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Neutrino oscillations

1 |
(Ve Vi VT) 77 UPNMS V2
V3
1 0 0 cos 013 0 e %Pgin 013 cos 619 sin 01+
Upnms = |0 cosfy;  sinflos 0 1 0 —sinfyo cos s
0 —sinfs3 cosbss —e%Pginfys 0 cos 013 0 0

® With 3v,there are 3 angles and | imaginary phase:
® The phase allows for CP violation similar to the quark sector.

® There are also 2 values of Am?, traditionally Am?, &Am?3;.
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The theory

Option |

Vu —> Ve with atmospheric Am? (long base line: T2K, Nova)

Q

Vi,Ve

5 Am%lL
41F

Am? Am?2, L
AZ; sin 291308 013 sin 2615 sin 26053 sin’ Tgl

sin? 265 sin? 26,3 sin

Am? Am32, L 2Am32, L
AZ%? sin 26013 cos 0 cos 013 sin 26045 sin 2653 cos Tijl sin El
Am? Am?2, L
( AZ; )? cos? Oa3 sin? 015 sin® T;’jl

® Sensitive to violation of Charge Parity symmetry.

® Weneedtoknow: [012 023 013 AmZ; & Am?,
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® How to measure it ? E -

Option 2

e CompareP (Vuy—> Ve) with P (0p — Ve)

= A(613, 023,012, 0cp, Amiy, Am3s) sindcp

® Any deviation from 0 is an evidence of CP violation.

® To extract the value of Ocp we still need to know:

® O 03 613 Am%L & Am%,

FSanchez, IFAE Pizza, July 20* 2016




4+ Production and detection
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EAEY What is better ?

Method |

neutrinos is efficient.
Model dependent.

Systematic errors.
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Method |

4+ Model independent.

4+ Cancellation of systematic
errors (neutrino-
antineutrinos).

- Production and detection of
anti-neutrinos is 6 times less
efficient than neutrinos.




T2K

MR

beam
30 GeV protons =V, dump

primary
beamline

Neutrinos are produced in an
accelerator:
|. Protons produce pions that decay
INnto muon neutrinos.
2. Pions are focused with a magnetic
horn.
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280m
detectors

The flux is
measured to
reduce
errors.

Measurement
of oscillated
flux.




Accumulated POT

‘T2K

Total Accumulated POT for Physics
v-Mode Beam Power
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27 May 2016 v-mode POT: 7.57%10<° (50.14%)
POT total: 1.510x%10¢ v-mode POT: 7.53% 102" (49.86%)
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¢ Continuous rise in beam power from ~225 kW (2014) to 420 kW (2016)

* Stable beam cperations from muon monitor and INGRID measurements

¢ Total of 15.'])(1020 POT accumulated as of end of May

* Results presented today with:
o y-mode: 691x 10" POT
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Long-baseline, off-axis neutrino oscillation
experiment

Study neutrinos from NuMIl beam at Fermilab
At 14 mrad off-axis, energy peaked at 2 GeV

Functionally identical detectors

= ND on site at Fermilab
o FD 810 km away in Ash River, MN

o Measurement at ND is directly used to predict FD
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PVC+Liquid Scintillator

o Mineral Qil

0 5% pseudocumene

Read out via WLS fiber to APD

Layered planes of orthogonal views

muon crossing far end ~40 PE

0.17 X, per layer

DAQ runs with zero deadtime

o triggers for beam, SNEWS, cosmic ray
calibration samples, exotic searches

1 50kHz of cosmic induced events
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Beam Power per calendar hour (kW)

o More than double exposure of 2015 analysis
o Currently running at 560 kW
7 Achieved 700 kW design goal in tests on June 13l
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T2K Run1-7bh PRELIMINARY
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Exp.
sin20,3=0.528
NH

Obs.

127.9

125.

64.3

66.
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NUVA Freliminary

ol I L I BB B BB BN R BB
: E T:Zl:::r:-.a:;:ysis. Nomnal Herarchy :
~  15|—— Fredicticn with systs. .
8 [ —4— Backgounds 5.7} T i
-1 78 events observed in FD g [ -
01 473130 with no oscillation 5 F :
L 5l— =
01 82 at best oscillation fit : :
0- T
. 3.7 be(]m BG + 2.9 Cosmic ’ Fiel:onstmdezd neulrinosenergy (G;V) ‘
T sk M cssmarroree . ] -
g i . —4— @ T ]
x*/NDF=41.6/17 g I o Geuripednin g i
Driven by fluctuations in tail, o T B B o I E—
ho pull in oscillation fit % i ' i
S ool | i
= ‘ ‘ T
o — i
§ 0_—-5-‘0---- ----- _L =k --
SR S S S S S Al

FSanchez, IFAE Pizza, July 20* 2016




A, (107 eV®)

35

Nova

NOvA Preliminary

B MNormal Herarchy, 90% CL m

) NOVA 2016 i

B ceeeme T2K 2014 g

R MINOS 2014 i

- No FC ‘.39”9.‘*:'5:"'."".".".-. D
03 04 05 06 0.7

=N 923

Best Fit (in NH):
|Am” = 2.6740.12 x 10 3eV?
sin® s = 0.401055(0.6375.53)

.-I.

Results exclude maximal
mixing at 2.50

|[Am?3| (/10-3eV?)

Results are compatible in a region where
maX|maI mlxmg is excluded!
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NH sin20,3=0.528 sin20,3=0.085 (Reactor)

Obs. | dcp=-1112 Ocp=0 Ocp =T1/2 Ocp =TT

V. 32. 270 | 227 18.5 22.7

D. 4 60 69 7.7 6.8

Without any analysis:

® Ocp=-TI/2 is preferred by neutrinos and antineutrinos.
e Neutrinos has 5 more than expected @ Ocp=-T1/2
e Antineutrinos has 2 less than expected @ Ocp=-T1/2
e Result will be at the edge of T2K sensitivity.




T2K

BAYESIAN POSTERIOR PROBABILITIES
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Left: posterior probalkility distribution in 8-,
marginalizing over all other parameters

* negligible dependence on priors except for 6.,

(flat in 8 vs. sin 8-p)

Bottom: posterior probability distributions for
8., octant and hierarchy with MCMC analysis

* mild preference for 8,; >n/4 and normal hierarchy

FLAT Bcp N H
- 0.218 0.0/72

0.52¢ 0.181
0.747 0.253

expected sensitivity (NO, sin®823=0.528, 8 cp=-1.601)
FLAT Ocp N H
0.223 0.125
0.405 0.248
0.628 0.373
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N 1 Observe 33 events in FD
I\JO};A lPr('ehrrlun'ary
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Alternate selectors from 2015 analysis show consistent results

LID: 34 events, 12.211.2 BG expected
LEM: 33 events, 10.311.0 BG expected

Slight preference for -T1/2 and NH.
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0 Fit for hierarchy, &qp, 5in?0,,

o Constrain Am? and sin?0,, with NOvA
disappearance results

o Not a full joint fit, systematics and other
oscillation parameters not correlated

0 Global best fit Normal Hierarchy

50p = 1.497
sin®(fy3) = 0.40
o best fit IH-NH, Ay?=0.47

1 both octants and hierarchies allowed at 16

1 36 exclusion in IH, lower octant around

Ocp=11/2

particularly for non-maximal mixing

Planned for Spring 2017
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Antineutrino data will help resolve degeneracies,
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Too early to say:
Consistent results from Nova and T2K
Wait for Nova anti-neutrinos.
Sensitivity is still low: combining results is a must!
But, if CP is maximal Nova and T2K will be able to say something in few years.
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Conclusions |l

s the 023 mixing maximal ?

Combination of Nova and T2K points to non-maximal mixing.
More data needed.

Which is the octant ? 023 < 45° or 023 > 45°
Impact on the determination of Ocp
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