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What’s Working Group 1 supposed to do?

Present status of neutrino oscillations and future
prospects

—Including theoretical and experimental issues with cross-sections

(To cover a parallel section, not the plenary)



1,2,3 strings...
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Pan Tam
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2 string
Three? Why Three?

(introduction to the sterile neutrino session)
Boris Kayser (Fermilab, Batavia)
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...Or more strings




Brief history of neutrino physics

Adapted “The Growing Excitement of Neutrino Physics ”
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Neutrino

T2K hints on leptonic CP violation

by APS

IceCUBE observes extragalactic v

1930: On-paper appearance as “desperate” remedy by W. Pauli
1956: Anti-ve first experimentally discovered by Reines & Cowan 3 (.\,ﬁ\
1962: v, existence confirmed by Lederman et al T2K observe ve appeared from v,
1986: Existence of v, was established (see Gary Feldman’s talk) Daya Bay observe anti-v. disappeared
1998: Atmospheric v oscillations discovered by Super-K K2K confirm atmospheric v oscillation
2999—vfﬁ¥s{—e\ﬁdeﬂee—FepeFted—by—DQNU:Pe*peﬂmeH% KamLAND confirms solar v oscillation
2001: Solar v oscillations detected by SNO (KamLAND 2002) /
2011: v,— v, transitions observed by OPERA SNO observe solar v oscillation to
active flavor
2011-13: v,— ve Observed by T2K and anti-ve» anti-ve by Daya Bay Super-K confirms solar v deficit
2015: Nobel prize for v oscillations, Breakthrough prize (2016) and images the sun
Super-K observes v oscillation
2018: T2K hints on leptonic CP violation (&N
,\~ S/
v
/ Kamioka-Il/ IMB observe supernova
Pa‘_‘" Fermi’s Reines SAGE/Gallex observe the solar v deficit
predicts theory &.Cowan mu9n Sola.r LEP shows 3 active flavors
the of weak discover neutrinos neutrino

discovery anomaly Kamioka-Il confirms solar deficit

1930 1956 1962 1964 1980 1998 2018

~25 xears
| ]




Neutrino oscillations: A game-changer

wdish Academy of S s has dectded te

Takaakl KaJ 1ta and
Arthur B McDonald

“for the disc which shows tha

' Nobelprlze org

“for the discovery ofQeutrino oscillations), which shows

that neutrinos have mass




PMNS leptonic mixing matrix: Standard 3-flavor

Cjj.=c080;;, Si; =sinb;;

gl - < S n‘

Ve 1 0 0 C13 O 3136_15013 cl12  S12 U\#/1q
Yy, . 0 C93 S93 0 1 0 —S12 ¢12 U ;," V2
U+ ¥ 0 —S93 (€93 —51362(SCP 0 C13 0 0 1 V3
PIMINS ity “ e omms ttecominaentonet et i ot i i e ot}
* |n 3-flavor paradigm, Upuns is 3x3 unitary matrix and y 0.
parameterized with 3 mixing angles (612, 013, 623) and one g
irreducible Dirac CP-violation phase (6cp) ‘
* If neutrino is Majorana particle, i.e neutrino (mass ,
. . : , : arxiv:1301.1340 \
eigenstate) and anti-neutrino are identical, there are two G N
additional CP-violation phase, which play no role in v, 9 ‘
neutrino oscillations I
. P —4 » Re(U*UyU,U* Ami—
e Three mass eigenvalues are also fundamental parameters. (Ve = 1) = O ; eUeilpUaUgplsin < i 4E>
Neutrino oscillation measurements provide only the mass? I
spectrum but not the absolute values of mass +2Zlm(U* UpilUgiUp)sin <Aml]—>
2E
>j 7

?,' Main goal is to measure these oscillation parameters i

and verify if Upmns is 3x3 unitary or not




What “global fit” tell us?

Normal mass hierarchy is favored at 3¢ (20)

with (without) Super-K atmospheric
neutrino sample

B Am?2 = 7.391021 » 102eV?

2 21 —0.20

S 2 +0.033 3 /2

- _ +0.78 '
g 0,,=33821) m—
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8 0,3=49.67;
i i
— _ +0.13 2

g 913 — 861_013 Amy,,,

o 5. = 015+40 !
2 Ocp =<9 99 I s

2

mlightest =7
JHEP 01 (2019) 106 Ve v, B v
Global neutrino exp. fit . . .

MINQS, T2K, NOvA; Daya Bay, RENO, Double Chooz,
KamLAND,; SNO, Borexino; IceCube, Super-K

NO, IO (w/o SK-atm)

NuFIT 4.1 (2019) |
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Wait! Is “global fit” reliable?

Bari: Capozzi, Lisi, Marrone, Palazzo, PPNP 102 (2018) 48;
Lisi © Nulnt 18, 15 October

28%C. Giunti NNN2018

Bari | 7.34°015 2.2% precision

NuFit: Esteban, Gonzalez-Garcia, Hernandez-Cabezudo, Maltoni, NuFit 7.40t8:§(1) . ' . J 2.7% precision
Martinez-Soler, Schwetz, http://www.nu-fit.org; | 755020 L 2 4% -
NuFit 4.0: Gonzalez-Garcia @ NuTown 2018, 23 October valencia 018 L ' 47 precision
Valencia: de Salas, Forero, Ternes, Tortola, Valle, PLB 782 (2018) 633; 6.4 6.8 79 76 8.0 — 10
http://globalfit.astroparticles.es; ' ' 5 . 5 ' 5 ' 30
Tortola @ Neutrino 2018, 5 June Am21 [10 "eV]
. Nominal Precision + 2.8% Systematic Uncertainty !
(on Mass hierarchy) C /y Y
Bari: 2 2 — 0.5 ~ 3.1 0014 . -
arl. X10 — XNO — - (N - U) Bari | 0.3047,513 ——— 4.9% precision
NuFit: X|20 — X|2\|O =90.1 (= 3.00) NuFit | 0.307/5515  + —e—t 4.0% precision
. . +0.020 b o -
Valencia:  xip — ko = 11.7 (= 3.40) Valencia | 0920001~ t—e—s | o7 precision
. . —_ 1
Jiajie Ling on JUNO prospects 0.20 0.24 0.28 0.32 0.36 2
. . . )
JUNO is under construction and will start data Sin“V4
taking ~2021. Nominal Precision + 5.1% Systematic Uncertainty !
NO 1.2%
0
Statistics +BG' +1% b2b Bari | 2.492+09% e | 1.4% precision
+1% EScale , +1% EnonL NuFit | 2.523+00% et | 1.3%precision
Valencia | 2.50070 950 ——+—e—=——— | 1.3% precision
sin? 912 0.54% 0.67%
215 225 2.35 245 2.55 —
Am221 0.24% 0.59% AmZ,  [10%eV?]
- Am232 0.27% o 44% s\ Ominal Precision + 1.2% Systematic Uncertainty | m——
. . 9




Comment on “global fit”

e |t’s nice to see a big picture with data from many experiments since each is sensitive

to specific set of parameters

e However, it’s very challenging to reproduce experiment results, particularly when start
to be dominated by systematics and the experiment doesn’t describe detail/ release
systematic covariance matrices (can be more than 100 parameters for flux, cross

section and detector systematics )

“Near detector” observation*

2\ — AV t U, (7t = V, (It = true. .
Ua(ElZ'eCO , S) — (I)ﬂux(Eyrue) X Gint'(Eyl"ue, S) x Mdet. X edet.(Eyrue, S) X M(El/rl/te ; EZI;€CO)

“Far detector” observation

UEL5) = Ot (EL™) X 0 (EL,5) x My X € (B, 5) X MUEL™ L

limited phase space of final state
particles detected by detector

v, flux wo/ oscillatiox

Neutrino-nucleus cross sectio

X

Number of target nuclei

X

Oscillation prob.

Detection response

Detection efficiency

Need precise measurement

for every elements
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On flux understanding: Precise hadron prod.

ducfion Measuremenfs -s

¥ Precise Determination of Neutrino Flux with Hadron Pro
gYoshikazu Nagai (University of Colorado, Boulder)

The ENUBET Project
Andrea Longhin (Padova University and INFN)

Primary

NUSTORM protons
Alain Blondel (Université de Genéve)

magnetic horn

T2K target

NA ] HlNE EMPHATI L T 1 T T T T LI T l_ T 1 T T T I_
4L | —C (@) 3 N Hadron Interactions ! —— Material Modeling
Replacement of the TPC ;’: - -
Cons!ruitign of Vertex Detector (VD) lrceag("o;z:a‘g?:;gslo 4 Wiz I LI.] O 3 | == Proton Beam Profile & Off-axis Angle Number of Protons —
for D°, D° decay reconstruction "
(mainly for hequy ion program) / R fereos e C—G [~ Hom Cumrent & Field —— Replica Tuning Error T
\ , s . | I o 8 :— Hom & Target Alignment = = = Thin Tuning Ermror :
P Targat - p— .
a1 *l S - | K g . |1 ®xE,, A Nom. . .
/ = | e - |- & 02 T2K Work in Progress
New tri | 8 =
ew trigger and data -
acquisition system Upgrade of Projectile B
New Time-of-Flight Spectator Detector =
detectors ‘(mainly for heavy I ~J B
Facility upgrades in progress lon program) | | ] ; 01 Fl=======------
* DAQ upgrade: ~1kHz TPC readout . . ) ’
. nev(vQToFIZ%volls with mRPC Facility upgrades under consideration B
S . . | «Beam particle ID below 15 GeV/c B
Various ideas under consideration « Larae acceptance -
» Construction of low momentum beamline | . Mo?nentump:neosurement with maanet =
» New target tracking detector 9 0.0
107 1

10
E, (GeV)

Thin target measurements improved T2K flux uncertainty down to 10%
Replica target measurements willimprove uncertainty down to ~5%
(Replica tuning in figure only considers pions.

Result will further improve with kaons and protons taken into account !!)
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On flux understanding: A novel approach

Precise Determination of Neutrino Flux with Hadron Pro e+nu

Yoshikazu Nagai (Univerif Cloado, Bld . Th e E N U B ET bea m li n e (ba Se li n e 0 p tio n) (bet

. Andrea Longhin (Padova University and INFN) 3 2% quadrupole msuumeﬂted decay m—— >
y PSP TRTRGTINAPSEE VRS SR SSNG ST RIS S WS SRS FE TSRS Collimators Dipole triplet === —aaill ‘
ov
Target and S
NUSTORM W reen i i . * bendi detector
Alain Blondel (UnIVerSIté de Genéve) | ] } *I* _____ ‘_‘ _l ________________ > to proton dump 7-4 en Ing

1t quadrupole
triplet

aiming for a 1% precision on the v_flux

Sampling calorimeter with
lateral WLS light collection * Monitor (~ inclusively) the decays in which v are produced event-by-event

. NN Nl //// i * “By-pass” hadro-production, PoT, beam-line efficiency uncertainties
Vet /%'///f//% 7
A7 Iy J

W\ //)
| i
e . —
\ '“ I // Removes the leading source of uncertainty in
G B * Fully instrumented decay region v cross section measurements

I

To get the correct spectra and avoid swamping
the instrumentation — needs a collimated
momentum selected hadron beam — only
» v_Flux prediction = e* counting decay products in the tagger

e - Correlations with interaction radius allows
an a priori knowledge of the v spectra

K'=e'v n’- large angle e’

Radiation-harness is important

12



On flux understanding: Storm is coming?

Precise Determination of Neutrino Flux with Hadron Production Measurements

Yoshikazu Nagai (University of Colorado, Boulder)

The ENUBET Project
Andrea Longhin (Padova University and INFN)

, NUSTORM

& Alain Blondel (Université de Geneve)

momentum adj

3.8GeV[+10%]

ustable between 1-6 GeV

pt = etven,

1

B = e Vel

10" decaysl/yr

5GeV[220%] . 22

6m

-

~2000 m

FD

-- first flash of muon (anti) neutrinos from the decay of injected pions.

-- then muons from pion decay are stored in the ring.

-- cross-sections to be measured in near detector similar to HyperK or
DUNE ND

5 S - N (water, scintillator and Liq. Argon targets -- also probably iron)
a | el = * -V - preferably magnetized for energy reconstruction?
L 10" m% u e P \' g 124"
- E = L J S) . c . -
N i > _ .o. $ .'.. “© ° u.+ IgAME - require precise instrumentation for number of stored muons and
2 i S - I o % polarization
3 10" 3 8 - . '.. % D
c C ‘“E 500__ .'. .." .°.. % -- storage time at 6 GeV is 5x144us (fast extraction of short spill required
= - ~ o o o
- 10" e u ..0..' .o.. °
e
=

* v, and v, from muon decay:

10 times as many v, as, e.g. J-P/

2) a study should be set-up to evaluate the possible

implementation, performance and impact
of a percent-level electron and muon neutrino cross-section measurement
facility R o D e N e R A S e e S N e PN R e R O AN P N R S s S N A s
(based one.g. ENUBET or NUSTORM) with conclusion in a few years;

13



On neutrino-nucleus interaction

(Cross saction messurement with NINIAT Status and Prospects] very fine position
£Yosuke Suzuki (Nagoya University) £ resolution

Recent results and prospects of WAGASCI-BabyMIND
Son Cao (KEK, Tsukuba)

1. Confirmation and cross-section measurement ot 2p2h int.
2. Exclusive measurement of v,,,v, cross-sections

Proton momentum in 2p2h D, 0

vvvvvvvvvvvvvv

Proton (CCQE)

Proton (2p2h)
High momentum

= Proton (2p2h)
Low momentum

Detection of (slow) proton

0.1
I —>high purity event selection

Arbitrary scale ( Area normalized )

0405;
I T2K-ND
i ——
%
85 .
: —_ | Iron water
g wboi 2 200 MeVie [T . e e e e
£ F 3 g B ccee 4§ E yocae! -
> 1] R R B e S EEE IEEIEEE R TR PP PP 60_— » - ] _E = pi 4
- 5 ery, om ] 357 | commn
o] e T PTT 50— AN - i = bf . NC T
3SF 1 C p e,' vy events g 30: e[' v, events =
s E - 1} P = n’. | B
Y RN R e = 'l[’ai . = @l, N E
E 30 . 20E I "i‘ar:
RN 000 [ RN R . ] 161"5:_ | By
E 20~ | - o 3
10 :._ ......................... 15 g.. } E 10:_ """" -
p & e P —— : = o E
! S .— ............... 1 t.]';l'r'l"::;'ﬁ'\"r‘r'l"r'rl't'r'l-r-l'l'l-ﬂ L1l | 111 l_ L1 11 bdedd L1 l: 2 '.'(.j :";':‘1'1"["."."1""l"."l"l'i;';'V";'Vl'v'lv‘;r'l"l"l"l'mhl—_ T L1 PR IE .
s 1 2 3 4 5 6 8 9 10 1 2 3 4 5 6 8 9 10
¢ ' . i Number of charged particle tracks
0 0.2 0.4 0.6 0.8 P(GeV/c, Number of charged particle tracks ged p



On neutrino-nucleus interaction

Cross section measurement with NINJA: Status and Prospects
Yosuke Suzuki (Nagoya University)

On-axis v v v
1.5 GeV mean energy

Recent results and prospects of WAGASCI-BabyMIND 1 5 off-axis
Son Cao (KEK, Tsu kuba) 0.86 GeV mean energy

- — \ '
> g
. - ’ W,z '
E rile aj Oct. 2016 - April 2017

1.50 off-axis 7.25x1020 POT v-mode

0.86 GeV mean energy

oton Module ' WAGASCIE ~ 'INGRID

A)
\I_’.
N

15 T @ 15 - -
E e Dama l 8 - e Dam ' Oct. 2017 M?y 2018 To take data with neutrino
S MC nominal i B 4 B Ve . 3 8.5x1020 POT anti-v-mode [ [N LS v i s
- I nominal 3 - 1 nomina -
13 — -] - 1 i ecinmi O/C ratio measurement
g MCM" =0.18 GeV AbSOIUte i 2 13 E MC M £0.18 GeV Rat|o (commissioning w/ v-mode)
12 | — - - R
- MC2p2h O = 100% E 4:, MC 2p2h O = 100%
(N = o 4 = . 16 :
g MCp O, +9MeV i 2 12 F MCp O, +9MeV E
10 B f | R o) - '
S -
8 3 1.1
09 E 1 . I | ; ] To enlarge coverage of lepton
08 E - 10 &= ) ] scattering/ momentum determination
07 E 3 . - 3 Nov. 2019 ~ and charge identification
- o 09 = .
0.6 [ 3 r ]
05 E 1 L 3 08
0, T 2 = 2 T
o/ o/ — o
S o © ® 5 S
e ~o 2
—_ — -

e 10%-14% errors for absolute measurement; 5% for ratio measurements
e Unprecedented precision for the measurements of neutrino-water interactions

e Good agreements with interaction models used in T2K exp.

Ready to take data from Nov. 2019 with final detector configuration




On neutrino-nucleus interaction

Kevin McFaland @ NulNT18

Beginning Re-branding of a \§
new field?

More clean data, more Electroweak Nuclear Physics

model-indepent analysis

approaches, more

theoretical calculation &

prediction implemented in

neutrino event generator are

vital to pave the way toward

“the best” nuclear model

We need to collaborate w/
nuclear physicists




Precision era & PMNS formalism testing

17



Solar v sector: Tension & solver(?)

arXiv:1808.08232

10m T T T T T T | T T 1OM| T T T T T T T T
B Reactor . - 4
= (KamLAND) A 5 .
\ 8 — 8 —
§ oL J T L - Reactor )
; > | ] > [ (JUNO)
(O] () 7]
1 B 7 19 B 7
\F o0 S e E 6 — E 6 N
§“ } an L i ad L 4
\ E | ] £
< 4 = |
| 41— — 41— —]
‘ - - - -
l - — - —
i - - L -
1 . | | | | 1 1 1 [ 1 1 | I 1 | 1 1 1 1 | 1 1
2 2
. wee H % 0.2 0.3 0.4 0.2 0.3 0.4
| .
1 4 X 1 sin“6 sin“0
] 3 |
N = 2
‘.4 l" l [
== |

DUNE as next-generation
solar neutrino exp.

18




Atmospheric v sector: 023

NuFIT 4.1 (2019)

T2K(_II)/NOVA/Hyper_K/ 32 —_I ] L L L I L I I__ —_l LI I L I LI é I l I__

. = =N= Dbl-Chooz J

DUNE & atmospheric exp. 3 4F E

2.8 = == -

. Normal mass hierarchy - 1E ]

T, ox10° C20F ER3 E

R  Hyperk E 24 =5 F oa =

oo 235 sin202; (true) = 0.50 22F £ E

& 250 —— Hyper-K + reactor N; - 4 F .

- (] P ol o e e NG, S —

< 2.45:_ ™ 5 T e I = = e s | =TT T T T T e ]

- S - 1C ]

2350 NE% 24F JE E

23F Hyper-K a: 1 g

225 I: El: :

pob bl b b L 28— -0 F =

0.4 0.42 044 0.46 048 0.5 052 0.54 0.56 0.58 0.6 0.62 3 1E E

) - 1 261 3

Sln 623 '3'2 __I | [ T | | 11 1 1 I I . | | I | I__ __'I [ I I 11 1 1 | 1 1 1 I[ |G]I__

Prospects of the Hyper-Kamiokande project 03 04 05 06 07 0015 002 0025 003
Yasuhiro Nakajima (ICRR The University of Tokyo) =l S5 Sl i

* My hunch is the nuclear model may play an important role for this. It can lurk the effect
of (hon-) maximal

* With high statistics, appearance channel in Hyper-K/DUNE will be very interesting, to
not just compare with reactor measurement on 043 but its sensitivity to octant of 923
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Precision of mixing angle 613

Measurement & expectation from Daya Bay

o 0.021
g" L
£0.018 68.3% C.L
ks Rate Only
s0.016t+ e Installation
L Rate+Spectra
0.0141% e Stat. only

(O PRL108 171803 (2012)
() CPC 37011001 (2012)
® PRL 112061801 (2014)
PRL 115, 111802 (2015)
@® PRD 95, 072006 (2017)
=

o

o

(=

o
I]Illllllllllllllllllllll TT1

. This result
0.006
0.004
0.002
—lllllllllllllllllll[lllllllllllllll—
Oq/12 12/12 12/13 12/14 01/16 12/16 12/17 12/18 01/20 12/20
Month/Year

@Jiajia Ling

0.02
DUNE Sensitivity
0.018 Normal Ordering
sin’20,, = 0,085 + 0.003
0.016 0,,: NuFit 2016 (90% C.L. range)
c0014 sin’0,, = 0.441 + 0.042
(]
]
3 0.012
@
& 0.01
&0.008
=
“0.006
0.004
0.0021- Reactor uncertainty

%

sin?26,, Resolution

200 400 600 800 1000 1200 1400

Exposure (kt-MW-years)

6CP

Normal mass hierarchy

1505
100}
50f

-50f
-100f
-150f

— Hyper-K+reactor —

| RS B s et O S N T

004 006 008 01 012 0.14

016 0.18
. 2
sin 2613

e Does ~3% uncertainty on 613 meet our need, particularly for solving 013 -6cp- 023 - mass

hierarchy degeneracies

* |t will be interesting to compare between reactor-based & accelerator-based

experiments on this mixing angle
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Indication of CP violation in the lepton sector

It’s really exciting time.

Experimental status of T2K and NOvA
Davide Sgalaberna (CERN, Geneva)

T2K Run . -
g T T NOVA FD  8.85x10%° POT equiv v + 12.33x10° POT ¥
L = - - -
0] 20 — ] L] - N . 5 B T T T T T T T T T T T T T T T T T T T 2
A i =0 ] S - - : -=-NH Lower octant CZ)
S C - ] =] C LN ] B Lemma. 1
° 15 - ° 20F - —_ - - NH Upper octant - ;
o - . & n . v 4 .
@ 10: ] - 18E — ~ i -=--|H Lower octant ] o
C ] 3 C N ] - 1=
E - € 16 —sin?6,,=050,045,055 — 8 4 - |H Upper octant 10
C & - — Am}, =2.45x107 eVic* —_——— . S -1 5
SE 7 14F - Aml = 243x107 eVt . - - 3
B s g o dep=1 ] CU : : 5.
C = S 12F m sg=+m2 . O i 1o
0 N |—|_|_ + 3 g - o dep=0 . ;'.: 2 [ - 1<
C _l—f—l___,_*_l_*_'_*_'_'_; S 10F @ dg=-m2 _' E E A VS I<
L ] C & Data (stat. errors only) ] B ‘ yoe 0
_5_—‘ L N T e < 8_\\\\\\\\\\\\(\)\y\\\\\\\\\\\\\\\\\\\\\\\\\\\\_ O) B S~ - 7
0 02 04 06 08 1 12 30 40 50 60 70 80 90 100 110 'c,_) 1 [ . o
v Reconstructed Energy (GeV) Neutrino mode 1Re candidates p* “ead
CLZD RUL LY Clelaly T2K Run 1-9 Preliminary i i
3F r /.. Normal - 68CL ] 3sf] B 0 — — — o
o * Bestfit ~—— Normal - 90CL - 7 0 U Tt SJT 27[
- PDG 2018 ---- Inverted - 68CL ] - 4 = —
2 — Inverted - 90CL —] 30 :_ — Normal _: 2 6 2
) - E - — Inverted ] ~CP
= 1= ] 251, . ]
ﬁ C i ~ C .
3 - ] =) r 7
é 0F E E/ 20F E
S _1E 3 N 15k =
© C ] C ]
-2 : 10H] E
C 7 . 51 Y
=3 . ! \ L, x10™ ?

|

w

|

[\S)

|

—_
e
—_
[\S)
W =

T2K: CP-conserving values of &cp are No doubt. we need more data

out of its 20 C.L measured range




Leptonic CP violation

Based on JHEP 01 (2019) 106
e Amplitude of leptonic CP violation

0.821 0.551 —0.123 +i*0.086
can be presented .mo.del— UCPestfit = [ _0283 +i%0.054 0.590 + i *0.036 0.753
iIndependently by Jarlskog invariant 0.490 +i*0.046 —0.588 + i *0.031 0.641
JEeron — pmlU .U*U*U.,.] Unitary of PMNS can write down in six relations
CP ai= qj = Bi P
| (scalar product of any row/column vector ),
iy sin 26, sin 26, sin 26,5 cos ;5 sin dp which can be presented by “unitary” triangles
. . . . 3 3k * —
e Jarlskog invariant is 2 times of area of U Un + UpUpn + URU,;3 =0
. . 0.3 : : : : . :
unitary triangle - ' ’ '
e e e s | | ; . : C(0.30,0.18): . ;
A e et A A At et 07 A o I S Dbt St N N S
:Jé;p”’” = —0.019 at best fitted parameters# 5 5 5 5 5 ? ? ?

. mpar uarks

Jaarks = (318 £0.15) x 1075 (pdg2018) £
Amplitude of the leptonic CP violation i E
can be much larger than its of quarks - -,
02 _—JCP=srgn(acp)x2xAreaxIUe2UM2I2=0019

_0 3 | : | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
’ -04 -0.2 0 0.2 04 0.6 0.8 1 1.2
p (Real)
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Leptonic CP violation

Based on JHEP 01 (2019) 106

joadl RSN BN IR Y L IR I 0.821 0.551 —0.123 + i *0.086
i o % - Ugio =1-0.283 +i%0.054  0.590 + i *0.036 0.753
i ¥\ - 0.490 +i*0.046 —0.588 +i*0.031 0.641
1o % Amy & Amg
: singp ] Unitary of PMNS can write down in six relations
05 ] (scalar product of any row/column vector ),
X i which can be presented by “unitary” triangles
I i 0.3 , , , :
05 - R - C(O 30 0. 18)
-1.0 ; Y EK ;
: % sol. weos2f<0 : —
= Summer 18 {excl. at CL> 0.95) - g
.1-5 L1 I L1 1 1 11 1 1 l | N | l | I l | S - g
1.0  -05 0.0 0.5 1.0 15 2.0 =
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A % to exclude sind =0

Leptonic CP violation: Race already started
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Mass hierarchy: Another intriguing race
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How to test PMNS paradigm?

Practical tests on the PMNS paradigm
- .amu Yasuda (Tokyo Metropolitan University)

3. Tests Before HK & DUNE

(1) Vs
To test the hypothesis of sterile v, (i) we get ] ]
the constraints on the extra mixing angles (1-1) Neutral current interactions of n0 at T2K
014, 024 , 034 or (ii) we get the constraints on By measuring #(n® ->2y) due to NC, we can
different matter effect. determine

P(vy->ve)+ P(v,->v)+ P(v->v7)= 1-P(v->v)

(1-2) Appearance & disappearance probabilities

at TzK (1-3) Ve (SK, IceCUBE)

(1-4) SK v,¢m : T appearance

HK & DUNE can give us enough ingredients to test PMNS paradigm at some
significant C.L?
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Global effort.

-«;-ﬂ“' :

We find neutrino very interesting & this center has “v” shape. It can be
a “signal” (for a neutrino group development) or just “coincidence”.

Thank you for coming & we hope to continue working with you.
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