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Introduction

> Evidence of neutrino oscillations has been accumulated
from different neutrino sources and different L/E region:

(a) Atmospheric neutrinos: SK, MINOS, ICECUBE, ...
(b) Solar neutrinos: SNO, SK, Borexino, ...

(c) Accelerator neutrinos: K2K, MINOS, T2K, ...

(d) Reactor neutrinos: KamLAND, DYB, RENOQO, ...

> All the above evidence supports the standard framework
of three-neutrino mixing and oscillations.

> Several anomalies of short baseline oscillations need go
beyond the standard framework.
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Lepton mixing and Neutrino masses

e For for 3 ’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases
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> We have observed 3 non-zero mixing angles, and 2 independent
mass-squared differences, leaving the mass ordering and Dirac
CP phase unknown.

> The mass scale and 2 Majorana CP phases are irrelevant for

neutrino oscillations. (not covered here)
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Types of L/E plot
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Global status:

- NUFIT 1.2 (2013
M.C. Gonzalez Garcia(MCGG) et. al. (2013)
Free Fluxes + RSBL Huber Fluxes, no RSBL
bfp 1 2T range bfp £1o Jo range
sin” A12 0.30675013 0.271 — 0.346 0.31375015 0.277 — 0.355
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theta(12) and Am?,,
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» Solar Data (shadow) and KamLAND Data (curve)

theta(12): solar dominant; Am2,;: KamLAND dominant

> Slight dependence on theta(13):
matter-induced versus vacuum oscillation

> Residual tension on Am?2,,
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theta(12) and Am?,,
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theta(23) and Am?;,
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> Single measurements (left) and Combined precision (right)
> theta(23): SK ATM data/T2K data; Am?;,: MINOS mu-nu DIS data
> MINOS-DIS favors non-maximal theta(23).

> sign of Am?;, and octant of theta(23): Unknown
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theta(13)

> First hinted in combined Solar + KamLAND data (2008), T2K
(2011), MINOS (2011) and D-CHOOZ (2011).

> Decisive measurements at Daya Bay and RENO (2012).

> T2K reported the excess
of 28 events in mu->e nu
APP data (7.5 o).

> Daya Bay and RENO give
(till now) the most precise

measurement of theta(13).
(1310.6732, RENO[2013])

> The shape information of
Daya Bay can give > 30
evidence of theta(13)#0.
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theta(13):
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A.Radovic@DPF2013
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> Am?;, (in terms of
Am?.) is also measured R .
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spectrum information of < - -
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theta(13) and Am?;;:

"2 0-02 [ T T T T T T T T T T T T T T | T T T | T T T T T T _] &‘-" 0.25 | I |

- 3 = B ]
t.j& 0.018 — — Rate Only = E?OJ e Rate+Spectra .
F 0016 = e Rate+Spectra 3 S 02k o O This Analysis —
e - - — — -
© o014 Installation ® PRL 108 171803 | — o EE - Y .
o C - L [} —
- . . 3 - C ]
0.01F l O  This Analysis E E F e .
= - e - ) _
0.008 - E R VI CH Wy v "3
0.006 = = S .
0.004 3 0.05 - -
0.002 — - C Now 7
N S Daya.Bay Sensitivity, D. Dwver.@TAUPZOlB 1]

0 200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600
Time [days] Time [days]

> Daya Bay sensitivity for theta(13): 3%- 4%, for Am?,, 2.5%-3%
> T2K and NOVA sensitivity of Am?;, ~ 2%.

> As the precondition of the MH determination, JUNO and RENO50 can
measure Am?;, better than 1%.

> Neutrino Factory (beta beam) for better sensitivity of theta(13)?

e F '8N 44




Global status:
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Theta(23) octant

»> The dominant factor in mu-nu survival probability for ATM and
LBL is sin“2theta(23) - the octant degeneracy

> With large theta(13), can be resolved in mu->e oscillations and
sub-leading effect in the mu->mu oscillation.

Octant Discovery, NOvA+T2K[2.5+2.5], NH Octant Discovery, NOvA+T2K[2.5+2.5]. IH
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Better sensitivity in future facilities:

- INO, PINGU and ORCA‘ATM‘; HiﬁerK, LBNE and LBNO iLBLi
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Mass ordering (hierarchy)

(1) Matter Effect: Atmospheric (ATM), Long-Baseline(LBL), or
Supernova Experiments

Am?, cos 21
132771 o Am?, >0 NH

> Ve = 1, MSW resonance: V=

2E
Am?, cos 21
> Ve = 1/, MSW resonance: V = — 132E SR Ami; <0 [IH
(2) Phase Difference: Reactor antineutrinos: JUNO and RENO-50.
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CP Violation

_(Am3 L\ . (Am3 L\ . [Ami,L
PUQ_:"H:-E — Pﬁa—:»ﬁ_l.j — —16.)"&'5 SII'I( 4;1 ) sIn (4_21) Slr'l( 4;_2 )

Jap = Im(Ua1Uzo U Up2) = +£J
J — 512C12523(23513 L‘123 sin r513
Necessary conditions for observation of CP violation:

» Sensitivity to all mixing angles: theta(12), theta(23) and
smaller theta(13)

» Sensitivity to oscillations due to small Am2,, and large Am?,,
» Remove the fake CP violation by matter effects.
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MH discovery, NH
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Future facilities:
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Nominal setups:

20 kton Liquid Scintillator (LS) detector - ~1;83 M(;733
3%/sqrt(E) energy resolution s -

52-53 km baselines, 36 GW and 6 years é MH

the spread of reactor cores, E"" —
reactor antineutrino flux uncertainty, o 1 e s |
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Future facilities:

HyperK:

Atmospheric & accelerator neutrinos
1 Mt water Cerenkov detector
Beam from J-PARC (0.75 MW, 295 km) (10 years)

(true values assigned at the most conservative points)

Beam Map Atm. v Map Beam Map ‘ Atm. v Map ‘
- 3
CP '
.~ 3o
=
ot— T S T :

8. =]

= From T. NaKaia, talk at NeuTel 2013
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Future facilities:

LBNE (& project-X)
From Fermilab Main injector(& its upgrade) to
Homestake(1300 km)

Program in phases:
beam power: 0.7-2.3 MW, LAr TPC mass: 10-35 kt

scanned true values From M. Diwan, talk at NeuTel 2013
T T T T T T T ME;” Bassl (ESU - . : | | | . I-Iﬂlrr Bass (CSU
30 700 kW, 3+3 yrs, 10 kt . 12 700 kW, 3+3 yrs, 10 kt
+1.1 MW, 343, 10 Kt woreeeeees i + 1.1 MW, 343, 10 Kt ++reeees il
MH {11 MW 343,35 kt === CP 111 MW, 343,35kt ~-m--
25 wn# 23 MW, 343,35Kt o T 10 | +2.3 MW, 3+3,35Kt = or |

20 | . -

* 4
! r -'_ hb
15 - e “s .:i. ]
- ., &
- - -

Significance (o)
Significance (o)




Future facilities:

LBNO

From CERN SPS(& its upgrade) to Pyhasalmi(Finland)

Beam power: 0.7MW = 2.0 MW

Baseline of 2300 km: better MH sensitivity than that of LBNE

S 4 e 225320 pot 10 Exclude 5cp Oand 6cp n
% 120 1 dotormiation : Nﬁf . _LBNO 1=2300km  Running mode: 75% nu - 25% anu §
100 [ 550 anu ] g “:NH 20 kton LAr + SPS(700kW):
B L ’?'I? 8 ;—10 years 20 kton LAr + HPPS(ZMW)'
L i vas
80 ) z 70 kton LAr + HPPS(ZMW)
L N S e i ' 6
2 | oo -t 5+
b _; /N // \\
ha 3: AN ]
20 . F 1
L 2 4 2
. AN%C L 1
[} |||||||||||||||||||||||||||||||
0 1 2 3 4 5 6 o N
True 8¢, 0 1 2 3 4 5 6
. All sources of systematics (oscillation parameters + rates) included True d
From A. Rubbia, talk at NeuTel 2013 — ok °
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Beyond 3-nu Mixing: Sterile Neutrinos

/
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> Three neutrino mixing scheme works well in most of cases except
for several anomalies of short baseline oscillations.

> Thus we can only modify the 3-nu mixing by tiny mixture with
heavier sterile neutrinos.
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Anomaly of SBL Oscillations (I)
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> The central values are different, but goodness of fit is acceptable.
GoF = 62% PGoOF = 4% (Giunti, Laveder, Y.F. Li, et. al. PRD 86 (2012) 113014)

> Gallium anomaly is supported by new 71Ga(3He, 3H)71Ge cross
section measurement. (Frekers et al., PLB 706 (2011) 134)

> Problems of theoretical calculations?
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Anomaly of SBL Oscillations (II)

Beam Excess

Events / MeV
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with LSND signal?
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341 Global Fit

[Giunti, Laveder, Y.F. Li, H.W. Long, arXiv:1308.5288]

TN e APP v, =5 ve & Ty — e
LSND (Y), MiniBooNE (?),
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BNL-E776 (N)
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' Gallium (Y), v.C (N),
Solar (N)
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==1  MINOS (N),
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LOW HIG noMB noLSND
No X 339.2 308.0 283.2 286.7
Osc. NDF 259 253 221 255
GoF 0.06 % 1 % 0.3 % 8 %
3+1 X2 291.7 261.8 236.1 278.4
Osc. NDF 256 250 218 252
GoF 6 % 29 % 19 % 12 %
Am3,[eV?] 1.6 1.6 1.6 1.7
| Uea|? 0.033 0.03 0.03 0.024
| U ? 0.012 0.013 0.014 0.0073
sin? 21, 0.0016 0.0015 0.0017 0.0007
Sin® 217 g 0.13 0.11 0.12 0.093
sin® 21,,,, 0.048 0.049 0.054 0.03
(XZin JAPP 99.3 77.0 50.9 91.8
(x2..)DIs 180.1 180.1 180.1 180.1
Ax3c 12.7 4.8 5.1 6.4
NDFpg 2 2 2 2
GoFpg 0.2 % 9 % 8 % 4 %
p-valyo 0se. 3 x 1071Y 5 x 107 3 x107Y 4 x10°°
NONo Osc. 0.30 0.20 0.30 2. 1o

[Giunti, Laveder, ¥.F. Li, HW. Long, arXiv:1308.5288]
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3+2 and 3+1+1

3+2 342 34141 34141
LOW HIG LOW HIG
X2 284.4  256.4  289.8  259.0
NDF 252 246 253 D47
GoF 8 % 31 % 6 % 29 %
Am3 [eV?] 1.9 0.93 1.6 1.6
| Uea|? 0.03 0.015  0.026  0.023
(U142 0.012  0.0097 0.011  0.012
AmZ [eV?] 4.1 1.6
| Ues |? 0.013  0.018  0.0088  0.0092
(U5 0.0065 0.0091 0.0049 0.0052
n/m 0.51 1.6 0.4 0.45
(Xfin)APP  87.7 69.8 04.8 75.5
(x2,)ois  179.1  179.1  180.1  180.1
A3 17.7 7.5 14.9 3.4
NDFpg 4 4 3 3
GDFPG 0.1 % 11 % 0.2 % 34 %
p-valy ; 0.12 0.25 0.59 0.42
no3y1 1.60 1.20 0.540 0.81c




(1) Short-Baseline Disappearance is alive and exciting.

(2) LSND sees 3.80 excess. But MiniBooNE(MB) has been
Inconclusive to test LSND.

(3) Strong tension between DIS and APP results if explained
with SBL nu oscillations (3+1, 3+2, ... ...).

(4) Low energy event excess in MB versus DIS and OPERA
(ICARUS) mu=>e limit, is the most stringent tension.

(5) Without MB-LOW events, the global fit is acceptable, and
LSND dominates (60-2>20) [8.3/3 (DIS+MB) v.s. 10.1/2 (DIS)].

(6) Need direct tests of DIS and LSND results!
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Conclusion

> We have observed different types of neutrino oscillations
from different neutrino sources and detectors.

> Three mixing angles and two independent mass-squared
differences have been measured with great precision.

> Future new facilities are planned to resolve the neutrino
mass ordering and detect the lepton CP violation, as well
as achieve 1% precision for those known parameters.

> SBL oscillations need sterile neutrinos. These anomalies
require both theoretical and experimental new studies.
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Thank youl!
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