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Neutrino Oscillations in Brief

Neutrinos are produced by the weak interaction in weak
interaction eigenstates: v,,v,, v,

There is no reason for these eigenstates to be identical to the
mass eigenstates: v,, v,, v,

They are related by a unitary transformation:

Ve Ue1 Ue2 Ue3
Vi |5 U,u1 U;l2 U,u3 Va

u

v U, U, Usjlv,

T

e The mass eigenstates propagate as e ©''". Thus, different
masses develop different phases with time, resulting in
oscillations in the weak eigenstates:

e If we consider only 2 states, then

vV,= Vv,co0s0+v,sin6

v

5 =—V,8in6+ v, cos 6

and

P(v, — v5) =sin?(26)sin , where

2( 1 .27Am2L]

Am? =(m? —m?)isin(eV/c?)? Lisinkm,and E is in GeV.

In addition to the vacuum oscillations an important effect due to propagation
in matter was pointed out by Mikheev, Smirnov and Wolfenstein (MSW).




Genesis of Neutrino Oscillations

1957-1958 irst proposal by Pontecorvo

4 Nonconservation of Lepton Charge

INVERSE B PROCESSES AND NONCONSERVATION
OF LEPTON CHARGEY

|
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Since 1970 Pontecorvo and Bilenky carefully and
systematically studied possible oscillation
scenarios and suggested their experimental tests
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Discovery of Neutrino Oscillations

Deficit of the Solar neutrino flux was observed using radiochemical methods:

Homestake

(neutrino + Cl — Ar + electron) - GALLEX/GNO
12 e ——————————————————

proposed by B.Pontecorvo and used

o« . Bahcall-Serenelli 2005
by R.Davis in Homestake

Neutrino Spectrum (+10)

(neutrino + Ga — Ge + electron) -
suggested by V.Kuzmin and applied
in SAGE at Baksan and GALLEX/
GNO at Gran Sasso

also Water Cherenkov detectors
Kamiokande and SK observed this
effeCt Neutrino Energy in MeV

Oscillations were the most plausible explanation of the deficit but there was a
suspicion in the theoretical uncertainties of the Solar neutrino flux prediction
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PMNS today
What We Know

atmospheric short baseline reactor solar
accelerator v, accelerator v, long baseline reactor
-id
1 O 0 Cy3 0 spe Cp ! 0 Vi
= 0 C23 5'23 0 ]. O i : 2 O ‘,f)

i6

923 ~ 450 913 ~ 90 912 =X 34‘0

normal hierarchy (NH) inverted hierarchy (IH)
m2 A Am
« m>m, T — vo
A Am2
2 2
. Am31 >> Am21 1741
Am?

atm

It is known that E

However, we don't know

m, > mll2 or m, < ml’2




How to measure 8,5 ?

Disappearance probability at reactors:

P, = 7.) =1—sin®20;3

Clean 6,, measurement, best at a distance of ~1.8 km

Appearance probability at accelerators:

Sil’l2 923 Sil’l2 2913 —0.04 sin 2913

(= pnD)? (1= p L) S0P

Py, = ve) ~

Very rich - apart from 6, sensitive to 0,,, 6.p and MO,
but this introduce degeneracy of these parameters

Clear strategy for complementary measurements at
reactors and accelerators.



CHOOZ Limit on 9,

7e+p—e+n Inverse B-decay Chooz B

n+Gd = Gd* —» Gd+ ) i

Nuclear Power Station
2 x 4200 MWth

BU@B

distance = 1.0 km

E- - )

12222222222

90% CL. Kamiokande (multi-GeV)

(EEl 90% CL Kamiokande (sub+multi-GeV) . Chooz Underground Neutrino Laboratory
1 02 o 04 o5 06 0.7 8 0.9 Ardennes, France
S1

Sin*26 , <o.10 at 90% CL, PLB 466 (1999) 415

Limited by systematic uncertainties of the flux.




Solution for the flux uncertainty problem

Absolute Reactor Flux: Relative Measurement:
Largest uncertainty in Multiple detectors remove
previous measurements absolute uncertainty

Relative Measurement: A 2-Detector Experiment

Krasnoyarsk, Russia
first proposed at Neutrino2000

Krasnhoyarsk

- underground reactor

- detector locations determined
Detector t Detector 2 by infrastructure

Krasnoyarsk reactor underground site: 600 mwe

@

115m 1000 m

Target: 46 t 46 t
Rate: ~1.5x 106 ev/year ~20000 ev/year
S:B >>1 ~10:1

Ref: Marteyamov et al, e Ty o
hep-ex/0211070 -~

First proposed by L. A. Mikaelyan and V.V.Sinev at NANP-g9,
Phys. Atomic Nucl. 63 (2000) 1002, hep-ex/9908047.



Discovery of a non-zero

» >10 proposals were
suggested to measure .
0, at reactors e

experiments (NH)
- EF - Accelerator
H experiments (IH)
i | —e— Reactor

experiments (RS)

> later on joined around e e
thI‘ee: e e

» Double CHOOZ
(with INR participation)

» Daya Bay

-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.

e13

T2K 6 events

MINOS

DoubleChooz (Gd) 97 days
DayaBay (Gd) 50 days

RENO (Gd) 222 days
DoubleChooz (Gd) 228 days
DayaBay (Gd) 128 days
DoubleChooz (H) 240 days

T2K 11 events

DayaBay (Gd) 191 days

T2K 28 events

DoubleChooz (Gd+H) 246 days
DayaBay (H & Gd+H) 191 days
DoubleChooz (Gd) 468 days
T2K App. + Disapp.

DayaBay (Gd) 568 days
DoubleChooz (H & Gd+H) 463 days
RENO (Gd) 490 days

DayaBay (H & Gd+H) 568 days

30

» RENO Sin'20,

[1106.2822]
[1108.0015]
[1112.6353]
[1203.1669]
[1204.0626]
[1207.6632]
[1210.6327]
[1301.2948]
[1304.0841]
[1310.6732]
[1311.4750]
[1401.5981]
[1406.6468]
[1406.7763]
[1502.01550]
[1505.03456]
[1510.08937]
[1511.05849]

[1603.03549]
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Daya Bay measurement of 6,

1540 m from Ling Ao |
i4 1910 m from Daya Bay 8,
324 m overburden

t
Far Hall < e 13
i ’O\
.

Ling Ao Near Hall

R 470 m from Ling Ao |
K 558 m from Ling Ao |l
N 100 m overburden

Relative Measurement:
3 Experimental Halls (EH)
8 “identical”antineutrino

Ling Ao Il Cores
Ling Ao | Cores
Daya Bay Near Hall

363 m from Daya Bay b
¢ 93 m overburden / m 17.4 GW,y, power

m 8 operating detectors
m 160 t total target mass

Daya Bay Cores

—— Best-Fit
W/O oscillations
EH1
EH2
EH3

100 200 300 400 500 600 700 800 900
Ler / Ey (M/MeV)

Daya Bay: 621 days

—#— nH data

- - - nH best fit
—4— nGd data

- - - nGd best fit
—— nH+nGd result
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13}
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<
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1.5
Weighted baseline [km]

sin®20,3 = 0.0856 + 0.0029

|AmZ,| = (2.52 £ 0.07) x 1073

DB@Neutrino 2020
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Physics Prospects

1 — P2 — P3) — P32

cos?(0:3) sin®(26012) sin®(As; )

cos®(012) sin®(26,3) sin*(As;)
= sin®(6y2) sin?(260,3) sin®(As2)

Savannah River
Bugey

N ) . Rovno
Ay = I.QIAIIIfJ-L/IL : Gocsgen

A Krasnoyark

- ) . L Palo Verde
Neutrino mass ordering Choot ® KamLAND

* 30 neutrino mass ordering sensitivity within 6 years. - - '4 "
* 40 with Am?Z3; input from accelerator experiments. 10° 10 10 10
* > 50 combined analysis with IceCube within 3—7 years or PINGU 1e3

Distance to Reactor (m)
in 2 years (arXiv: 1911.06745) | 2000 days of data taking  —— No oscillations
Only solar term
= Normal hierarchy
= Inverted hierarchy

-

-

Neutrino oscillation parameters o =

* Sub-percent accuracy for 0,,, 9 ariv:1507.08613 .
Am221 and Angl

* Current precision

Am3, Amd| [ sm’0y; | sy | s by | 4 ~
Dominant Exps. | KamLAND | T2K SNO+SK | Daya Bay | NOvA | T2K B
Individual 1o 2.4% 26% 4.5% 3.4% 5.2% 0% ! L »l l‘

NuFIT 10 | 2.4% [13% | 4.0% [29% [38% | 16% : E_rés [%Isqrt(‘E)] s 3 Am3,
v

sin® 20,

Events per 1 MeV

l\in" 20,4

.

4 s 6 71 8 9
Yue Meng, Neutrino2020 Es, (MeV)
From CERN Courier

MO measurement in oscillations at reactors were for the
first time noted by S.Bilenky and S.Petcov in early 2000’s




Keys for the JUNO detector

Optimal baseline for the detector
Large statistics

* 26.6 GW,, power

* ~60 IBD events per day
Energy resolution < 3%/VE between 1
MeV and 8 MeV

2 2 a:the statistical term
8, _ a +02 4 c b: 3 coratant term independent of the energy,
E o \/F E dominated by position non-uniformiy
via i Bvie

& the contribution of  background noise term
Energy scale uncertainty < 1%
* Comprehensive calibration strategy
Background control

Multi-dimension
calibration systems
Top muon veto
Scintillator panels

Outer water tank
Muon Cherenkov veto

S
~u

Steel support structure
optical separation

18000 20-inch PMTs
25600 3-inch PMTs

Water buffer

Acrylic sphere
diameter: 35.4m

Liquid scintillator

20 kt of LAB

mm

8x20
~160
~8.5%

Target mass [tons]
Photo electron collection [p.e./MeV]
Energy resolution
Photocathode coverage

Energy calibration uncertainty 0.5%

~1,000
~250

20,000
~1200
~6% ~3%
34% 75%
2% <1%

~500
~5%
34%

EZIIKE

l Wi, OUiAHU, MIy

77 institutes

669 members

Yue Meng, Neutrino2020




I 2014
* International

collaboration
established
Conceptual
design

JUNO Timeline

* Detector ready for

data taking
2019-2021

I 2018 .
*  PMT potting

I 2017

*  PMT testing

start
I 2016 * TT arrived

* PMT production
start
CD parts production
PMT start
production line * Yellow book
setup published
CD parts R&D
Civil
eonstructlon

Yue Meng, Neutrino2020

Start delivery of
surface building
Start production of
acrylic sphere

Electronics production
starts

Civil construction and
lab preparation
completed

Detector construction




Other Physics with JUNO

* JUNO will be an exceptional detector

KamLAND Borexino Daya Bay

Mass [t] ~1000 ~300 ~170 20000
Light yield [p.e./MeV] 250 500 200
Energy resolution 6%/E 5%IE 7.5%INE 3%/E
Energy calibration 1.4% 1% 1% <1%

— Rich additional physics program:

« Supernova v « Atmospheric v

* Diffuse supernova v o Sterile v

» Geo-neutrinos o Indirect dark matter searches
e Solarv  Other exotic searches

* Proton decay



K2K experiment

Constructed in 1996-1999 with the goal of exploring
Kamiokande hint for atmospheric neutrino oscillations

~1011v,/2.2sec ~106v,/2.2sec
(/10mx10m) (/40mx40m)

12GeV protons

)
il S
(—)

Target+Horn
200m
. decay pipe
T monitor
Near v detectors

L monitor (ND)

(monitor the beam center)

The K2K collaboration started with three countries: Japan,
the USA and Korea, and later included Canada, France,
[taly, Poland, Russia (INR), Spain, and Switzerland

16



K2K experiment

g i L

3 i
| FTHIIINTT O e i Jetoels
"gegegegegege’ | DY) P X oene e SR N renkov

Challenges: Neutrino production spectrum,
cross sections and detector response

Am2 [eV?]

Solution: Elaborated ND, external
measurements (HARP), Monte Carlo
development

K2K accelerator neutrino experiment
confirms neutrino oscillations observed in

. . . . . 1
atmospherlc neutrinos sin’(26)

17



The T2K Experiment

T e _ —— e
— S e Muon (antl) neutrino ‘bea :
* Beam travels 295 km to large SK far detectorto be/—=p
2
measured after oscillations
» Near detector complex, ND280 constrains beam flux and

5. mﬁ’ggraetlon cross-section before oscillation

, Importan’o constrain non-oscillation parts of model to

O Nazano) =

nnnnnnnnnn

~500 members, 69 institutes, 12 countries &

Canada 26 m— — 4 z - 2 Barrel ECAL
- bSO Y O ——

Japan 114
Vietnam 3 ol 2o Yokohama
Kawasaki
LWAaS 3

France "

J-PARC .
Italy
Poland

- syeatino Facility

sssss

Russia
Spain oled
Switzerland

UK

Nuciear and Particle Experi
(Hadron Hat) &
-

2341 59" N | 139" 11'54.71" E elev 6 Streaming

Data taken to date
* 515 kW stable operation

TR ATSumuland POT for Phugice,
- T 1 - -
v-Mode Accgmﬁlated POT for Phgmcs acC h leve d t h IS yea r
20 - v-Mode Beam Power
< 10 - V-Mode Beam Power
S OﬂgJ_nl Run2 Run3 Run4d Run5 Run6 Run7 Run8 Run9 RunlO|g00 T Ener(gy
A E < é H T
= 355 : A F4‘:500 - On- vs. Off'aX|S .
= 305 I = = HHOA0DT o
2 TE = =/ —400 & = Onaxis ~ SH0A2Y
E o5k 4 : -
= sk R I S  laoo E o * '
2 205 P i %00 8§ 2.5%ff-axisangle < S .ﬂigl
1sE- £ £ ! > | | B gt
= g f /L 1290 - 2-body m decay gives 8.0 &iiifﬁi*ﬁ
105 ¢ L D b : / SK 100 & i T
= = 3 ¥ — . {EH
sm = B : ‘_,/_/J_/ refurb | narrow range of v ; E:Eégi"lt ‘|”||[||Il ]
0E= : 1 . . . | n M . . . . . . | o . T |||[|
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 energles 0 |¢i§§£=;§§5§§ill‘ln,......,, |||||||||
7 3

Year 0



The T2K Experiment

Neutrino oscillations at T2K T2K Run 1-10 Preliminary T2K Run 1-10 Preliminary

* Muon (anti)neutrino disappearance:
* Location of dip determined by AmZ;,
201 * Depth of dip determined by sin?(26,,)

An,y = 2 0 eVt . ,
* Electron (anti)neutrino appearance:
TN e * Leading term depends on sin%(6,3), sin?(6,5)
v, appearance and Am?;,

* Sub-leading &, dependance (up to 45% on event rate)
* bp=m/2: fewer neutrinos, more anti-neutrinos
o §¢p=-/2: more neutrinos, fewer anti-neutrinos

 Matter effects give dependence on mass hierarchy (~10%)

* For 295km baseline first oscillation maximum is at
0.6 GeV, we use 2.5° off axis beam to focus flux at

thi
|’|’|”lm||||||||||II|||||||| s ety

E, (GeV) 7 02/07/2020 |L|2g§|;|;| College T2 >

1 :
v, disappearance

1o events | y-mode e-ring

P(v,—>Vv,)
Events in bin
Events in bin

<)

>

1
2V

2

&

Ratio to unosc.
Ratio to unosc

0.2 04 06 08 1 ] 12 02 04 0.6 0.8 1 12
Reconstructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV]

Total of 1.97x10* protons on target
(POT) in v-mode and 1.63x10% in V-
mode data shows:

Preference for Normal Ordering

— sin°0,, = 0.45,050,0.55,060 O =0
— Am2,=2.49x107 eV? ® d,=-w2
I Am§1 = -2.46x10" eV? 68% syst err. at best-fit
v Best-fit
—6— Data (68% stat err.)

Best fit value §p = -1.97 (rad) 9 100 110 120

Neutrino mode e-like candidates

Slight preference for upper
octant of 0,

(72}
3
<
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NuMland NOvA —

The NuMI Beam

Tangep-beii
Thunder Bay,
o

alinoHanbHbIN
Daily neutrino beam Loasl{eBseg;:rir
Daily antineutrino beam
4] —— Accumulated beam 2020 ¢ is dataset
Accumulated neutrino beam
—— Accumulated antineutrino beam

* Typically ~670 kW
* Peaks >750 kW CeHT-Knayp

St Cloud
o

MunHeanonmc
Minneapolis
et

* 50% more neutrino beam B e s
data in this analysis ooty Queon - oa M

Rochester' Oshkosh | gke

=
o
a
®
2
o
-
Q
<
3
2
o
Qo
x
3
>
=
o

Cumulative exposure (102° POT)

2017 2019

Date 2019 Dataset

2020 Dataset

Cugap-Panwac
Cedar Rapids

—y i
AifoBa-CHTH. .

14 mrad off-axis (E, ~ 2 GeV)

15.6m

PVC Cell filled w/ liquid
scintillator, w/ WLS Fiber

APD Fiber
end

Near Detector (0.3 kt) at FNAL

Far Detector (14 kt) 810km away




The NOVA Experiment

Vv, and v, Data at the Far Detector NOVA Preliminary

LI LI l L ] L l L I 1

—NOVA FD
| 13.60x10% POT-equiv (v)
- 12.50x10%° POT (v)

v-beam NOVA Preliminary v-beam NOvA Preliminary
30F

D
o

Low PID High PID H [ LowPID High PID

| ¢ FDdata
|  — 2020 best-fit
1-c syst range

L

[ ¢ FDdata i [ Wrong sign bkg
| —2020bestit : [ Total beam bkg &
1-osystrange | [[] Cosmic bkg 8

il

[ Wrong sign bkg
[ Total beam bkg
[ [ Cosmic bkg

Peripheral
Peripheral

(o))
o

Events / 13.60x10%° POT-equiv
Events /12.50x10%° POT

12 3 4 1 2 3 4 i 2 3 4 1 2 3 4
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV)

Total Observed 82 Range Total Observed 33

S
o

T T T T I T T T T I

I 1 1 1 1 I | 1 1 1 l 1 | 1 1 I

* New 3-flavor oscillation results:
Am?3; = (2.41+£0.07)x103 eV?
Sin2923 — 0.5 7+0'04_0.03

exclude IH, 6 = /2 at > 30, (0 8p=n "3=3m2 k2020 best i

B I | — I | | | | | | | | |

, 20 40 60 8 100 120
disfavor NH, 6 = 3m/2 at ~20. Total events - neutrino beam
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T2K and NOVA comparison

—— Normal Hierarchy

Inverted Hierarchy




T2K and NOVA: prospects for data
‘taking and common analysis

Projected sensitivities

Future upg rades : — N\ §in?0,4,=0.45-0.60, AmZ,=+2.40x10°°eV?, sin?20,,=0.085
* J-PARC Main Ring power supply upgrade ‘ ‘ 2 [ ’ Hierarchy resolution
already mentioned g 4l=2 i ~ e NH 8.,=3m/2
* 515kW->810kW by FY2022 NH 8p=n
NH 8.,=0

‘/
« ND280 will be upgraded in 2022 witha ——
new higher angular coverage TPC and 3D NH 8¢p= m/2
Super-FGD subdetector [arXiv:1901.03750v1]
* Better hadron tagging and more similar
phase space coverage to SK (S. Dolan’s talk)
* SK-Gd loading for neutron tagging
imminent (Y. Nakajima’s talk)

* Oscillation analyses using our near

detectors at other off-axis angles / 2020 analysis techniques
(WAGASCI/BabyMIND) 31.5x10%° POT(v)+31.5x10%° POT(v) by 2025

2022 2023 2024 2025
Year

ES ()
uoie|nwis vAON

Significance ( o=| Ay )
N

§ir’6,,=0.45-0.60, Am2,=+2.40x10°6V?, sin?20,.=0.085

Future joint fits
* Experiments with different neutrino energies have different oscillation CP violation
probabilities and systematic uncertainties NH . <an/2
a = a S CP™
* Combined analysis of data allows degeneracies to be broken and maximises
impact of data taken
* Agreements signed with NOVA and SK and work towards T2K+NOvA and
T2K+SK atmospheric analyses is underway
T — =

NH 8= /2

uonenwis YAON

2020 analysis techniques
31.5x10% POT(v)+31.5x10%° POT(v) by 2025

2021 2022 2023 2024 2025

Imperial College V4
Logdon * T2 Year
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Future projects: DUNE and T2HK
(2025 and 2027, respectlvely

The Long Baseline Facility in the US (LBNF) ; g/

. 560 kT Flduaal water Chenenkov
detector

| — 25x Super-K

L=295km OA=2.5deg
¥ ~ 1’500 m : >

& underground J-PARC beam

— 295 km, off-axis

o

* 40 KT liquid argon TPC S
e Located in the Homestake [ : j

Lol: The Hyper-Kamiokande Experiment arXiv:1109.3262v1

mine in South Dakota with a ' /

beam at Fermilab
—1300 km baseline, on-axis

Mass Ordering Sensitivity

—_
o

Hyper-Kamiokande
T2K 2016 systematics

®35=0
W 3=n/2
Od=nm
0 8 =3n/2

DUNE Sensitivity (Staged) - 5, =-n/2

All Systematics B 100% of 5, values
Normal Ordering ——— Nominal Analysis
sin20,, = 0.088 = 0.003 == 8,5 unconstrained
sin’6,, = 0.580 unconstrained

** Nominal systemtatics
Statistics only (no systematics)

o
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o
O
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2]
0]
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Projected sensitivity to CPV

2028 2030 2032 2034 2036
Year




Physics reach of DUNE and T2HK

CP Violation Sensitivity

)
=

H y p er- K : DUNE CPYV Sensitivity D U N E

Normal Hierarchy
}- sin®20,, = 0.085
" sin0,, = 0.45

1

T ' " T

— 50
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2 4 6 8 10
Integrated beam power [MW 107 sec]

=

0 200 400 600 800 1000 1200 1400
Exposure (kt-MW-years)

Prog. Theor. Exp. Phys. (2015) 053C02 DUNE CDR
Both experiments, when fully realized, are capable of
excluding 6., = 0 across a wide range of values

Alex Himmel




oscillation

Vo detection vV, —> V. TNt +X

Search for T decay topology on an event by event basis.

Signal decay “kink” v

8000 | Events recenstructed in the target

c Events with ot besat 1 brick aatracted

6000 Events with at last 1 C3 scanned
r Events with a positive CS result

4000 - Eanwhatixscemd 20717
C Wteractiens locoted is the bricks

2000 — Decay Search Compieted H

r scanned
0000 — 2010

located |

<Ev> (GeV) 17

(ve +V,)/ v, 0.87 %™
v, / v, 2.1 %"
v_ prompt Negligible*

* Interaction rate at LNGS
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%) The OPERA goal — observation of 1, — v oscillation via registration
: of v appearance in v, beam from CERN (17 GeV, 732 km).
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CNGS1 (OPERA) Experiment

37 Institutes (including INR, JINR, Lebedev and MSU from RU)

<« 1

» Constructed the detector - 8

i A

» Collected data (2008 till 2012)

» Scanned emulsions
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» Analyzed events and reported: | o A

® Discovery of v, v, oscillations in appearance mode at 6.1
sigma confidence level (10 (2) signal (background) events)

@ [n addition, v, appearance and v, disappearance measurements
allowed an interesting one-experiment combined analysis of 3
and (3+1) flavor oscillations




Additional (Sterile) Neutrino
from oscillation-data™?

LSND

[LSND, PRL 75 (1095) 2650; PRC 54 (1996) 2685; PRL 77 (1006) 3082; PRD 64 (2001) 112007)

Uy — Ve L~30m 20MeV < E < 200 MeV

Beam Excess
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[ other
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L L
12 14
L/E, (meters/MeV)

AmEsyp 2,0.2eV2 (> AmEpy > Amioy)

Reactor antineutrino anomaly with oscillation curve obtained in experiment Neutrino-4
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0.5 2 v-oscillation ?

Atmospheric
Neutrino Anomaly
(1986-1998)

06
-> v-oscillation

Anomaly
(1968-2001)
- v-oscillation
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[SAGE, PRC 73 (2006) 045805, nucl-ex/0512041)
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Neutrino flux modelling

* Primary interaction in target simulated with FLUKA
» We reweight this MC to match NA61/SHINE data

Lo s
_.;(kiant-_

o g o ‘
m .. s ‘ — . 1
18cm V/H'\'/ } ’
| Proton (T 78 | |
| beam (L1 2 0 B By BN 48~ ReplicaTarge
"’ s ‘z o4 o : ;

Qem

* Previous analyses used NA61/SHINE data taken with a thin graphite target

* |nitial pion production reweighted in momentum and angle to match data then subsequent
propagation through target was simulated

* New for this year we use NA61/SHINE data with a replica of T2K's target
[EPIC 76, 84 (2016)]

* MC spectrum now reweighted to match data in momentum, angle and target exit point

* Allows significant reduction in input flux uncertainty on SK rate from ~8% to ~5%




ESSnuSB

European Spallation Source ‘ ESS proton linac
—

| Vi < 70441 Moty e €NETY UPGrades

lims —TSm—s T Wm—s I

&b

Neutron facility

202!

ESS construction
complete

The ESS will be a copious source of
spallation neutrons.

5 MW average beam power. 2014

Construction work
125 MW peak power. starts on the site
14 Hz repetition rate (2.86 ms pulse 2009
duration, 10% protons). Decision: ESS will
Duty cycle 4%. be built in Lund
2.0 GeV protons First neutrons on
_— e /h 2012 instruments
o upto3.5GeV with linac upgrades VA ESS Design Update
>2.7x10% p.o.t/year. phase complete

— £ N 2003
under construction phase Linac ready by 2023 (full power) ) :"”s‘:';"il’;'" dﬁll::ad "
ol compl
A _ 1 ? 7 .

(~1.85 BE facility)

CPV performance comparison between ESSnuSB, DUNE and Hyper-K
assuming 3% systematic errors for ESSnuSB in line with the other two.

540 km
( ) : ESSvSB 500 kt tank at 540 km.
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540 km + 360 km
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2012: COST

inceptionof  Action

the project EuroNuNet
Nucl, Phys. B 885
(2014) 127

Design Study
(EU-H2020)

ESSVSB 250 kt tank at 540 km
and 250 kt tank at 360 km

High Precision CP violation measurement possible,
but on the timescale of 2035+



Summary

N3yyeHne oCUMAAALNA HEUTPUHO B PEAKTOPHbIX U
YCKOPUTE/IbHbIX 3KCAEPUMEHTAX BHEC/I0 CYLLECTBEHHbIN
BK/J1a[, B UCCNeaoBaHME 3TOro ABJIEHUSA

WHCTPYMEHT OCUMANALUNA NO3BONAAET B OauKaullee
BPEMA MNOJIYYUTb TaKYHD Ba*KHYHO WHPOPMALUIO, KaK
nepapxma macc HEMTPMHO N nentoHHoe CP-HapylieHue

YyeHble n3 MAWU PAH BHOCAT BCECTOPOHHMN TBOPYECKNM
BK/1a4 B AMHAMUYHOeE pa3BUTME 3TOro Hanpas/eHuA

[lo3apaBaAo Konner n Becb Koanektne UHctutyta ¢ 50-
JIETUEM U Xeato Aa/IbHENLLINX TBOPYECKUX yCcneXoB!
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