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Introduction

« T2K (Tokal to Kamioka) experiment

- long-baseline neutrino oscillation experiment

- conducted in Japan by an international collaboration

— recently provided the first constraint on d., phase
— parameter describing the charge-space (CP)

symmetry conservation/violation
© nobelprize.org @

W weY - o
-

Neutrino oscillations -
change of neutrino flavour
on their way from Tokai to Kamioka
Neutrinos in Kamioka Neutrinos produced in Tokai
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Matter-antimatter imbalance In the
Universe

 The Universe is dominated by matter hot 104K 100K 300K cold—s
« Sakharov conditions to explain Temperature No antiparticles left!!!
matter-antimatter imbalance: e
. . . @— ® m A::;"
- violation of C and CP symmetries yeodh|~ E| @ %
(5|2 E[e ° Zl° g &
- non-conservation of barion number B o0 Sleg S| U
=l ve®2le T S| g
. . - ) s = e | © o
- interactions out of thermal equilibrium osetEl @ ® £
9 ef v @ | A e
-‘_._—_-‘—!—-
Equal number of
particles and antiparticles? © seydaipek.com

years —»

 C violated observed in weak interaction . | | ! . . .

Time I ns I's 380,000 500 million S billion 13.7 billion
years years

« CP violation in quark sector to small
« CP violation in lepton sector not conclusively observed so far

« Proton decay (B violation) searches ongoing
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Neutrino mixing
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where ¢;; = cosf;;, 5;; = sinfl;; and 0 = d¢p.
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Neutrino oscillations

Oscillation probabilities for an initial muon neutrino

Probability

10000 15000 20000 25000 30000 35000
L/E (km /GeV)
Muon neutrino oscillations, long rangel23!

o 5000

=

© https://demonstrations.wolfram.com/NeutrinoOscillations/

Oscillation probabilities with CP violating
term, but without matter effect, where:

E — neutrino energy

L — travelled distance

J., — Jarlskog invariant

(for quarks J_, = 3x10°)

J'CP 8

P(v, > v,) =1~ 4cos°035in*6,;
“.” for v

“+” for V

x(1- c0s°0135in*6,5)sin?
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Oscillation probabilities for an initial muon neutrino
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Muon neutrino oscillations, short rangel23] &
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detector P
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Neutrino oscillations parameters

sin(A15) = 0.307 + 0.013

Am3, = (7.53 £ 0.18) x 107> eV?

sin?(f3) = 0.547 + 0.021  (Inverted order)

sin®(0p3) = 0.545 + 0.021  (Normal order)

/_\mgz = (—2.546f8:833) x 1073 eV  (Inverted order)

Am3, = (2.453 & 0.034) x 1073 eV2  (Normal order)
sin(f13) = (2.18 + 0.07) x 102

0, CP violating phase = 1.36 £ 0.17 7 rad

© P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)

Unknowns:
> is CP conserved (o, = 0° or £180°) or violated

> is 0,, <45° (I octant) or > 45° (Il octant)
> what is the mass ordering (m, > m, > m_— Normal Ordering or

27.05.2021

m, > m, > m, — Inverted Ordering)
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T2K experiment
Far detector

in Kamioka O Accelerator complex and
- near detectors in Tokai

Super-Kamiokande

1,700 m below sea level

¥ Muon neutrino

Difference in v /v, Neutrino oscillations Neutrino Beam ' production in Tokai

appearance between

v and v modes used to '« 295 km . (Wrong sing and v,
measure 5., T, | background not shown)
Ves|Ups Vs V), Vs Vo Ups Uy Uy Uy V),
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30 GeV proton beam production at J-PARC
(Japan Proton Accelerator Research Complex)

Nuclear
Transmutation

- Neutrino to
P . Kamiokande

aaaaa

Main Ring
30 GeV
0.75 MW = 1.3 MW

Rapid Cycling
Synchrotron
(3GeV, 25 Hz, 1MW)

180 MeV



Neutrino beam production

Super-K

J-PARC
0G eV Off-axisND
0GeV decay volume
proton beam - v
L —— P S
‘-'-—....‘ --------- ; L 3. puaiii —  —
D
)

target & 3horns

beam dump
muon monmtor

On-axis ND (INGRID)

l_
=
ptC -1+ . K+ .. T, osf
- |
/ \ E B
. . . 01
Neutrino mode — focus Antineutrino mode — focus K
positive particles negative particles T, 005
_ ,=0.050
-,-[+_)l.‘l++\)H T[__)“_+V“ E E‘I/r
Kt —p*+v, (+ 10 K —p+v, (+ 1) T
Background: St
> i < i
wrong sign background =t
> muon decays: u* —» e"+V, +V, ﬁ 051
> kaon decays: K* - e* +v_+ 1°(~5% of decays) © i
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Off-axis angle 2.5 deg.

Off-axis angle
chosen to
maximise
oscillation
probability in SK
(kinematical

e “focusing)

sin229,_1 =1.0
sin’20,, = 0.1
Am?, =2.4x 107 eV?

CP
CP

0
2

—




Near detectors

L ~10m
* INGRID (on-axis — 0°)

- plastic scintillator, iron

- not magnetized

- beam position and intensity monitoring

* ND280 (off-axis — 2.5°) 4
. ... . E ] “.-*-I. | Neutrino beam flux
- plastic scintillator, water, iron, lead Beam Barrel ECAL §“ [P, = 0n the beam axis
. . ) | . N mmWAGASCI (1.5 off-axis)
- time projection chambers 3‘“{ 1id | SK (25 off-axis)
- magnetized é“"“l i
|, oo g 1 .
- beam content before oscillations mi f \ %, E
. : f b B W, .
- neutr'no CFOSS-SeCtIOI’]S T R R T S R T R
all MELLY EifieV)

« WAGASCI - BabyMIND (off-axis — 1.5°)

- plastic scintillator, water, iron WAGASCI Water Module

2.65cm 2.65cm

0

Parallel scintillator
Grid scintillator

- magnetized

- neutrino cross-sections at different energies waiMRD ST | TR N

WAGASCI - BabyMIND

filled with water
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Super-Kamiokande far detector

- v, and 7, charged current

Neutral current

L]
|

Number of events

v, -like ]
i
- “T | | + 1
E:: i 2322 : -Mﬂ %Hm**fw
-l —2?000 1,000 0 1,000 2,000
:I-,_ = Ir""- Electron or muon PID discriminator

» 50 kton water Cherenkov with ~13 000 photomultiplier tubes

» charged patrticle travelling faster than light in the medium -
Cherenkov light production

« electron (small mass) — lots of scattering - fuzzy ring

« muon (bigger mass) - less scattering — sharp ring

* no magnetic field to distinguish particles from anti-particles

» previously clean water, now doped with Gd

« Gd emits light during deexcitation after neutron capture

* neutrons are mostly produced in v interactions (partial v/v
distinction)
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Data sample

Total Accumulated POT for Physics
v-Mode Accumulated POT for Physics
v-Mode Accumulated POT for Physics

° v-Mode Beam Power

o V-Mode Beam Power
£~ 45 RuniRun2  Run3Rund4  Run5Run6 ~ Run7 Run8 ~Run9 ~  Runl0~Runll] ()()()§ Nature results:
< = ; :
X = (Neutrino 2020): doi.org/10.5281/zenodo.39

~ 35 _
30 B ~Nature 58.0,..339..-344..(2.020)H
‘ 1]
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‘ ............ : i 400£ -V mOde 164 x 1021 POT

& arxiv:2101.03779 | :

VB — This talk (Neutrino 2020):
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Neutrino production modelling

Thin target data Replica target data
Mainly Eur. Phys. J. C (2016) 76:84 Eur. Phys. J. C (2016) 76:617
. + + 0
p H+,K+,Ks,p 18 cm ﬁ/(ni“‘
Proton[i 0 Prot . - —~ 0 +
1 roton
beam L] |:> et m (o G llosfh,
2 cm %cm
mw
i}
Al
Tune each A

interaction

T2K proton target — 90 cm long graphite rod ~ ND280: Neutrino Mode, v, 1R Prefminary
NAG61/SHINE experiment measurement of £ ol Matoral Modelng |
particles produced in thin (2 cm long) graphite & "+ Proon Beam Profle Ol Ange ——— Numberof Proons. -
target and in the replica target g [ ::::’:“T“:;:j:n —— 2020 flux (repiicatarge) |
Interactions in the target simulated in FLUKA =, £ ®&.Ab. Nem YT 2018 fahintargel ]
and tuned to the NA61/SHINE results i :
Significant reduction of the flux uncertainty | , i
(8% - 5%) after including replica target results ~ 01F——=""""" e e I
Beam monitoring: - — [ L ]
* Muon monitor T e S =mE S S S s

 INGRID

()
=
—_—
—_—
=
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Neutrino flux & interaction modelling
VS hear detector measurements

 ND280 detector
Model tuning to

- magnetized detector — separation of v and v interactions ND280 data
- TPC - good patrticle identification; momentum and angle I
measurement . F s o ]
. . 3 2,000 [ ---- Prefit prediction —|
- neutrino flux measurement at the same off-axis angle as SK - =.F.'I~.2’oi" ]
. . . . = L 7 CCQE 4
— measurement of intrinsic v, and wrong sing background 8 1s00 [ [ Nouvacurront ]
5 r I Other 7
— many cross-section results: f 1000 |- ]
« CCOT, CC1m, CCNTt Z'I;’otr'all5Iy|stlulmlcelrtlalln'fyloln Inlvalljtll*lr'luolnl'ucl)dlel1lRlp Ie'«lxeln’lfs g ok _
* interactions on C and O - S pre-ND : .
L N ] b - =
* V, VSV, interactions 200 % Post-ND E . e ‘ ‘mﬂ; ‘
* V VsV interactions ya 1 % E
- . 3 °F E
tof- ER et ] E
* INGRID and . 1§ wf 3
51— E r ]
WAGASCI-BabyMIND 5 : 2 w0 =
- cross-section for different &% T Gd 0s oy 11z T4 ° 5 ¢
off-axis angles — for different Reconstructed energy [GeV] %g:; N ﬁ*mu Ll
neutrino energy spectra gg i +«%~H% R
5§ | , , , E
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Event reconstruction in SK

r-mode beam NE(EJCT:IV,u - IQCCC . -
-_— -111C  weeen -1p %
B réD1 CC-2p2h - CC-SPP | £
Bl SK Osc. (x10%) ... CC-DIS . o 4
. - § el & 1
S sl - 5
8 7
5ol z |
Sy % 1} ost Pt
=t 2 |y
o | B I N
~ 4 0.0 © i i
E I g { :,/: ./f ,:il,‘z- | i
,‘_E_ : | t I:} o (P il W W M PRI
o = 4+ -1 15 2 25 3
S 2 = | Amsz .
S < - 32 E, (GeV)
PEN )
§ —~ v,V V2V,
EO 0 Eﬂi 9U-]_"|“""|H""|""|""|"'-_
e £ 7] 2.5 oftaxis v_flux -
S 0.08f — 5.,=0° NH, v ]
v-beam 7 "\ cosO © — — ,,=270% NH, v 1
<, 0.06 SiN S 800" NH, ¥ .
ny/ 5, =270° NH, ¥ ]
e 2 _ 2 2 2 E —_— ; MassOrd %= " ]
P _m,—m,—m+2m,Lk, _\/ 2. 2 004} V7, ]
v , Ej=vm;+p, 7 i
2\m —E+p,cos6 Ak ]
n 1T ! 0020 1 ¥ 7
Nuclear effects important for energy reconstruction: Wi, s
* non-zero momenta of nucleons bound in nuclei 0,3, 0,3-octant 2 25 3

* interaction on two nucleons (2p-2h) E, (GeV)
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Even

T2K Run 1-10 Preliminary

25 v-mode p-ring

318 events

Eventsin bin

—l—llI|IIII|IIII|IIII|IIII|I

G
;2
@ 18
8 it
g 1:% ”
< o8 Tt
a= 0% ﬂ:tﬁ .ll.l
& oz
g : .
1] 02 04 06 08 1 1 2 1 4 1 B 1 B

Reconstructed Neutrino Energy [GeV]

T2K Run 1-10 Preliminary

=
&

94 events | V-mode e-ring

il

0 P IR S I SR R N i .

Events in bin

Ratio to unosc.

==

iﬂ-ﬁ*ﬂiﬂém:h.

Reconstructed Neutrino Energy [GeV]
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1.2

reconstruction in SK

T2K Run 1-10 Preliminary

;§ 15_ v-mode p-ring
@ 1f 137 events
Ll C
8
o
ol
LU,
o
g oss M, m*#&#qm‘l‘ﬁ
0 02 04 06 08 12 14 186 1

Reconstructed Neutnno Energy [GeV]

T2K Run 1-10 Preliminary

5 samples in SuperK:
* M disappearance:
1) 1 p-like ring in v-mode
2) 1 p-like ring in v-mode
* e appearance:
3) 1 e-like ring in v-mode
4) 1 e-like ring in v-mode
5) 1 e-like ring + 1 decay-e ring in v-mode
decay-e from 1" - PV, PF - ety +y
* no decay-e sample in v-mode because
1 mostly absorbed before decay

T2K Run 1-10 Preliminary

5

S F C 5=
o — . o -
2 °‘l6events | V-modee-ring = {4 evéritd v-mode
0 st @ 4 e-ring and
c E = E
$ B e e from
wor w .
af - pion decay
F 2 —
b C
i 1: _'__'__h 1
1 - | |
a G_ L L L L L T I
i 5 25
2 R I [
_’é‘ 10 E 10 — 1
@ 5 [ T
« EE] -32 0‘,4 I'J,IG 01& : ‘Il 1j2 « %.4 0.5 CI.IG CI.I? CITB 0?9 ‘II 11 iz
Reconstructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV]
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Neutrino oscillation parameters

T2K Run 1-10 Preliminary

%10~ T2K Preliminary
_r_' _I T | LI | LI | LI | LI | LI | LI | T If_ % 3 __ IS L B Ill b IL_
a2 3 —TXKruni1-10 -~ SuperK 2020 4 - Reactor Constraint 7
- B + Best fits 7] s |- o i ]
2 [ —-NOvA2020 lceCube 2017 ] - — T2K only 90% .
5 i ' ] 1 - T2K only 68% =
26 — ] 0 :_ a4  T2K only Best Fit _:
- ] N - o ong
ey n LB I'2K+Reactor 90% E
i ] I B O O R L T2K+Reactor 68% N
22 - 2 F -
r 7 B 4 T2K+Reactor Best Fit ]
B Gl C L. 7 B \ —
2 _— I I N = -I - i I I N{:llllnﬂl ‘jl‘kh“illg —_ 4 __I L L 1 1 L L | Ir.: L Il 1 I L L 1 L | L L L L I L L L L | L T_
035 04 045 05 05 06 065 o001 002 003 004 005 006 007
.2 sin‘o,
sin“0,
T2K provides the world’s best Reactor experiments are not sensitive to
measurement on 6, parameter. 0., Parameter, but are much more

sensitive to 0 , angle. T2K is consistent
with their results and uses it to constrain

other parameters (e.g. 6,, and o_,).

27.05.2021 IFJ PAN seminar, CP measurement in T2K 18



V_ VS V_appearance

T2K Run 1-9 preliminary | | | | TEKI RU"|—|IU Pfﬁ"":i"flf}’ |

[ 2} L LULANLIL I L INLINL L I L L O L o [T L L L L L LI L T
2 - — ¥ 24 - — sin*A,, = 045, 050,055,060
_'g - . _g - T — Am?, =249x107 eV? .
= nE . = 22k A —em Am?, = —246x107 eV2 ]
= . . . = C .. ]
o 20 - 5 20F . =
I~ ot -
- 18 \ = =
L - e ] ‘E C ]
.8 16 — sin® 8,, = 0.50, 0.45, 0.55 _ — 6 © bdg=n —
E - 3y - m o L i
- —Anif_.:l.-lﬁxlll"t\"lff‘ . —_— . E o [ ] rﬁ(.": /2 .

€ 145 - amd = 24300 eVire* — S 14 O fe=0 3
= N C m ]

E C O Sa=r B = L |£| 21*15{_&::?;” at hesi-fit .
5 12f- = g“'i;m: = E 12- 7§ Bes-fit ~
R= - O %= ) . *5' T —&— Data (68% stat err.) 7
E ][}__ . 5”|=.mr_ — ¥ 10— —
T - @ Data (stat. errors only) - =] ool b b b v by b o by g by

gl AT AT AT AT AT AT AT AT e ﬁ 50 60 70 &l o) 100 110 120
30 40 50 60 70 80 90 100 110 = . . .
-:r: Neutrino mode e-like candidates

Neutrino mode 1Re candidates
— Best Fit
- 1o
- 20
l:l 30

n
2

» Large range of o, values around +11/2 rejected at 3o level

Dutrvred 1 » Best fit close to maximal CP violation near -11/2
» CP conservation (o, = 0 or 1) excluded at 90% CL

the 30 C.L.

» Weak preference for Normal Ordering and Il octant for 0,, -

» Looser constraint after adding Run 10 data
— Previously data exceeded projected CP violation,
probably because of statistical fluctuation
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T2K future

 T2K phase Il - 2023
- neutrino beam upgrade
- ND280 near detector upgrade
- Super-Kamiokande + Gd

 Hyper-Kamiokande — 2027
- Intermediate Water Cherenkov Detector
- Hyper-Kamiokande far detector

27.05.2021 IFJ PAN seminar, CP measurement in T2K
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Super-Kamiokande with Gadolinium

Super-Kamiokande » Gadolinium adding already
started

« |t will enhance v/v

I\ antineutin discrimination
" poon v o and improve SK ability to
'Ow observe Supernova Relic
Neutrinos

&) _ 0.1% Gd — 90% neutron
(4 Y "’ capture efficiency

Positron signal Meutron signal

Tank refurbishment
in 2018 to stop
water leakage
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Accelerator and neutrino beamline
upgrade

Cycle | Protons | Beam

Proton beam power upgrade time [s] |per pulse| power
+ increase of the horn current:
250 KA — 320 kA Now 248 |2.6x104|-500 kW
— decrease of wrong sign background
Goal 1.16  |3.2x10'4| 1.3 MW
Requirements: SR
« upgrade of the Main Ring power : | | fupgrade | !
supplies 3 ol iy : 3 .
« upgrade of the focusing horn power =, 1000 | 1
supplies Z ; ]
« enhancement of the cooling capacity of 5 e . 1
the graphite target, the magnetic horns £ 600 | i
and the beam dump g 400 _ S R D B ]
« disposal of a larger amount of irradiated : | e S o2 cycle :
Cooling water 200 _ ..................... I— %dd..mn.z.’.‘?... _H_REs _
| 1 | | | |

2022 2024 2026 2028 2030
JFY

D [ i i i i i i i 'l
2016 2018 2020
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ND280 upgrade

new subdetectors

POD top HA-TPC

et Downstream

datector) = ECAL I_II_. |
' Id Coil U pg rad e N SuperFGD
— bottom HA-TPC |
Beam Barrel ECAL

Planned to finalise by the end of 2022

2 High Angle TPCs

1 SuperFGD —I 6 ToF panels I—

iem?®

Drift valume - Scintilalor cube

MicroMegas -

\

Module Frame -~ ; i ers
New read-out concept Novel detector concept & 150 ps time resolution
resolution
NIV A DT ToREe G0 JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)

JINST 15 P12003 (2020)
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ND280 upgrade

e Lower energy threshold

« High and flat angular acceptance
« Larger target mass (for tracker part)

Ready for data taking
at the beginning of 2023

(=]
w

Efficiency
>
>
>

+~ Muons in

0.3 e ——
S TPC only
02 Bt Tl

E o, —_—

—"" Current efficiency

27.05.2021

true cos @
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* Tunnel excavation work for HK already

started

» Planned data taking in 2027

« Confirmation on 50 level if CP is
conserved or violated in neutrino
oscillations thanks to larger statistics
and smaller systematic errors

Hyper-Kamiokande

Hyper-Kamiokande detector

o =
N T L e .
e

et Site
é ;-I“‘J" 2.5 Off-axis Flux de pm

3/l # PMT

Photo-coverage

Mass
Fiducial mass

Intermediate Water Cherenkov Detector

27.05.2021
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SK

Mozumi
(1000m)

11,129

40 %

50 ktons
22 5 ktons

HK

Tochibora
(650m)

40,000

40%
(x2 QE)

260 kkons
188 ktons
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IFJ Involvement

MicroMegas stiffeners

|
| g

production in IFJ DA
« T2K team in IFJ PAN -

- physicists: Agnieszka Zalewska, Jan Kisiel,
Tomasz Wachata, Marcela Batkiewicz-Kwasniak

- engineers: Jacek Swierblewski, Jerzy Michatowski,
Henry Przybilski

IFJ team activities in:

e T2K & T2KIlI
- neutrino interaction studies: CCOm on lead, CCme on CH S
- responsible for FGD detector (together with other Polish groups)
- ND280 run coordinator position
- design & production of TPC end plates and MicroMegas stiffeners for the upgraded ND280 detector

- members of committees and co-conveners of working groups:
reconstruction, NC/v /1o cross-section sub-group (up to 2020), public webpage

ND280 upgrade mechanical integration, technical board, safety committee
e Hyper-K
- members of Outreach Committee & Speakers Board
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Summary

» T2K provided the first 3o constraints on
possible o,y values

 Exclusion of CP conservation in neutrino
oscillations at 90% CL

* Weak preference for Normal Ordering and |l
octant for 9.,

* Ongoing works towards T2KIl and Hyper-
Kamiokande

27.05.2021 IFJ PAN seminar, CP measurement in T2K
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Neutrino oscillations formula

Am’ L

Two flavour approximation: p e = sin° 2 0'sin”

r

N ) sin? [(1— 4) :_":}
P = sin®fly sin® 26,3

5 + & cos? a3 sin? 265 >
(1- 4) A

sin’ (;—L_’i)

(.[I
sin (:iz_";) sin [(l — 331) A}
: . . + v sin 263 cos f3 sin 265 sin( A) - - sin d¢
Three flavour oscillations with < @rsin 2013 cos fy;3 sin 201 sin i (1-4) e
mass and CP term: ~

A sin (j_‘.) sin [(l - :—1) A]
’ (1 . A)

+ cvsin 265 cos #3 sin 26,5 cos

\

A2 2 2 A2 A2 ,
Am;; = mj —mj, a = Ams, /Amg, A
A
Ao s |
Am3z,

-

_ .-'_‘.rrif_ll-
- 4AFE

A= A= +2V2GpN.E .
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Neutrino Interaction types

-V

CC - charged

current

CCQE-CC
guasi elastic

27.05.2021

A

RES — resonant
pion production

NC — neutral
current

non resonant
pion production

IFJ PAN seminar, CP measurement in T2K
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DIS — deep
inelastic scattering
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Neutrino-nucleus interaction

Charge Exchange )

™ Elastic
*’--- I-,stuck pion event’ T
" @
. e e 3
N ™~ o) D —e
\,\/_, eSS
- " ‘S@
.-:._.-/'-”-I lII. \".I Ab B

Pion Productinn

Nucleon-N_ucIeon / Meson Exchange Currents (MEC) \
correlations

L 3 'y Iy » A »

f
/b U Y A
& - ¥ -
» »

Pion in flight Contact Delta

\_ /

31



Neutrino interactions cross-sections
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Systematic uncertainties

T2K Preliminary
IR p 1Re

Error source (units: %) || FHC RHC || FHC RHC FHC CClx™ | FHC/RHC
Flux 2.9 2.8 2.8 2.9 2.8 1.4
XNsec (ND constr) 3.1 a.0 a.2 a.1 4.2 1.5
Flux+Xsec (ND constr) 2.1 2.3 2.0 2.3 4.1 1.7
2p2h Edep 0.4 0.4 0.2 0.2 0.0 0.2
BGHES low-pr 0.4 2.5 0.1 2.2 0.1 2.1
o(v,), ali,) 00 00 || 26 15 2.7 3.0
NC ~ (0.0 (0.0 1.4 2.4 (.0 1.0
NC Other (0.2 (0.2 (0.2 (0.4 (.58 (0.2
SK+SI+PN 2.1 1.9 3.1 3.9 13.4 1.2
Total 3.0 4.0 4.7 5.9 14.3 4.3

27.05.2021 IFJ PAN seminar, CP measurement in T2K



Systematic uncertainties

Before ND fit

T2K Preliminary
1Ru 1Re
Error source (units: %) || FHC RHC || FHC RHC FHC CClx™ | FHC/RHC
F'lux 0.1 4.7 4.8 4.7 4.9 2.7
Cross-section (all) 10.1  10.1 11.9  10.3 12.0 10.4
SK+SI+PN 2.9 2.5 3.3 4.4 13.4 1.4
Total | 111 113 | 13.0 121 18.7 10.7
After ND fit T2K Preliminary
1R 1Re
Error source (units: %) FHC RHC || FHC RHC FHC CClrxt | FHC/RHC
Flhix 2.9 2.8 2.8 2.9 2.8 1.4
Nsec (ND constr) 3.1 3.0 3.2 3.1 4.2 1.5
Flux+Xsec (ND constr) 2.1 2.3 2.0 2.3 4.1 1.7
XNsec (ND unconstrained) 0.6 2.5 3.0 3.6 2.8 3.8
SK+SI+PN 2.1 1.9 3.1 3.9 13.4 1.2
Total 3.0 4.0 4.7 5.9 14.3 4.3

27.05.2021

IFJ PAN seminar, CP measurement in T2K
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T2K + Nova

Joint T2K-NOVA analysis effort:

e Potential to further improve CP violation
mass ordering sensitivity. Complementarity
of the two experiments:

e T2K practically insensitive to mass
ordering (baseline too short) but more
sensitive to CP violation

* NoVA sensitive to mass ordering due to its
860 km baseline. Less sensitive to CP

violation.
Comparison of released contours (not joint fit)
MOwA results: A, Himmel (2020) Zenodo, T2K Preliminan
B2 R BRSPS aN J "
5 18F L e 3 “
© 16 — NOvA e 3
 Several workshops since 2017 L4 T =
« Challenges and chances: 125 =
« Different experimental setups 3 E
 Different peak energy 08 E
« Different analysis OO o ot E
04— ---gB%C.L —
(JIEE— —90% C.L. : —f
27.05.2021 IFJ PAN seminar, CP 03 055 04 57



DUNE experiment

Deep Underground Neutrino Experiment

Sanford

Underground

Research goomiles
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...................
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lowa
Mebraska FERMILAB

© https://www.bnl.gov
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Fermilab

Incoming beam:
100% muon neutrinos

© https://www.fzu.cz
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Planned project timeline

July 2017

Groundbreaking for LBNF/DUNE

Sept. 2018

First ProtoDUME detector online
at CERN

Jan. 2019

Pre-excavation work begins in
South Dakota

Nov. 2019

LENF/DUNE site preparation starts
at Fermilab

2021

Begin main cavern excavation in
South Dakota

2024

Begin installing the first
DUNE detector

© https://news.fnal.gov
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