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Neutrino oscillations

‘I/a> = Z U;‘”i)

Weak eigenstates Mass eigenstates
¥
/ v mass eigenstate
............................................. *_’
weak eigenstate weak eigenstate
Production Propagation Detection

Flavor change during flight  am2: mass-squared difference
, Am-°L

4F
Quantum effect over very macroscopic length!

B: mixing angle

P = sin2 20 s1n (for 2 flavor)
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We learned a lot about neutrinos through neutrino oscillation,

20 years since its discovery...

but many questions emerged and remains %; A :

¢ Origin of tiny mass = 1E+03 ’
@ \Why mass is much smaller than other fermions? % 1E+01 ’

® Large m|X|.ng parameters E 1E.01 * U-typs quark
¢ \Why so different from quarks? 3 Ry ® d-type quark
¢ Symmetry behind the pattern? '*c-'% ® charged lepton

® Mass hierarchy (ordering) n 1E-05 ® neutrino
® \Which is the heaviest? ®

e CP violation ® e
® |s it violated just as in quarks? 1 2 3

® Extra neutrino families? Generation

Properties of neutrino are considered to be connected with fundamental questions

@ Source of baryon asymmetry of Universe?
@ \ery high scale physics? (seesaw?)
@ Origin of generations?
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Oscillation parameter status
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deSalas et al, 1708.01186 (May 2018) 923 octant (<=>45o?)
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Reactor 613 measurement

Am? L
4E

Ami L
4E

2 2

P(0, — ©,) = 1 —sin*20,, sin — cos* @, sin* 26,, sin

At ~km with reactor ve energy, almost pure sin?22013 measurement

Inverse beta decay for detection (delayed coincidence) 7
- 0.
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/ \ captured on Gd after thermalization 20
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Reactor 613 experiments

s 1 e Far detector (FD):
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N 1r ' : \ / I — Near det.ector (ND): . Data takln 04/2011
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[ ¢ Multi-detectors -
0 -1 2-1-3 configuration
1 0 1 1 0 (from Dec 24, 2011) S R
Length (km) [at E~3MeV] : AL, 2-2-4 configuration . ) . ar Detecto
Daya Bay Cores = 133’;“031;;?;52;2) 2 x 4.25 GW,, Reactor systematics cancelllation by

2x2.9 GW,,

~ 1021 neutrinos/s simple geometry (effective iso-flux)

(from Jan 26, 2017 )

Daya Bay (China) Double Chooz (France) | RENO (South Korea)

Reactor power (GWhn) 17.4 8.5 16.8

Baseline 470/576/1650 400/1050 409/1444

Overburden
near/far (m.w.e.)

Gd target mass for far
detectors (tons)

250/265/860 80/300 120/450

80 8.3 16.5

Parallel talks by H,Seo, L.Zhan, A.Stahl, B.Z.Hu, M.C.Chu
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Reactor 013: latest results
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® Precision measurements of sin22643 (~5%) and also Am2 (~3%)
@ Many other measurements are also reported (see later talk)
® Further improvement expected from all experiments in near future

-g# Masashi Yokoyama (UTokyo) Long baseline neutrino experiments V4



JUNO

© 20 ktOn |IC|U |d SClntl I |at0r deteCtOr at 53 km frOm I’eaCtO IS Status  Operational  Planned Planned  Under construction Under construction

©) MaSS hlerarChy determlnathﬂ Power 17.4 GW 1.4GW 17.4 GW

by 2020: 26'. GW

@ Precision measurements (<1%) of sin2012, Am?221, |Am2e|
@ Other rich physics potentials

Central detector Calibration system VETO detector

Hong

Hong Kong

Mechanical structure
-Acrylic sphere
-Stainless-steel truss

Top Tracker
-62 Plastic scintillator walls

@ Civil construction ongoing
@ Detector R&D and fabrication are progressing
@ Aim to start data-taking in 2021

PMT <

-18,000 20” PMTs
-25,000 3” PMTs

Water Cherenkov
-35 kt high-purity water
-2000 20” PMTs

Liquid scintillator
-20 kton LS

’ Parallel talks by Q.Zhang, L.Wen, Z.Qin,
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Accelerator-Based long baseline experiments

Beamline  Near Detectors: : Far detector

Horns

4 ) o Y
Accelerator %: o ko '-)'-)'- e s
ol sl Sy
Target '
3 F ra , VH?VT?Ve?
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Accelerator-Based long baseline experiments
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Accelerator-Based long baseline experiments
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Accelerator-Based long baseline experiments

Beamline Far detector
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Accelerator-Based long baseline experiments

Beamline Near Detectors
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Oscillations in accelerator LBL experiments

vy “disappearance”

Pv,—vy)=1- (COS4 0,5 sin” 20,, — sin” 20, , sin” 6’23) sin’ [

Am3,L
4E

sin22023 from the leading term

eLLdbRe A= 22l A =2/2G.N, =
o . o sinZ[(A— DA] Am3, AE Ams
P(v, — v,) = sin” 20,5 sin” 0,3
(A —1)2
, , . , , sin AA sin[(1 — A)A]
Fa cos 0,5 81n 20, sin 20,5 sin 20,5 S1n o¢p sin A " T M.Freund, Phys.Rev. D64 (2001) 053003
: , , sin AA sin[(1 — A)A] .
+a cos 0,5 s1in 20, sin 26,5 sin 20,5 c0OS Ocp cOS A 5 = + O(a”)

The leading term dependent on sin?2013, 6cp and mass hierarchy from sub-leading terms
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® Precise measurements of 823 and Am2a;
@ Consistency with three flavor prediction tightly constrains alternate oscillations hypotheses
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Final v results from OPERA

2008-2012 PRL 120 (2018) 211801
. 9 4 "..'.. '~/"

® Bl bkg

. - data

0 10 20 30 40 50 60
Visible energy (GeV)

Am2 consistent with
disappearance measurements

® Observation of v; interaction using a huge emulsion-based detector
¢ 10 v; candidates observed
e 2.0+0.4 BG expected

® 6.10 significance of vy appearance
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T2K and NOvVA

R PARC Main Ring
BRR (K EK-JAEA, Tokai)

Super-Kamiokano e R gt g2
(ICRR, Univ. Tokyo)R R e

Super-Kamiokande

Mt. :
2,924 m : e . P& :
3 a P . -
Mt. Ikeno-Y _ | | .-
L360m o -~ NOvA Near Detector
1,700 m below sea level - ‘ | cmcgg&o
Neutrino Beam A AP Aw o~
' ,' : e
L i
295km s ' oo
ﬁ lmo 007 TegraMenrs
LB InageT 2007 NASA

f
Paber 41143 84N Y04 580'W ev 271 m Shreami ng 11111 150%

® Different baselines — different effect from matter effect (and possibly others not dependent on L/E)
@ T2K has a shorter baseline, purer effect of CPV
® NOVA has a longer baseline, more matter effect and sensitivity to mass hierarchy

@ Can provide complementary information
Parallel talks by P.Litchfield and J.Bian
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T2K and NOvVA

Atrino data i
swe x1.5 compared to 2017

(neutrlno data doubled in 2016 — 201 7)

e iy |8 ..'—-f?
Super-Kamiokande e _ " J-PARC

Mt.
2,924 m f

Mt. Ikeno-Yama
1,360 m

1,700 m below sea level

295km

Neutrino Beam

Flrst anaIyS|s mcludlng
antineutrino beam data

® Different baselines — different effect from matter effect (and possibly others not dependent on L/E)

@ T2K has a shorter baseline, purer effect of CPV

® NOVA has a longer baseline, more matter effect and sensitivity to mass hierarchy

@ Can provide complementary information

Parallel talks by P.Litchfield and J.Bian
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m m
2K: reconstruction and analysis
|
Super-Kamiokande IV
T2K Beam Run 330052 Spill 822275
Run 66778 Sub 585 Event 134229437
1% pean i~ 1992, ne

Super-Kamiokande IV

Run 320061 Spill 250914
Run 66690 Sub 158 Event 36903128

Charge (pe)
° >26.

33333333
22222222
........
00000000
........

(T2K data

u-like
candidate

Trigger: 0x80000007

33333333
22222222
........
........
oooooooo

s (T2K data

. e-like

candidate

Times (ns)

dddddd

Times (ns)

® Improved reconstruction algorithm applied since 2017
® Maximize likelihood based on charge and time from all PMTs
® Improved signal efficiency and purity
® Optimized fiducial selection to increase statistics (+~20%)

® Improvements in cross section modeling
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T2K: far detector (SK) data

Energy reconstructed from lepton kinematics assuming 2 body interaction

Reconstructed Energy Reconstructed Energy

._% 300 = _% 20 F=
L — il ———————  Unoscillated Prediction L [ ——————  Unoscillated Prediction
8_ [ ——————  Oscillated with Reactor Constraint 8 [ ———————  Oscillated with Reactor Constraint
on 20— ——— Oscillated without Reactor Constraint o 60— ——— Oscillated without Reactor Constraint
T —&—— Data = C — e Data
q) : u u GJ 50 __ u ]
B 200/ — T2K Run1-9c Preliminary s F T2K Run1-9c Preliminary
S - ] © 40— ]
_GQJ 150 — | 8 E
S 243 s “E 102
Z 100— V u Z E
= 20—
50— 10—
0 :E 0 [ 1 1 1 1 ! T T T T ? T T T T
o 2
I
: ¢
1 ______________________________ | = - — e o o P I e N . o PO S [
R !
2 3

4 5 7 4 5 ' 7
Reconstructed Neutrino %nergy (GeV) Reconstructed Neutrino Energy (GeV)

T2K Run1-9c¢ Preliminar T2K Run1-9c¢ Preliminar

180

> 180F 09 g — 180F 8 - 180f &
O - = 7 O - 01 S 1 O - 0.18 =
L 160 08 2 L 160 L L 160 L
e f M g f i N 0.16 M@
T 140 07 © 140 “ T 140 =
D - — ) - 0.08 — D - 0.14 —
120 0.6 _“.é 120 _“.é 120~ 012 _q.é
100 05 3 100 0.06 3 a5 100F =
- Z. 1 - Z. - 0.1 '~
Ve S0F- 0.4 Ve, Lt 80F- Ve 80 0.08
- - 04 - '
60 0.3 60 00 60~ 0.06
40 - 0.2 40 - 0.02 40 n 0.04
20— 0.1 20— 201~ 0.02
IS L oF
0 0.2 04 0.6 0.8 1 1.2 0 0.2 04 0.6 0.8 1 1.2 0 0.2 04 0.6 0.8 1 1.2
v Reconstructed Energy (GeV) v Reconstructed Energy (GeV) v Reconstructed Energy (GeV)

v beam, 1 ring e, no decay-e v beam, 1 ring e, 1 decay-e vV beam, 1 ring €, no decay-e
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T2K: AmZ232 and 023

T2K Run 1-9c¢ Preliminary

25T R BERAE RS e B
: o : Joint fit of all samples
20— nverted —
S s - Normal hierarchy:
R : . 20 _ +0.031
< E sin” 6,3 = 0.5367 7 01c
: : Am3, = (2.434 £0.064) X 107eV?
5__20 T -
e \M M/ - Inverted hierarchy:
03 03504 'd.'4§'.' 05~ 055 06 065 0.7 sin 6, = 0.536+003!
0w > 0.062 3.2
- +0. —
«10°3 T2K Run 1-9¢ Preliminary Am13 i (2“410—0.063) X 1() eV
~ 28 T T Notmal TG
N% o e e 6 Posterior probabilities based on a Bayesian analysis
=i E sin2023<0.5 | sin2025>0.5 Sum
o 25F -
5L : NH 0.204 0.684 0.888
T 24F =
Z : IH 0.023 0.089 0.112
~ & 2.3 =
5 : Sum 0.227 0.773 1
03 035 04 045 05 055 06 065 07

- Masashi Yokoyama (U Iokyo)

Long baseline neutrino experiments

Bayes factor NH/IH =7.9




Ve appearance search in T2K

® Dedicated searches performed by hypothesis testing:
PMNS ve appearance (3=1) and no ve appearance (3=0)

Expected events:  11.8 for =1
6.5 for 3=0

Observed: O events

—h
<

Construct Ax2 with rate+shape (p, 0)

1072

other oscillation parameters constrained from
T2K data other than ve sample

10°°
Obtained p-values:

PMNS appearance (=1): p=0.0867 104

Number of toy experiments

No appearance (3=0): p=0.233

—

No strong statistical conclusion from T2K data yet
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T2K: 613 and ocp

T2K Run 1-9¢ Prehmmarv

3 T N~/ . Normal - 68CL
i X DG 016 o T o - ® Constraint on 6cp with T2K data alone
—— Inverted - 90CL —

@ Tighter constraint with 813 value from reactor

O-p (Radians)
-]
i | 1T | 1T | 1T | 1T | 1T | 1T | i

—1
_ . T2K Run 1-9¢ Preliminary
) 30 Normal 68CL ]
— * Best fit —— Normal - 90CL :
B PDG 2016 ---- Inverted - 68CL
-3 I | I ~| ~~~~~~~ fomet I I I y 10_3 2 [ — Inverted - 90CL —]
5~ _25 30 3?~40_45 50 —~  F -
.5 - o N = +043 from reactor|-
i &1n°(0,,) - S
Ny N < [ ]
o ~ . = Or -
N u _
iy T~ N
N ~ O _1 |
~ 7 _ _
N - _
“ N ]
™ -2 =
N B _
N B _
~ o - -
* 3 —1x107°
15
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T2K: constralnt on Ocp

T 2K Runl 9¢ Preliminary

_l | | | | | | | | | | | | | | | | | | | | | | | | | |
26 CL region +913 from reactor] -
30— —
- — Normal _
25:_ — Inverted _:
— O\ SRR \ =
—_ - B N N
— 20— N —
= I\ §§\§ N -
- N N
N N _
S OIsk| N \ \
N §§\ N .
x\\ |
\s AL b L L L L L L L LT T T I'==?-'-
NES :
| ~ \l |\k | | | | | | | | | | | | | | | | | | |
—1 0 1 2 3

6CP

sindcp=0 (6=0, 1t) outside of 20 CL region
First hint of CP violation in the lepton sector!
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NOvVA event classification

@ Pioneering the use of Convolutional Neural Networks in neutrino experiment
® Treating cells as pixels and charge as color, extract features from data
@ Improved classifier used for 2018 analysis

@ with separate training for the neutrino and antineutrino beams
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“A Convolutional Neural Network Neutrino Event Classifier” [ o, JU 0 <+ JC + p % T

A. Aurisano, A. Radovic, and D. Rocco et al N ]

Journal of Instrumentation, Volume 11, September 2016 ' T

10 10 10" §(ADO)

@ Neutrino energy reconstruction from E| (range[u]/calorimetric[e])+ Enad (calorimetric)
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NOVA FD data

Neutrino beam NOVA Preliminary Antineutrino beam NOVA Preliminary
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NOVA FD data

Neutrino beam NOVA Preliminary Antineutrino beam NOVA Preliminary
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>40 evidence of Ve appearance'
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NOVA: AmZ23; and 023

NOVA Preliminary

"o [J20 [J3c + BestFit

—-2.6

1o [J20 []30
! ! ! ! | ! ! !
0.3 0.4

T

| I | | | | | | |
oés 0.6
Sin 623

i
~
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® Results from joint fit of vy and ve
sin 0,;, = 0.58 = 0.03

Significance (o)

O
o

A, =517~

—0.08

) X 103eV?

Prefer non-maximal at 1.80

Exclude lower octant at similar level

N
o

N

—l
)

NOvVA FD

8.85x10° POT equiv v + 6.9x10%° POT ¥

—h
| |

Normal

— " hierarchy

___Inverted
hierarchy

Areuiwiaid VAOi\I

0.4 0.5

. D
Sin 623

Long baseline neutrino experiments




Comparison: Am23; — 023

Normal Hierarchy 90% CL
—— T2K nu2018 — — MINOS 2014
—— NOVA nu2018 lceCube 2017
——-SK 2017 o —

SiN2023: <10%
IAm2|: 3-4%

NH preferred by
T2K, NOVA, SK

0.4 0.5 0.6

- 2
Sin 623
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NOvVA: 6cp and mass hierarchy
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Significance (o)

NOVAFD  8.85x10%° POT equiv v + 6.9x10°° POT ¥
— T T T T T — T T T T T
i - -- NH Lower octant
- JPELRRDR . — NH Upper octant
G . - - - IH Lower octant
L’ ) — IH Upper octant

- N gy
- il
- ~

o -
-------

Areuiwlaid YAON

IIII|III.'I|IIII‘|\IIII|IIII

NIA-
|

@ Best fit: Normal Hierarchy, ocp = 0.1711

Prefer NH by 1.80

Exclude 0cp=1t/2 in the IH at >30

Long baseline neutrino experiments



T2K Runl-9c¢ Prehmlnary
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Beginning of lepton CPV era!
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The excitement continues...

arXiv:1609.04111 T2K Sensitivity sin?0,,=0.4-0.6, IAM2,1=2.5x10eV?, sin?20,,=0.082

' ' ' ' | ' ' ' ' | ' ' ' ' | ' ' ' ' 5 . . . . . . . . .
CI? 15 | — - Hierarchy resolution | | i
E_) : — w/ eff. stat. improvements (no sys. errors) : - NH 8 p=3m/2 -
08 | === w/eff. stat. & sys. improvements i 4 — NH §,p=n —
k%) [ === w/eff. stat. improvements & 2016 sys. errors _e" = éf — NH 055=0 —
o Orece, Al - = NH = /2 -
E ———————— i O 3 __ .............................................................................................................................................. _—
O  EO9%CL e e . - B .
s gl - S | -
o SO - S 2 -
S S Al i S [ -
<] 4 D 11— —
Q< e e e B 2018 analysis technigues and _
0 0 10 15 20 i | projecteld beam expoere improvemelntsi

Protons-on-Target (x10%") 0 2018 2020 2022 2024
Year
® Both experiments envision to further enhance their capabillities Upgraded T2K ND280

@ T2K: beam power increase (1.3MW) and ND280 upgrade
@ NOvVA: accelerator improvement (0.9MW) and test beam
@ Analysis improvements

@ Good prospects for mass hierarchy, CP violation, ...

Parallel talk by K.lwamoto
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...to the next generation!

Hyper-Kamiokande

Sigral FT chimreys with
Field cage suspersion
chimreys

® See later talk by Prof. Jae Yu ot
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Conclusions

@Rapid and steady progress in neutrino oscillation physics

eMINOS/MINOS+ and OPERA final results strongly support the
three flavor scenario

eDaya Bay/Double Chooz/RENO continue to improve
precision of 813, JUNO is coming

®T2K and NOvVA explore CP and mass hierarchy with neutrino
and antineutrino beams

eExcitement will continue and grow. Stay tuned for more results!
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JUNO

3.1 Mass Hierarchy

Page 12/23

3.2 Measurement of Oscillation Parameters

O Oscillation probability is independent of CP phase and 0,,
(Reactor neutrinos)

P(((L/E) = 1-— P.Zl = P31 = P_gz E 06F e Non oscillation
A4 owo D o020 g2 F —— 0, oscillati
PZl = COs (913)5111 (2912)5111 (Azl) g 0.5:— I\Ilér(l);;l;:roal;chy
. — 5 — : ] 3 I d hierarct
P31 = cos?(6;5)sin?(26,3) sin?(Asg,) % s b R
P3o = sin®(612)sin®(2613) sin®(Asp) 3
- el ceeBon D E
P.. =1 — cos” #13sin” 2619 sin” (Aaq) 02F
— sin? 2015 sin? (|As1|) 0_15— ,":
— sin? ;5 sin? 263 sinQ(Agl)cos (2|Asq]) 0:". YT & WS it au
+NH 5 10 15 20 25 30
sin“f12 . o . s L/E (km/MeV)
- H + ——= sin” 2013 sin (2A91 ) sin (2| A3z1])

W The big suppression is the “solar” oscillation (Am?,, , sin’6,,)
B “Large” value of 0,; is crucial

: T Ps
(5%;‘\@}6&{ School of Nuclear Science and Technology

XI’AN JIAOTONG UNIVERSITY
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Due to good energy resolution and
proper baseline, JUNO can help to:

JUNO 100k IBD Events

» Improve precisions of three
parameters (Am?,;, Am?,, and
sin%0,,) to sub-percent level,
several times improvement
compared with current precision. B0 N B% 3 Bu E By

» Probe the unitarity of Upy g to E
~1% level T

Nominal +B2B (1%) +BG +EL (1%) +NL (1%)

(MeV)

sin® 6> 0.54% 0.60% 0.62% 0.64% 0.67%

Amf, 0.24% 0.27% 0.29% 0.44% 0.59%

Amz|  0.27% 0.31% 0.31% 0.35% 0.44%
ﬁﬁiﬁéi% School of Nuclear Science and Technology
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B Only depends on shape but not !

° 0 ° . —= N
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Bl iyl School of Nuclear Science and Technology

3.3 Neutrino Astrophysics and Others

Page 15/17

0 Neutrinos from the Earth escape freely and
bring the information about U, Th and K
abundances and their distributions

[ Due to its largest LS size, the expected geo-
neutrino rate in JUNO 1s ~1.1/day.

O Within the 15 year, JUNO will record more
geo-neutrino events than all other detectors

» JUNO will be the most precise experiment for geo-neutrino
study. In the meanwhile, JUNO is also attractive for other
neutrino astrophysics, such as supernova neutrinos, diffuse
supernova neutrinos, solar neutrinos and atmospheric neutrinos.

Beside these, additional physics is also rich in JUNO

> Sterile neutrinos
> Dark matter searches

FEEAAE

XI’AN JIAOTONG UNIVERSITY

» Proton decay
» Other exotic searches

School of Nuclear Science and Technology
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Neutrino beams and long baseline experiments

Accelerator Experiment Baseline Beam power Years
KEK-PS
(KEK) K2K 250km 5kW 1999-2004
Main Injector MINOS(+) 730km A00KW-+ 2005-2016
(Fermilab)
SPS (CERN) OPERA / ICARUS 7/30km 510kW 2008-2012
J-PARC MR 500kW
(J-PARC/KEK) 2K 29okm (design:750kW) 2009-
Main Injector
. NOVA 810km 700kW 2014-
(Fermilab)

-g# Masashi Yokoyama (UTokyo)
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T2K: data and predictions

Predicted (sin2023=0.528)

Observed
O=+T11/2 O=TT O=-T1/2

v beam, 1Ry

v beam, 1Rp

v beam, 1Re
O decay-e

v beam, 1Re

1 decay-e ' ' ' ' sin2023 = 0.528
v beam, 1Re sin2013 = 0.0219
0 decay-e ' ' ' ' Am2zy = 2.5x10-3 eV?

Consistent with maximal v, disappearance
Prefer large CP violation (6cp ~11/2)
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T2K systematic error

1-Ring u 1-Ring ¢
FError source FHC | RHC || FHC | RHC | FHC 1 d.e. | FHC/RHC
SK Detector 2.40 | 2.01 2.83 | 3.79 | 13.16 1.47
SK FSI4+SI14+PN 2.20 | 1.98 S sl g M| 1.58
Flux + Xsec constrained || 2.88 | 2.68 3.02 | 2.86 | 3.82 2.31
E;, 243 | 1.73 7.26 | 3.66 | 3.01 3.74
o(ve)/o(Ue) 0.00 | 0.00 2.63 | 1.46 | 2.62 3.03
NC1~y 0.00 | 0.00 1.07 | 2.58 | 0.33 1.49
NC Other 0.25 | 0.25 0.14 | 0.33 | 0.99 0.18
Osc 0.03 | 0.03 3.86 | 3.60 | 3.77 0.79
All Systematics 4.91 | 4.28 8.81 | 7.03 | 18.32 5.87
All with osc 4.91 | 4.28 9.60 | 7.87 | 18.65 5.93
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Mass hierarchy from Super-K

Determination of hierarchy determination

6

N

Incorrect hierarchy rejection Ay?
- W
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Phys. Rev. D 97, 072001 (2018)

Mass hierarchy sensitivity

— (328kt-yr) = SK 60,3 constrained, @best fit point Inverted
~ i Super-K with T2K v,,, v, i N.ormal hierarchy
- hierarchy~.

—
Q
N

_ Sensitivity heavily depends
on sin“8,;

p Eh | T i
=0.027 f‘f‘j‘

—
Q
w

Fraction of pseudo data sets

—
Q
H

| | | | | | I | | | | I | | | | | | | | | | |
0.4 0.45 0.5 0.55 0.6 -15 -10

sin? 054 (XI%IH,min — XIZH,min
Estimate p-values using pseudo-data
for the smallest and largest sin® 8.

. n . . . _ pO(IH)
Hypothesis test ~ CL, method : CL(IH rejection) = rp——
Normal hierarchy is favored mmp SK only 80.6 ~ 96.7%

SK + T2Kmodel 91.5 ~94.5%
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NOvVA: v, and v, data

Neutrino beam NOVA Preliminary Antineutrino beam NOVA Preliminary
£ '+Fppaa - - ' 4 Fppaa -
u - T . 8 . - 4 —]
[ All Quartiles Predicion - | Al Quartiles Prediotion
10—_ 1-0 syst. range ] i 1-0 syst. range
> - Wrong Sign:v,CG- _ Wrong Sign:v, CC.
oA | Total bkg. _ 6l Total bkg. =
— o[ ‘ —— Cosmic bkg. I | Cosmic bkg.
o [ ] I ]
2 o l T - 4 1 -
E i _ i — |
o 4 ‘[ T - I T ]
- ‘I I - T HTH 1+ _
21— 41 _ - -
i 1 ' | B — = —
L RS e
0 ., o === I T
0 1 2 3 4 5 0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
Observed 113 Observed 65
Best fit prediction 121 Best fit prediction 50
Beam BG 1.2 Beam BG 0.6
Cosmic BG 2.1 Cosmic BG 0.5
Unoscillated /30 +38/-49(syst) Unoscillated 260 +12/-14(syst)
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NOVA: ve and ve data

vurmomote ___ NOVA Preliminary Antineutino mode NOVA Preliminary
> 40— Low PID High PID ~ BET T lowPD 1 " HighPD | T T ]
5 T | ] = f 1
C?; |t FDdata — ] CJ)' - —4— FD data | |
— 30— —— 2018 Best Fit prediction o % . |GL) C 018 Best Fit predicti = i
O | I wrong Sign Background = | N - e? " Predieion ol @ =
c?' B Total Beam Background 8 % 7 8-) 10[— - Virong Sign Background S %_)_ ]
S - _ o = o i Total Beam Background O 5 |
- } Cosmic Background - S . a
5 20— : ] — | Cosmic Background .
To) - - X - ' -
@ + : 5 :
2 - - © 5/ <+ —
» 10 _l_ — ~ i 1 |
c - . 2
o) i - . c - s T
L|>J i -I-I | %’ ] S 4 -
ol e [ W r ] -
1 2 3 4 1 2 3 4 ol
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)
Observed 58 Observed 18
Prediction 30-75 Prediction 10-22
Wrong-sign 0.3-1.0 Wrong-sign 0.5-1.5
Beam BG 11.1 Beam BG 3.5
Cosmic BG 3.3 Cosmic BG 0.7
Total BG 14.7-15.4 Total BG 4.7-5.7

>40 evidence of ve appearance!
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NOvVA systematic uncertainties

NOVA Preliminary NOVA Preliminary

Detector Calibration Near-Far Differences

Neutrino Cross Sections Detector Calibration

Muon Energy Scale Neutrino Cross Sections
Neutron Uncertainty Detector Response
Detector Response Normalization
Normalization Muon Energy Scale

Beam Flux Neutron Uncertainty

Systematic Uncertainty Systematic Uncertainty

Statistical Uncertainty Statistical Uncertainty

0.05 3'0.(')5' —— %5 0 05
Uncertainty in Am2, (x10™ eV?) Uncertainty in ./

]
1
1
:
1
1
:
:
1
Near-Far Differences : Beam Flux
1
1
:
:
0

NOVA Preliminary

|
Neutron Uncertainty

Improved systematic uncertainties. We are

Detector Calibration

still statistics limited but calibration and

Neutrino Cross Sections E
Muon E Scal : : ..
uon Energy Seale : cross sections are the largest uncertainties.
Normalization .
Detector Response E
Near-Far Differences 5 Our upcoming test beam program will
0

Beam Flux

address the calibration and detector

Systematic Uncertainty

Statistical Uncertainty

—— == response uncertainties.
Uncertainty in sin®0,, (x10°°)
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NOVA

NEUTRINO INTERACTION TUNING

NOVA Preliminary . '
Default GENIE Neutrino Beam The tuning is done independently for the

Vi + ¥, CC Selection neutrino vs antineutrino beam samples.
—+ ND Data
I QE

B RES Various corrections and tunings are applied:
[1DIS
Bl Other

Correct quasielastic component to account
for effect of long-range nuclear correlations
using model of Valéncia group via work of R.

Gran (MINERVA) [https://arxiv.org/abs/
0 01 0.2 03 04 05 06 0.7 0.8 0.9 1

Visible E_, (GeV) 1705.02932]
NOVA Preliminary
Neutrino Beamn Apply same long-range effect as for QE to
Vi + ¥, CC Selection resonant baryon production as well.
—+— ND Data : : : ,
[ MEC Nonresonant inelastic scattering (DIS) at high
I QE invariant mass (W>1.7 GeV/c?) weighted up
E S:ESS 10% based on NOvVA data.

B Other

had (

Iﬂlllllllllllll

0 01 0.2 03 04 05 06 0.7 08 09 1
Visible E, _, (GeV)
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. Masashi Yokoyama (UTokyo)

We observe 113 events and expect 126 at this combined best fit for the neutrino beam mode
and observe 65 events and expect 52 at the best fit in antineutrino beam mode.

If fit separately, the antineutrino beam mode prefers a more non-maximal solution than the
neutrino beam mode. However the X2s are consistent with the combined fit oscillation

NOVA

MUON NEUTRINO DISAPPEARANCE

The combined data of neutrino and antineutrino beams are fitted assuming CPT invariance.

parameters with p > 4%.

Mayly Sanchez - ISU

No Feldman-Cousins NOVA Preliminary
.~ - 1 - 1 - 1 1
NOvVA NH 90% CL

v,only —v +v,

—VM only 2017 vy

o
.
.
R
Y
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WHAT IS DIFFERENT IN ANTINEUTRINOS?
WRONG-SIGN CONTAMINATION

NOVA Preliminar

1500 | | | | | | | | | | | | | | I | | L
B 0.0% v, + V, :
| 99.70/0 VM + vu _
(o)
% - 0.3% NC Flux and cross-
®© 1000 section systematic —
= i fake experiments |
o) : _
o
> - i
()
o B i
LL o _
~  Neutron Capture Rate —O— |
O | | | | | | | 1 1 I 1 | | | I 1 | |
0 0.05 0.1 0.15

Wrong-sign fraction in v, selection

Fake experiments

NOVA Preliminar

| ! ! ! ! | ! ! ! ! | ! ! ! I ! ! ]
800— _ _
N 91% v, + V, B
n 4% v, +V, .
|— o —
600|— 5% NC Flux and cross- _|
i section systematic
fake experiments |
400— —
— Wrong-sign BDT O -
— Prong CVN Proton ID O -
200— —]
— Event CVN Proton ID O —
O ] l l l l | 1 1 | | I | | | | I 1 l l |

0 0.1 0.2 0.3

11% wrong-sign in the v, ND sample background

Wrong-sign fraction, high CVN v, selection

Consistent with data-based cross-check using neutron captures.
22% (32%) in the Ve ND background in the high (low) PID bin

Consistent with data-based cross-checks using identified protons and event kinematics.

*~10% systematic uncertainty from flux and cross section

Does not include uncertainties from detector effects.

Mayly Sanchez - ISU
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PREDICTING THE FAR DETECTOR
OBSERVATIONS

The neutrino spectrum is measured at the ND (before oscillations), this is a combination of
neutrino flux, cross section and efficiency.

Estimate the underlying true energy distribution of selected ND events.
The measured spectrum is used to make a prediction of the expectation at the FD

Multiplying the true energy distribution by the Far/Near Ratio, applying oscillation
probabilities and then converting to a predicted reconstructed energy distribution

Since NOVA has functionally similar Near and Far Detectors the flux combined with the cross

sections uncertainties largely cancel.

— ND data
Base Simulation

FD Events/1 GeV

Data-Driven Prediction

10° ND Events/1 GeV

L'

5

||||||||||||||||||
1‘5|||||||||||||||
II|II]'I|||||||||||||||

True Energy (GeV)
True Energy (GeV)

'.!/T‘r—

A .

_kII|IIII|IIII|IIII|III

MIIlIIIIlIIIIlIIIIl

O.I'NH"""" IT

-
V)
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0 1 2 3 4 2 3 4

1
ND Reco Energy (GeV) 10° ND Events 10 F/N Ratio FD Events FD Reco Energy (GeV)

)]
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