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Long-baseline neutrino oscillation basics

- Using a accelerator based neutrino beam, which can run as either a beam neutrinos or anti-
neutrinos

- Designed measure four samples
-V, appearance (v,—V,)
- vysurval (v, —v,)

« and the anti-neutrino versions of the same

Create ~100% muon-

Measure beam
content after
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beam with ND

neutrino beam (or anti-
neutrino beam)
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Neutrino mass mixing matrix factorizes into three terms

C12 512 \ 4
—S812 C12 )
1

/us

Am?2, ~ 8 x 10 °eV?
L/E = 15,000 km/GeV

Ve_)’Ve

I/e — Ve
Vi — Ve V€_>VH+V’T
atmospheric and reactor and solar and
long baseline long baseline reactor

CapB = COSnB Sap = Slgg
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Am2, ~ 8 x 107 °eV?
L/E = 15,000 km/GeV

Vy — Ve I/e—>1/u+y7_
atmospheric and reactor and solar and
ong baseline long baseline reactor

At L/E probed can be approximated by 2-
flavor oscillation in a vacuum

LBL experiments can probe Caf = COSaB Sas = Silag
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v,—V, Vv, disappearance in a v, beam

Py, —v,) ~1 — sin” ((e}\e/\zf]]Ly[km]>

Can make precision measurements of the amplitude, atmospheric mixing
angle, sin?(2023), and frequency, mass difference, Am?;,

- UV, UV
1.0 11 Hom e Detector placed where muon-
ol Il f‘ 1 neutrinos maximally oscillated
T into tau-neutrinos and electron-
0.6| i neutrinos
|
4 ' First maxima, location of
1] =P First maxima, ocation o
0.2} ’) Il \j most LBL neutrino
| 1l .
0.0 _MJUM, W experiments
0 5

* L/E [km/MeV]
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v,—V, Vv, disappearance in a v, beam

1.2.% 1L, [k
Py, —v,) ~1 — sin? 5 [(e;VV]] k|
V e

Can make precision measurements of the amplitude, atmospheric mixing
angle, sin?(2023), and frequency, mass difference, Am?;,
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Am?2, ~ 8 x 10~ eV~
L/E = 15,000 km/GeV

Ve — Ve
Ve — Vy 1+ Vs
atmospheric and reactor and solar and
long baseline long baseline reactor

LBL experiments can also probe Caf = COSaB Sas = Silag
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vV,— V. V. appearance in a v, beam

To describe ve appearance must use full 3-flavor description and include
effects of interaction of neutrinos with matter

, _ sin® A(1 — A .
P(VH — Ve) ~ Sln2 023 SIHQ 2913 (1 _(A)Q ) J = cos (913 sin 2(913 sin 2(912 sin 2923
N — - _ A = +2V2Gpn.E, /| Am?
+a.J cos(A £ 5(}P)SmAAA sm(?(lA)A) A IZL 2 lf /Z’;
- = KMz Ly v
< 2
AA _
+a? cos? 093 sin? 2601 smA2 X = Am%l/Am§1
)
all I Has sensitivity to some of
h 11| . . -
-M i the biggest questions in
i the field
il
il | h ’] .
VTV MR First maxima, location of

Yo, ¢ | l | 25 30 =jp MOSt LBL neutrino
L/E [km/Me :
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Neutrino Mass Hierarchy

, , sin? A(1— A -
P(V,u — Ve) ~ sin’ 023 sin” 2013 (1 —(A)2 ) J = cos 015 sin 2603 sin 2615 sin 2053
i sin AA sin A(1 — A) A = £2V2Grn.E, %
A =+
o cosl& = dor) T A= v 17,
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_ 5
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Inverted hierarchy [EEENGS Neutrino energy (GeV)

Matter effect: Electron neutrinos experience
v; [ : additional integration with electrons in the earth

mass
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Charge Parity violation, ocp

2 - . . .
P(v, — v,) = sin® a3 sin” 20,3 Sm(lA(lA) A) J = cos 013 sin 2613 sin 2615 sin 2095
N _ 2
7 eos(A sin AAsin A(1 — A) A = £2V2Gpn.E, [ Ami,
+aJ cos( @ 1 (1— A) A = Am2, L, AE,
SiHZ AA o = Am%l/Amgl

+a? cos? Ba3 sin® 2015

A2

Neutrino

CP conserved

Antineutrino
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sl " " Nomat O = 37-[/2 " Nomatter effects —
- Sin°20 sin°20,,=0.085
i IAm32I—2 44x10 ev2 IAm2,1=2.44x10°eV?]
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o | mn
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= B | = -
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21l 2f
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Neutrino energy (GeV) Neutrino energy (GeV)

Do neutrinos conserve Charge-Parity”
Could provide insides into the matter anti-matter difference in the universe
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NOVA: Off-axis long-baseline neutrino oscillation

5
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Huge, low-Z, 65% active, liquid scintillator tracking calorimeter

To 1 APD pixel

A

%
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Designed to maximize electron neutrino selection efficiency
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Experiment will run until 2024, results shown here represents about
20% of the total data to be collected

Neutrinos: Antineutrinos:
8.85e20 Protons-on-target 6.9e20 Protons-on-target
Neutrino mode NOVA Preliminar Antineutrino mode NOVA Pre“mlnary
O e I A I L e B e
% E —— FD data E % - —— FD data -
c?,' 20l —— 2018 Best Fit prediction ] c?,' 15 —— 2018 Best Fit prediction ]
= - I Wrong Sign Background - - , B Wrong Sign Background .
g_) . " Total Beam Background - 8_) i [ Total Beam Background i
S 30_— Cosmic Background ] < i Cosmic Background |
= B i S 1ok _
X T ] x T ]
&0 201 l - 5 i 1 T |
© | | ] S [ ]
7 i ] > 5 —
€ 10 — c B ]
o i i o i ]
L S — : g :
ol L 1o B , I ]
0 1 2 3 4 5 % 1 2 3 4 5
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

e Measure 58 events in the neutrino beam with a predicted background of 15 events
e Measure 18 events in the antineutrino beam with a predicted background of 5.3 events

Greater than 40 evidence of electron antineutrino appearance in long-
baseline beam
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Charge-parity phase, oécp, at NOVA

Full joint fit all systematics, oscillation pull terms shared. Feldman-Cousins
corrections applied, 6,3 is the least well constrained of the mixing angles

Normal Hierarchy Inverted Hierarchy
NOVA Preliminary NOVA Preliminary
e Y
= —

‘ 061 —
R _
_: NE 0.5 §
7 (7)) B /
- = 0.4 .
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0-3__..1.0.I:.Iz|0 |;|30 I+Bes’[ FI’[I | | .NI.'I__ 0.3__-10 026 O30 H
0 T T 3n 21 S we—
5 0 it 3n O

Ocp 2 2 S 2

CP

B13 using world average from PDG
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Charge-parity phase, é6ce, at NOVA

L L I L L I L I L
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NOVA looking forward

 NOVA will continue take data until ~2024

* Plan to run 50% neutrino, 50% anti-neutrino after 2018
* Proposed accelerator improvement projects, enable beam up to ~1 MW, and
test beam program reduce uncertainties enhancing NOvA's ultimate reach
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T I T T T I T T T I T
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. 2 . 2
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12K

e ~500 members, 67 Institutes, 12 countries

e [2K Is a long-baseline neutrino experiment with a 600 MeV narrow band
muon neutrino beam

e Steadily increasing beam power, steady running now at 485 kW
e Detectors 2.5° off axis from neutrino beam
e Neutrino energy spectrum tuned to hit oscillation maximum at tfar detector

Far detector, Super-Kamiokande

295 km from source

Near detector at 280 m

Super-Kamiokande
P from beam source

Mt.Noguchi-Goro Dake
2 G2 J-PARC

Near Detector ‘|

Mt.lkenoyama
1,360m
sea level

i 1,000m =
Neutrino Beam

295km
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Electron Neutrino
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e Far Detector is liguid Cherenkov detector
e Stainless-steel tank, 39.3m diameter and
41.4m tall Analysis results presented today:
e Filled with 50,000 tons of ultra pure water - 1.49e102! POT v-mode
currently being dropped with Gd 1.12e102' POT V-mode
¢ 13,000 sensitive photo-multipliers
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Electron (anti)neutrino appearance

0 O0=+mn/2 O=n Data

sample o0=-nm/2 O

neutrino p CCQE Observed events at
anti neutrino § CCQE Super-K. |
predictions assuming
/3.8 61.6 50.0 62.2 79 NH, 2016 PDG 613, and
6.9 6.0 4.9 5.8 15 O25=45°
11.8 13.4 14.9 13.2 9
—~ 180 T2K Runl-Yc Preliminar T2K Runl-Yc Preliminar T2K Runl-Yc Preliminar -
5 F - — 0.18 f g
5 Ve (CCQE) | 3 Ve (CCQE) M :
S 140E TE 0.14 f %
" n0p 3 o2 | :
oF o1 | 2
80F- - 0.08 f
60 - . 0.06 f
aof- - 0.04 |
20F- | = - 0.02 |
02 04 06 08 T N2 0 02 04 06 Tos TUINRTRO 5304 06 o 120
v Reconstructed Energy (GeV) v Reconstructed Energy (GeV) v Reconstructed Energy (GeV)
Antineutrino results
¢ Test hypothesis of appearance (expect 11.8 HYPOTHESIS P-VALUE

events) and no-appearance (expect 6.5 events)
* Observe 9 events
® No strong statistical statement yet
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Charge-parity phase, éce, at T2K

TZKRUI\I-%&_&M 1
lllll'l"l'll"'l%’/---- _ —
» Best fit

T2K-only PDG 2016 -——- bevestnd - 0CL

W

* Binned-likelihood oscillation fits to all far-
detector samples simultaneously (muon and
electron)

* Marginalize over all nuisance parameters
* Two oscillation fits:
e Fit for 813 using T2K data
 Use 2016 (reactor data only) PDG value /

o
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|
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|
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|
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as a constraint

2K Rup 1.9¢ Prelpin

3 ---- Normal - 68CL
* Consistent with reactor measurements of 613 | with reactors 5% — imered-sact -

« (CP-conserving values outside of 20 region
for both hierarchies

« Slight preference for normal hierarchy
e Data fit stronger than sensitivity
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Charge-parity F&C 20 confidence intervals T2K Runl-9c Preliminary

_l 1 L | l LI L l L L l LI L l LI L l L L l_
- Including reactor constraint =
phase, 6cp at b J E
- — Normal -
T2K 25 — Inverted —
= ol NN N -
5 N E‘g‘ =
07 l i;:l 1 g l ;5 | 1 l 1 1 1 l 1 1 1 l 1 . 1. 1 l:
-3 -2 -1 0 1 2 3
Ocp
dcp | Hierarchy | 90% 20
0 NH 0.421 | 0.288 | ® CP conserving values outside of 20 region
T NH 0.388 | 0.248 for both hierarchies
0 IH 0.768 | 0.660 | ® 19% of toys exclude CP conservation at 20
T I1H 0.783 | 0.685 CL (both écp=0 & scp=T)
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T2K looking forward

Super-K undergoing Gd doping this summer, improves neutron detection capability and may
provide wrong sign background constraint in T2K anti-electron data

In 2016, T2K phase 2 run extension given Stage-1 status by KEK/J-PARC.
Proposal to collect 8x more data by 2027, 20e10°" POT, arXiv:1609.04111 [hep-ex]
Approved beam upgrades allow 750 kW operation, with eventual upgrades to 1.3 MW (2021)

T2K initiated Near Detector upgrade project in January 2016 in collaboration with CERN

Enables T2K to have up to 3o
(median) CPV sensitivity

Sensitivity improves beyond
3o with reduced systematic

errors

— —
o 9

A %Z to exclude sind =0
Q1

()

5 :

Protons-on-Target (x1027)
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Combing T2K and NOVA

Tz K Home News About T2¢ About Neutrinos Photos Videos Contace

Preparing for a joint working group:
three workshops held so far.

T2K and NOvVA collaborations to produce

jOiIl( neutrino oscillation analysis NOvA-T2K Joint Workshop on Neutrino Interaction Uncertainties in
Oscillation Measurements

chnirad wy Teuyoets Nelcys (Cyolo) Mosgan Wascen (Inpecad Colage | onden), Pemr Shasatan Feeminh) Mak Moosier {Infiana)

January 3, 2018 from Sunday, October 15, 2017 at 0900 1o Tuesday, Ocloder 17, 2017 at 12:00 (Asia/Tokyo)
@ KEK Tokalk-1 | Room 118)

The NOvA and T2K Collaborations are working towards the -
. L A Deacription Exparts fom NOVA and T2K collaboraton will dsouss
formation of a joint working group to enhance the measurements of - St md Rt proRctions

) - Datais of 0ur mapocive cross-saction Wnes
neutrino oscillation parameters made by each Collaboration - Detals en underlying comespondence betweer GENIE and NEUT modds
. « Dot of e cescdialon measuronents and th jo of uncerianrties, ard By work 0 o on vha
individually. The projected timescale of the NOvA-T2K working et e B o et
group is for production of a full joint neutrino oscillation analysis L
Materia:  Group photo Shoes

2021.

s SSaSS ,a:@ﬂ
Slide from Morgan Wascko
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DEEP UNDERGROUND

Sanford Underground
Research Facility

Fermilab

e me - ———
- oy
- ~

The DUNE collaboration is currently made up of over 1000 collaborators from 175
institutions in 32 countries plus CERN
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DUNE — Overview 2018: pg)écg)NUNEs at

$

2019: Technical Design

 Located at SURF’s 1478 m level
Report

* Wide-band (~Gev range) 1.2 MW neutrino beam,
upgradeable to 2.4 MW

« Four 10kt of fiducial mass Liquid Argon Time 2019: Far Site Primary
projection Chambers, Single and dual-phase Excavation Begins
detector designs ]

 Near Detector located ~600 m from neutrino
source, final design still under discussion 2022: First I\éleod_ule Installation
gins

'T. ‘,—

 DUNE'’s primary physics goals include |
* Measure CP phase ) Commissioning/Physi
« Supernova and proton decay |

* Measure mass hierarchy
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conceptual drawing of detector and location underground

Detectors: Liquid Argon
Time Projection Chambers

4 giant detectors, each
about 1/2 the size of a
football field, containing
70 thousand tons of
liquid argon kept at
minos 186°C

Cosmic muon

LArTPC features:
e Precision 3D imaging from mm-scale
resolution
e Accurate calorimetry from fully active
volume and large ionization signal
e PID from dE/dx, event topology
Run 3493 Event 41075, October 23*¢, 2015 ¢ Unlque e/x Separatlon

A highly ionizing track

Cosmic muon
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Breaking the degeneracy

Normal mass hierarchy, different ocp

-~ 0.2¢
T 0.18[E~mm—  Vacuum oscillations, all terms,5_, =
S o 1o — All terms, 5, = + /2
a 4 TI111111 Allterme,Scpz-n/Z
0.14 F=ummnnnn  All terms, i:’op =7

« Both mass hierarchy and &cp change
the height of the peak

« Each shifts the peak differently in L/E —

0.12 use shape to disentangle
0.1
'Ll « DUNE will first and d
Ll WIII See TIrSt ana secon
0.04 oscillation maximums
0.02
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> »
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DUNE electron-neutrino appearance

- Measure v, appearance and v, disappearance over range of energies
- Disentangle mass ordering and CP violation effects

Ve Ve

120
- §he DUNE v, appearance 35: DUNE v, appearance
i :\150 kt-:VII\‘I:\II-]yg v rr(n)ode - 150 kt-MW-yr ¥ mode
B : lormal MH, o¢p= 30 Normal MH, 6.,=0
oo i sin’(0,,)=0.45 i sin%(6,,)=0.45
N ’ "" - Signal (Vv .+v,) CC B E' ) E. — Signal (v +v,) CC
> _ Beam (v +v,) CC > 25— 0’ Beam (v_+v,) CC
O 80— — NC o [ il —— NC
O - (v.4v) CC S | '--I_ (¥.4v) CC
Te) - (v,+v,) CC To R Y)| ; =1 (v,4v,) CC
0! B -— CDR Reference Design N i E _[ ) : 1 - CDR Reference Design
Q 6o— ' I ... Optimized Design Q - ; AY%l g Optimized Design
a T A s i il
e n e 15 , 1
5 5 F .
> 40,.. > LT
L - Ww 10 i
- ; : .‘ "-.
20 5[ - B
I S Ly d . - --'.
B TN P e e e O B -
T T -/ years
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 of data

Reconstructed Energy (GeV) Reconstructed Energy (GeV)



L. Suter IPA 2018

DUNE CP sensitivity

CP Violation Sensitivity

Ocp Resolution

10 — 40
DUNE Sensitivity 7 years (staged) DUNE Sensitivity
Normal Orderi
9 sizzl:e: =r0§g; gi 0.003 10 years (staged) 35 7 yea's Normal Ordering
0,,: NuFit 2016 (90% C.L. range) === sin’0,, = 0.441 = 0.042 sin’20,, = 0.085 + 0.003
8 = an 8,,: NuFit 2016 (90% C.L. range)
""""" [} 0
7 S0 3 B oc- - 2
y 6 ’l/ "“ ,:,,’ "‘-‘ §" 25 - o cp =
: I /[ s 5o J RN N T, sin’d,; = 0.441 + 0.042
I [\ W [ - L - S 20
I i A 44 3 10 years
O ’ v “-'- u:," “--'-
I Al g 15
.",' "_': 30 .'," At oc
e R J
W |\ o
oF-if 8 ) \ \
1 i ;
o.l L I Ll I Ll I Ll I L I":I L I | I Ll I | I L I“ % et l2!“5 .466 .:-660. A 1860‘ l1lololol1lzlolol1l4lolo
-1 -0.8-0.6-0.4 —0.26 ?,/ _ 0.2 04 0.6 0.8 1 Exposure (kt-MW-years)
C
Width of band indicates variation in Sagng |
- 2026: 20 kt far detector with 1.2 MW beam
possible central values of 123 based - 2027: 30 kt far detector
: - 2029: 40 kt far detector
on NuFit 2016 values

- 2032: Upgrade to 2.4 MW beam
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ProtoDUNESs

 Currently two (single and duel phase) prototypes being built at CERN
- First tracks seen just a few weeks ago, continuing to take test beam data

- Working to validate the technology going into the first two far detector
models

First particle tracks seen in prototype for international
neutrino experiment

September 18, 2018 o Sharci’ O Tweet| G+ Q Email

- Beamline
\ ;l - ;/ i

7 =
7 A
/

g

g

Time (Ticks)
£ 3

¢

Wire Number

ProtoDUN

5 - Y w—
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conceptual drawing of detector and location undergroun
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|
FY
H ype r— K d eta I I S 2018 2019 2020  202| 2022 2023 2024 2025 2026

Construction management -
L

Licensing

procedure R Access tunnel - Cavern excavation J Tank lining PMT support & PMT installation
Preparatory construction Appro,ach tunnels, water room 1 Water system
: : . . Geological - construction ;, ing\\] Operation
* C(Collaboration is growing 15 countries, 73 &5 e
7

Y
.~ Excavated rock disposal at Maruyama
Preparatory construction

|nSt|tUteS, ’\’300 members for excavated rock disposal

Tank final design

Photosensor production

Photosensor housing production

v V V

* [ar Detector is similar in design to
Super-K but much larger
* Hyper-K:60mx 74 m
volume 260 kton, per module
e Super-K:41mx39m
volume 50 kton 1.0m

Electronics production

. 0.6
>t
Mdé“‘ P 1El ‘QJ%"’"%\__N Rl l w00 | 1000 :;r.-'m_
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Hyper-K Electron-Neutrino appearance

Neutrino mode: appearance Antineutrino mode: appearance

T . f B
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Reconstructed Energy E* (GeV) Reconstructed Energy E™* (GeV)
0 =0deg Appearance | Wrong |Beamyv, Numbers aSSUl’ﬂlngi
signal sign background background 1 Hyper_K tank, 1.3 MW beam and
v mode —— 1:3 ratio anti-nu of beam.

anti-v mode 1183 206 317 196 10x107 sec, Siﬂ22913 — 01, §=0
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systematic uncertainties 3-4 %
: 10 - Normal mass hierarchy HK 1tank 10years -
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Sensitivity comparisons
from Hyper-K

Hyper-
Single tank
Normal hierarchy

Systematics 3-4%
ratio neutrino/anti 1:3
CPV ( &6 =-90 deg, 50)
1.3MW x 4 years

DUNE
Staging plan
Normal hierarchy
CPV (6 = -90 deg, 50)
253 kt MW year
0.5 years

Combination T2K-Il and
NOVA can reach

4.50 for 6= -90 deg by
2026

Significance [O]
N IN o) ® o
llll]lllllIlllllllllIl”lllllllllllllll[llll|llll

o

Significance for o = 0 exclusion

- Normal mass hierarchy
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Hyper-Kamiokande Experiment to Begin
Construction in April 2020

19 September 2018 - Kavli Institute for the Physics and Mathematics of the Universe

Last week at the 7th Hyper-Kamiokande proto-collaboration meeting, a statement was issued by the University of
Tokyo recognizing the significant scientific discoveries which the planned Hyper-Kamiokande experiment would
enable.

It states that, based on these exciting prospects, the University of Tokyo will ensure that construction of the
experiment will begin in 2020. Hyper-Kamiokande now moves from planning to a real experiment.

The Hyper-Kamiokande proto-collaboration welcomes this exciting endorsement of the project and the boost it will
give to increasing even further the international contributions and participation in the experiment. Introducing the
statement, Professor Takaaki Kajita, Director of the Institute for Cosmic Ray Research at the University of Tokyo
and 2015 Nobel Laureate in Physics, pointed out that the Japanese funding agency MEXT has included seed funding
for Hyper-Kamiokande in its JFY 2019 budget request. He illustrated with many examples that it is standard in
Japan for large projects to begin with a year of seed funding, and said that in any case the University of Tokyo
commitment meant that Hyper-Kamiokande construction will begin in April 2020.

The Hyper-Kamiokande Proto-Collaboration will now work to finalize designs, and is very open to more
international partners to join in this far-reaching new experiment.
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Conclusions

* On-going experiments
« NOVA and T2K both showed new results this summer

e Both experiments continue to show conserving values outside of 20 region for

both hierarchies
» Slight preference for normal heiarchy

 NOVA showed its first anti-neutrino results summer 2018, with 4 sigma

evidence for electron-anti neutrino appearance

* Looking forward
e DUNE: First of four detectors online in 2024 and
beam in 2026

* Hyper-K initial approval for construction in 2020
and operations to being in 2026

Thanks for all the people | took slides from, including Mayly
Sanchez, Yury Kudenko, Morgan Wascko and others
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Dune systematics

CPV sensitivity
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Target Hall
A

Evacuated Pipe
A

Target
120 GeV

Protons from

Main Injector

Horn 1 Horn 2

10m 30m

Horn pulsed at -200 kA (or +200kA
to make anti-neutrino beam)

Beam Stop

Muon Monitors
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Current version classifies, events in NC, v, CC, v, CC, v, CC and cosmic

80,

70

i I

liNag

Muon neutrino g nE 14

FEATURE MAPS

a0l ™

Cell

Electron neutrino
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10r FEATURE MAPS

Extracted features used as inputs

Input is calibrated hit maps, after clustering o neural network
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Hyper-K rates
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Hyper-K oscillation probabilities

neutrino anti-neutrino

L=295km, $in226:5=0.1 Hi L=295Kkm, $in226;5=0.1
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J-PARC Main Ring Fast Extraction Power Projection
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NOVA Atmospheric mixing angle limits, 623
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e Running at 700 kW design power since January 2017, the
highest power beam in the world

e Analysis of 8.85x1020 protons-on-target in neutrino beam
configuration
e First 6.9x1020 POT of antineutrino beam recorded February

2017 to April 2018
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Total Observed 58 Range

Total Prediction 50.0 30-75
Wrong-sign 0.7 0.3-1.0
Beam Bkgd. 11.1
Cosmic Bkgd. 3.3

Total Bkgd. 15.1 14.7-15.4

Total Observed 18 Range

Total Prediction 15.9 10-22
Wrong-sign 1.1 0.5-1.5
Beam Bkgd. 3.5
Cosmic Bkgd. 0.7

Total Bkgd. 5.3 4.7-5.7



