to Kamioka (T2K) experiment uses a neutrino beansisting mainly of muon neutrinos,
produced at the J-PARC accelerator facility and observeddistance of 295 km and an off-axis angle
of 2.5° by the Super-Kamiokande detector. The present data reteasesponds td.43 x 10%° protons
on target [36]. Six events pass all selection criteria foekattron neutrino event. In a three-flavor neu-
trino oscillation scenario with,3 = 0 the expected number of such event$.is+ 0.3 (syst). Under this
hypothesis, the probability to observe six or more candigaents i x 103, equivalent to a signifi-
cance of2.50. Analogously to the case of MINOS, our simulation of T2K mewd spectrum is performed
with GLoBES. We use the neutrino fluxes predicted at Supenikkande in the absence of oscillations
to calculate the/, — v. appearance signal, tuning our simulation to the correspgrprediction given
in Ref. [36]. In the fit we include the background distributias well as a systematic normalization un-
certainty of 23% and a 5% uncertainty on the matter densitiyvesm adopt they? definition based on the
Poisson distribution.

In Fig. 5 we show the region in thén? 6,5 — ¢ plane indicated by MINOS data in comparison to T2K
results. For T2K we obtain a closed region §or? 6,5 at 90% CL Ax? = 2.7), while for MINOS we find
only an upper bound osin® §;3. The results are clearly compatible and we show the comtanatysis

Copyright line will be provided by the publisher



fdp header will be provided by the publisher 9

-
111

\\

A
IIIIIIIIIIIIIIIII

\ ]
68%, 90%, 1 da o 68%.'90%, 1 dof]

1\ LINE L1 EII\IIIIIIIIII

Kl
JO 0.025 0.05 0.075 0.10 0.025 0.05 0.075 0.1
sin2913 sin2913

Fig. 5 Regions in thein? #13 — § plane at 68% and 90% CL (1 dof) for T2K and MINOS appearance dataés)
and their combination (shaded regions). For all other oscillation paresneteassume best fit values and uncertainties
according to Tab. 1. The left (right) panel is for normal (invertedgsnigierarchy.

as shaded regions, where the upper bound is determined b§iN@S constraint while the lower bound
is given by T2K. Best fit values are in the range® 6,5 ~ 0.015 — 0.023, depending on the CP phage
where the variation is somewhat larger for the inverted rhassrchy.

4.3 New generation of reactor experiments

Compared to their predecessors, the new reactor expesraw larger statistics, thanks to their increased
reactor power and the bigger antineutrino detector sizeth®rother hand, one of their most important
features is that they have identical antineutrino detsdimrated at different distances from the reactor
core. As a result measurements at the closest detectorseassed to predict the expected event number
at the more distant detectors, avoiding to rely on theaaktialculations of the produced antineutrino flux
at the reactors. Currently, three reactor experimentsigfkind are running in Europe and Asia: Double
Chooz, Daya Bay and RENO. Along this year the three expettisnieave for the first time observed the
disappearance of reactor antineutrinos over short disgpeoviding the first measurement of the mixing
angled 3, so far unknown.

The Double Chooz (DC) experiment, in France, is a reactoemxgent planned to have two detectors
and two reactors. In its first stage DC has reported 101 daysnofing [37], with only the far detector
operating so far. The near detector (ND) is expected to gpatation by the end of 2013. The two reactor
have an individual power of 4.25 G)vand are placed at a distance of 1050 m from the far detectar. Th
detector has a fiducial volume of 10°rof neutrino target liquid. From the analysis of the rate amel t
energy spectrum of the prompt positrons produced by theaeantineutrinos, the DC collaboration find
sin? 263 = 0.086 + 0.041(stah + 0.030(sysbh. Using only the ratio of observed to expected events a
slightly higher best fit value is obtainesin® 26,3 = 0.104 + 0.030(stab + 0.076(sysb

The Daya Bay (DYB) reactor experiment [38] is placed in Cland it contains an array of three groups
of detectors and three groups of two-reactor cores. Thedapypf detectors (far hall) is composed of three
detectors and the two near halls are composed by one and tectals, respectively. The antineutrino
detectors are approximately equal, with a volume of 20 toatlolinium-doped liquid scintillator as
neutrino target material. The six reactor cores are appratély equal as well, with a maximum individual
power of 2.9 GW,. The distances to the detectors range from 350 to 2000 m @ippately. The rate-only
analysis performed by the DYB collaboration finds a best fit@afsin® 26,5 = 0.092 & 0.016(stat) 4
0.005(syst). A zero value for, 3 is excluded with a significance 6f2¢

The RENO experiment [39] is situated in South Korea and itdessn running for 229 days. It consists
of six reactor cores, distributed along a 1.3 km straigh.lifwo of the reactors have a maximum power of
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Fig. 6 Upper panels:Ax? as a function okin? 615 from the analysis of the total event rate in Daya Bay (solid
magenta/light line), RENO (dotted line) and Double Chooz (dashed linegkhasfrom the analysis of global neutrino
data (solid blue/dark line). Lower panels: contour®of® = 1,4, 9 in thesin? 6,3 — § plane from the global fit to the
data. We minimize over all undisplayed oscillation parameters. Left (rjgdntels are for normal (inverted) neutrino
mass hierarchy.

2.66 GW;, while the other four may reach 2.8 GWReactor antineutrinos are detected by two identical
detectors, located at 294 and 1383 m from the reactor arragrceEach RENO detector contains 16 ton
of Gadolinium-doped Liquid Scintillator. Based on a ratdyoanalysis, the RENO Collaboration finds
sin? 2013 = 0.113 & 0.013(stat.) + 0.019(syst.), together with at.90 exclusion ford;3 = 0.

In order to minimize the dependence upon the predicted ricratian of the antineutrino spectrum, we
analyze the total rate of expected events at the far detedtothe presence of oscillations over the no—
oscillation prediction. This way, our statistical anatys free of correlations among the different reactor
data samples, since the relative measurements do not rdlyyopredictions. Details about the reactor
event simulation and the analysis of reactor data can bedfatiRef. [1]. TheAy? profiles as a function
of #;5 obtained for each reactor experiment are shown in the ugezlp pf Fig. 6. As expected, the more
constraining results are coming from the Daya Bay and REN#2mxents, while Double Chooz has still
a reduced sensitivity t6 3.

5 Results from the three-neutrino global analysis

Here we summarize the results for the neutrino oscillatiarameters obtained in the global analysis to
neutrino data in Ref. [1]. Details on the numerical analggiall the neutrino samples can be found there
and in our previous works in Refs. [2,3, 14, 24].
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The results obtained fatin? ;5 and§ are summarized in Fig. 6. In the upper panels we show the
Ax? profile as a function ofin? 6,5 for normal (left panel) and inverted (right panel) neutrimass
hierarchies. The solid blue/dark line corresponds to tkeltebtained from the combination of all the
data samples while the others correspond to the indiviceedtor data samples, as indicated. One sees
from the constraints orin” #,5 coming from each of the new reactor experiments separatilgt the
global constraint 0,3 is dominated by the recent Daya Bay and RENO measurementboffoneutrino
mass hierarchies we find that the Bidication forf,5 > 0 obtained in our previous work [2] due mainly
to the first indications observed by MINOS and T2K is now ouselningly confirmed as a result of the
recent reactor data. Thus, in our global fit we obtai\@? = 64.3(65.0), resulting in a8.020 (8.060)
exclusion of¢;3 = 0 for normal (inverted) mass hierarchy.

In the lower panels of Fig. 6 we show the contours\af? = 1,4, 9 in thesin® §,5 —  plane from the
global fit to the neutrino oscillation data. In this plane walfthe following best fit points:

sin? 63 = 0.026, 6 =0.83r  (normal hierarchy),

sin®f13 = 0.027, §=0.07r  (inverted hierarchy). ©)

One can also see that, in the normal mass hierarchy cagey%at= 1 a “preferred region” for the CP
phase) emerges from the complementarity between MINOS and T2K ajapee data. For the case of
inverse hierarchy no preferred region appears aktheuts shown in the figure. Obviously this preference
for the CP phase in NH is not yet significant. Marginalizingio¥ (and all other oscillation parameters),
obtaining for the best fit, one-sigma errors, and the sigaifie ford,5 > 0:

sin® 013 = 0.02670 003,  Ax? =64.3(8.020)  (normal),

sin? 013 = 0.02770903 . Ax? =65.0(8.060)  (inverted). (10)

Besidesf 3 andd, from the global analysis of neutrino data we also calcullagebest fit values and
ranges allowed for all the other neutrino oscillation pagters. Our results are summarized in Fig. 7
and Table 1. Comparing with previous results we see thatritleision of the new reactor data does

parameter best fit+10 20 3o
AmZ, [10~%eV?] 7.62+0.19 7.27-8.01 7.12-8.20
2.5310-08 2.34 — 2.69 2.26 — 2.77
2 -3 2 —0.10
Amz, [1077eV7] —(2.4010:59) —(2.25 — 2.59) —(2.15 — 2.68)
sin” 05 0.32015-013 0.29-0.35 0.27-0.37
o 0.497098 0.41-0.62
sin” 623 0531005 0.42-0.62 0.39-0.64
9 0.0261500% 0.019-0.033 0.015-0.036
sin” 013 0.027+0:003 0.020-0.034 0.016-0.037
02715:008 : . . .
+0.54
5 (0'330—707%6%) i 0— 2 0—2r

Table 1 Neutrino oscillation parameters summary. Bomn3;, sin” 623, sin” 613, andd the upper (lower) row corre-
sponds to normal (inverted) neutrino mass hieraréhipte that in this case the full (053 range is allowed.

not have a strong impact on the determination of all the remgineutrino oscillation parameters, which
were already pretty well determined by solar, atmosphéoitg—baseline and KamLAND reactor data.
As stated above, the sensitivity of current neutrino datiéaéoCP phaseé is still very poor and therefore

2 Here we have fixed all the other oscillation parameters t@ thest fit values.
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nothing can be said about its value. The same affirmationshioidthe neutrino mass hierarchy, since
present neutrino data do not show a preference for any ofstbgossible mass orderings. We find that
inverted hierarchy gives a slightly better fit, however,hndnly Ay? ~ 1.4 with respect to the best fit in
normal hierarchy. Concerning the atmospheric neutrinangingle, global neutrino data so far do not
show a definite preference for a given octantgf. Our results in Table 1 show a slight preference for
the first octant in the case of normal hierarchy, while theedmctant is somewhat preferred for inverse
hierarchy. Note however that the indication for the first @and octant is still rather marginal for both
hierarchies and no significant preference can be extrametthe daté4.

6 Summary and future prospects

In this work we have summarized the current status of theetheutrino oscillation parameters, including
the most recent data from all solar, atmospheric, accelesatd reactor neutrino experiments. The most
remarkable result reported in this analysis is the first measent of the reactor mixing angle; made

by the new generation of reactor experiments. From the gfitia neutrino data we have found a best fit
value ofsin? 6,3 = 0.026(0.027) for normal (inverted) neutrino mass hierarchy, while? 6,5 = 0 is now
excluded at 8. The impact of the new,; 3 measurements over the other neutrino oscillation parasiste
marginal since they are already quite well determined bgrsatmospheric, long—baseline and KamLAND

4 This would presumably change after the update of our globalyais with the new MINOS data presented in the Neutrino
2012 Conference, since they show a preference for non-mariendtino mixing.
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reactor data. No significant sensitivity to the CP-violgtphase’ or the neutrino mass ordering has been
found by the combination of all current neutrino data. Theules are summarized in Table 1.

After the accurate measurements of the neutrino oscitigterameters presented in last section, it is
obvious that the time for precision measurements has dtriveparticular, a precise determinationéaf
will be a crucial ingredient towards a new era of CP violaearches in neutrino oscillations [41,42] and
will also help determining the neutrino mass hierarchy.

Starting with the reactor mixing angtgs, an improved measurement is expected very soon from the
statistically updated data sample in Double Chooz, Daya &al/ RENO reactor experiments. Further
improvement will be obtained after the completion of the ®&ay designed number of detectors by
adding one detector in the far hall and other one in one of & halls this summer. After 3 years of
operation the Daya Bay uncertaintiesson® 26,5 will be reduced from 20% to 4-5% [40]. The installation
of the near detector in Double Chooz expected by the end & R@lLalso help understanding the spectral
distortions in the reactor neutrino spectrum.

Muon-neutrino disappearance results from the T2K and’N@®@ng-baseline accelerator experiments
will improve the determination of the atmospheric masstiptj |Am3, | at the level of a few percent [43—
45]. The atmospheric mixing anghs is also likely to be measured with improved precision. Reupay
the deviations ofl,3 from maximal mixing, a combination of future acceleratod aeactor neutrino data
may help to solve the ambiguity between the first and secotahb!6].

Several ideas have been proposed to address the issue eutin@o mass ordering. One of them [47]
exploits the sensitivity to matter effects of the accel@rakperiment NQA and the atmospheric neutrino
observations at the future India-based Neutrino ObsenydlNO) experiment [48]. A combined analysis
of the two experiments would allow ar2ejection of the wrong mass hierarchy by 2020 [47]. The pos-
sibility of identifying the neutrino mass hierarchy with @actor neutrino experiment at an intermediate
baseline £ 60 km) has ben discussed in Refs. [49, 50].

Note added: After the completion of this work, new neutrino oscillatidata have been presented at the
Neutrino 2012 Conference in Kyoto (Japan). An updated glabalysis including the relevant neutrino
data will be published in [1].
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