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Two-flavor oscillation formalism
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Appearance probability in the
three-flavor scenario
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A
Mass

[Am3,| = [mg — m3|

Some of the open questions
~2x107? eV?

0,5/
Am2, ~8 x 1077 eV? c

Normal Inverted
Hierarchy Hierarchy
What is the mass ordering?

Is thereleptonicCP violation? What ig,,?

Is* ,;maximal (49)? (If sog, andd content of mass eigenstate 3 are equal.)
If * ,3 not maximal, which quadrant? {;> /4 or <™ /4)

cC: C:. C: C:

A Are there sterile neutrinos?
“0‘6\\‘ A Areneutrinosmajoranaparticles?
A Can (does) CP violation in the lepton sector play a role in the
W o matter-antimatter asymmetry in the universe?
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Discovery of the neutrino by inverse beta decay

U Reinesand Cowan (1955)
A Nobel Prize 1995
A 1 ton detector

A Neutrinos from a nuclear
reactor

Reines and Cowan at
Savannah River
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Reactor experiments o
MmnnQa 2F YSUSNAR T NI

1stosc minimum at 1.6 km for E=4 MeV
<>
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U Model neutrino flux from reactor

U Fit rate of3, survival probability as
a function of L/E

U Look for deviation from 1A

|
i

Nuclear reactor, intense source ﬁg
~2x13° /s per GW of reactor power
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Am?,| = cos?12|Am3, | + sin?013| Am3, |
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Muon Tracker
Outer Vessel
Water Pool

20 kton pure water

6 kton mineral oil
0” PMTs

Veto PMTs

RENO @ Yonggwang, Korea morning e ! ) JUNO

(Discus
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DayaBay experiment
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Chao Zhand)ayaBay collaboration, Neutrino 2014
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DayaBay results
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sensitivity in extraction of other oscillation
parameters
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Accelerator lone

Near detector (ND):
U dose enough so no oscillations yet

haseline neutrino oscillations

Basic method

U Use to constrain (flux) x4eqQ

Proton

beam

Target X \
Magnetic
focusing of || Hadron decay
produced producing
hadrons neutrinos
Beam:

U Production of hadrons

U Focusing effects

U Can achieve 205% errors in flux
prediction with external hadron
production measurements (i.e.,

NA61)

Far detector (FD):
U Measure neutrino spectra as function of E
U Extract oscillation parameters by comparing
observation with expectation given
(flux) x kseqg at FD

Cross section
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T2K3 dlsappearance Neutrino energy reconstruction, and
> _ deling of same, is important!
2 CCQE s JO0EING e
é 40; -v“d-:xuh MINOS
— r [ 1v,CCQE
E MINOS+
%(1 T2K
5 NOVA
R «DUNE
© 1000 2000 30
Reconstructed v energy (MeV) 11

S. Manly, ICNFP 2017, Crete



Accelerator longhaseline neutrino oscillations

Some of the issues

L/E dependence:
U L big, ~30300 km
U Stats, need big detector

>W

E in 0.510 GeV region:

U Mix of processeg CCQE, resonant, deep inelastic
U nuclear effects Chargeecurrent
U Xsecand modeling uncertainties quastelastic

Dune flux shape comparisons - 80 GeV optimized
0.4

U ND and FD not identical

A Nuclear target differences 5EE Expected shape difference between the

fluxes at the near detector and the far

A acceptance and efficiency differences g 03 detector for a particular configuration of the
i fluxes different at ND and FD 2 DUNE experiment beam. For illustration
- g 0.25 Only
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Accelerator longhaseline neutrino oscillations

Peak of spectrum at energy where
appearance and disappearance due to
oscillations expected to be maximal

Tokai toKamiokand€T2K) experiment
(Discussed in more detail by Bravar8/26 in this meeting) 1
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Accumulated POT
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Total Accumulated POT for Physics

T2K data

Stable operation

. v-Mode Beam Power at 470 KW
x 10%° . V-Mode Beam Power
Runl Run2 Run3 Run4 Run5 Run6 Run?7 Rung g
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U 14.7x13° protonson-target (POT) in neutrino mode
U 7.6x1G°POT in antineutrino mode
U 29% of the approved T2K POT
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Results through Run 7 data published:
PRL118 151801 (2017)
More detail in arXiv:1707.01048

Some results shown here include Run 8 data
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T2K detectors

SuperKamiokande
ND280

U 50kton water-
Cherenkov detector
ugmMoxZnnn tatg

Downstream
ECAL

Shar - 03 [Tngger- Beam S

DTPC ECAL U Finegrained detectors (FGD)
F ’//-I‘ﬂ' A Scintillator bars (water targets in FGD2)
= e U Time projection chambers (TPC)

Ny, U Pizerodetector (POD)
A Scintillator bars and water targets, lead

e radiators

Muon-like
track

Example: neutrino candidate in antineutrino mode
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Analysis overview

INGRID/Beam
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T2K Far

T2K Near
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Throughout talk:
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Observed spectra
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C =L

c>.) L —4— Runl-8 Data Qo —4— Run5-7 Data

E L (14.73x10% POT) 2 10 (7.56x10° POT)
8 40— [ V. CCQE 8 ) (\I-VuCCQE
= [ [ v, CC QE = re\'\\""‘na I v, CC 0k

2 [ v,#¥, CC non-QE B [T2KP v, ¥, CC non-QE
g | [ vy, cC s r vV, CC

> 30 [C~e 3 NC
"g i MC w/ T2K+DB bestfit t:; i MC w/ T2K+DB bestfit
b - -

2 g

g 201 X pre\\m‘“a Y E S

Z 1 z |

Vi CClmr I
10

1000 2000
Reconstructed v energy (MeV)

3000 1000

2000
Reconstructed v energy (MeV)

Neutrino CCQE 1 e-like ring Antineutrino CCQE le-like ring  Neutrino CC1m le-like ring

d > >l aTd
3000 ()= )?)

% i —4— Runl-8 Data % 3 —4#— Run5-7 Data % r —4— Runl-8 Data
= nary (14.73x10% POT) = | (7.56x10 POT) = L - | (14.7310° POT)
t Osc. ¥, CC sc. 7. CC e 0sc.¥, CC
E [ 12K pre\\m\ =0scjt cc S \i goinary = e o 2K pre\‘mm B Osc.v, CC
= L o = L K of ell : % 6\ vV, CC
& 20 [ Jvv.cc & 12 [ lvJv.ce 4 Cvim
s | [ Beamv /¥, CC 5 T [ Beam v /7, CC § r [ Beamv, 7, cC
> NC = Cne - —eE INcC
‘42 B MC w/ T2K+DB bestfit :-l) L MC wf T2K+DB bestfit qg - MC w/ T2K+DB bestfit
8 - E L =4 —
2 | 2 | -
g E [ g |
Z 100 z L < |
L I oL
I I 1l g L 1 " — I L ol e — n
0 500 000 0 500 1000 (0 500 1000
Reconstructed v energy (MeV) Reconstructed v energy (MeV) Reconstructed v energy (MeV)
S. Manly, ICNFP 2017, Crete 17



Numbers and CPV

observed

FHC CCQE Iring e-like Probability for electron

73\
appearance is enhanced in
BLIC G x Liing e hike w neutrino beam
240

Probability for electron
appearance is suppressed in
antineutrino beam

Note: big neutrino contribution
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Constraints on

T2K Runl-8 preliminary
T T T T I T T T T

—Nemal  9g CL Interval

= Inverted

TTTH, IIII|II)/I|IIII|IIII|IIII|I

HNEE4NEN

dcp (rad)

U Do fits determining 1 or 2 parameters and

marginalizing over the others

U Here T2K used (and marginalized over) the reactor

measurement of sifi ;5.

U Plot change IR2In(,,,) relative to global minimum in

two hierarchies

U CP conserving values(Dare outside 2 intervals
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NOvAexperiment

o 60.0m
< > T
s6m//
o A .
'II “" A I\h
1 I|| Avalanche
Far Detector, 14 kTons, B | photoioce
(APD
896 Planes, \
15.6m 344,064 channels .

samp

" Near Detector,

“ To APD

4.2 m 300 Tons, Readout
214 Planes,
20,192 channels Scintillation

Light
V

15.8 m /

21’” > b 224 2245 225 2355 226 2265 27 22 328 3 ; > e
-
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Events /0.25 GeV

Ratio with unosc. (bkg subtracted)
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U 783, events observed (expect 473 without
oscillations)
U Maximal mixing disfavored at 2.6

Reconstructed neutrino energy (GeV)
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Events / 0.5 GeV

Constraints on -

3., appearance spectra
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Into the weeds! Neutrino interaction physics

U Interesting physics

U Critically important for high precision neutrino oscillation phys

A Reconstruction of neutrino energy CCRES Other

A Modeling: extrapolation to FD, acceptance, backgrounds, energy bias anj 6.91% 0.38%
resolution, determining systematic errors 2p2h

A Expansion of signal into additional channels for increased statistics 12.11%

p

A Assumes free nucleon at rest
and no nuclear effects

A Can reconstruct neutrino
energy from lepton alone

n P

CCQE: charged curremasielastic

Elastic

Y
31.4 .
1.2
no
5 1
30.8 \ I Absorption
50.6 TS
v pion Production \,\o
o L
20.4 o
S

2 N\
00.2 X<
9 6\:6
~ 0 >

A\

E, (GeV
Formaggio Zeller, Rev. Mod. Phys. 84, 1307, 201‘2( )

Inferaction modes in

CCOr topology:
(NEUT MC)

5@" [
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d y e
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5t Ip‘ ‘\ — 02
2 aof- i — 1
C\S i / R'
o 30F / ~
|t 20| i
LL]> L
_‘5’
10+ ; -
0 = il . | e D e
0 02 0.4 06 _ 08 1 12 14 1.6
E (GeV)
Martini, EricsonChanfray Phys. Rev. D87, 013009, 2013
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Neutrino interactions: T2K

ND280
i ANL, BNL, FNAL, CER =
bubble chambers DTPC ECAL
i NOMAD | ” F "
i MiniBooNE |//f“
( U MINERvV e
: T2 K ' Downstream i¢
i ARGONEUT fot ECAL Muon-like
i MicroBooNE e encid o ' track

i ICARUS (at FNAL)
i SBND

Example: neutrino candidate in antineutrino mode

i DUNE u 1
M CC = charged current
| NC = neutral current
0.000 < True-u coseu<0.600 0.600 < Trueu cosB <0.700
g ‘:: T2K Preliminary g b T2K Preliminary
g 2; U n targets
u\ts- u ifferent recent and sogto-come
Lo on re> | i i
4 __— Es éct\ trinaxsecphysics
q ﬁeren’t\a el T ren e <10 i 3, CCand NC, muon and proton variables,
N\' 12K Preliminary ‘ § 1E T2K Preliminary plon prOduc‘“Oﬂ
5 71 RS S trn e U 3,CC measurements
£ : £ U Recent progress on using transverse
" momentum balance variables to enhance
S sensitivity to nuclear and FSI effects
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Neutrinos/cm%GeV/POT

Neutrino interactions:MINERVA
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Day in the Medium Energy Run
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MINOS Near Detector
(Muon Spectrometer)
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