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1. Neutrino oscillations

Neutrino oscillation is an interference experiment (cf. double slit experiment)

light source screen

ula)ied aoualaia)ul

For double slit experiment, if path v4 and path v, have different length, they have
different phase rotations and it causes interference.
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1. Neutrino oscillations

Neutrino oscillation is an interference experiment (cf. double slit experiment)

. I
1)
—>

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation,
they cause quantum interference.
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1. Neutrino oscillations

Neutrino oscillation is an interference experiment (cf. double slit experiment)

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation,
they cause quantum interference.

If v4 and v,, have different mass, they have different velocity, so thus different
phase rotation.
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1. Neutrino oscillations

Neutrino oscillation is an interference experiment (cf. double slit experiment)

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation,
they cause quantum interference.

If v4 and v,, have different mass, they have different velocity, so thus different
phase rotation.

he detection may be different flavor (neutrino oscillations).
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1. Neutrino oscillations

2 neutrino mixing
The neutrino weak eigenstate is described by neutrino Hamiltonian
eigenstates, v{ and v,, and their mixing matrix elements.

|\/M> = Um |\/1>+UM2 |\/2>

The time evolution of neutrino weak eigenstate is written by Hamiltonian
mixing matrix elements and eigenvalues of v4 and v, .

| vu(t)> =U e v1> +U e v2>

Then the transition probability from weak eigenstate v, to v, is,

Puae(t) - Kve | Vu(t)>‘2 - _4Ue1U32UM1UM2 sin? (7\1 ;7\’2 t)

ING'S
College

LONDON katori@fnal.gov



1. Neutrino oscillations

In the vacuum, 2 neutrino effective Hamiltonian has a mass term,

mie miu m12 O
H | 28 2B |_| cosB -sinb 2E cosf sinB
. m; mjM sind cos0 m: —sin® coso
2E
2E  2E s _ AnE
Therefore, 2 massive neutrino oscillation model is (Am2?=|m2-m,2|) AM?2

2
P (L/E)=sin?20sin?| 2™ | _sin?20sin?|x_
u—e AE | osc

After adjusting the unit

P __(L/E)=sin®20sin? (1 27Am?(eV?) El_l\(/lrzzl))

u—>e
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Kayser,PRD24(1981)110

1. Neutrino oscillations

Wave packet formalism
- real formulation of neutrino oscillations

v, ) =SU.1v,) /\/\/\/

2
| va> o< EUaa exp(iﬁax — Eat _ (X ;(\jlgt) ) | va> /\%Y

7
/ ;
~ <1~
' / v )
v Source Target-
Detector

FIG. 1. A typical neutrino-oscillation experiment.
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Giunti,Kim,Lee,PRD44(1991)3635

1. Neutrino oscillations

Wave packet formalism
- real formulation of neutrino oscillations

P (L) EUaiU;iU;,-UB,- exp
ij

Coherent oscillation
Decoherence during propagation
Decoherence at production and detection
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Giunti,Kim,Lee,PRD44(1991)3635

1. Neutrino oscillations

Wave packet formalism
- real formulation of neutrino oscillations

2 2
* * L 2 GX
Paﬁ('—)ocguaiuﬁiua,-um exp -(Lcoh) —4m (L)

Coherent oscillation
Decoherence during propagation
Decoherence at production and detection

* * = L
P (L) = DU U U U, exp[-zm = ]
; ;

1)

~ sin® 20 sin? (:rc L<I)_sc )
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Giunti,Kim,Lee,PRD44(1991)3635

1. Neutrino oscillations Vo Vi

Wave packet formalism

- real formulation of neutrino oscillations

- . L
Pocﬁ(L) x Euaiuﬁiuajuﬁj exp —27 LOSC _ - 4:“:2 (
ij

Coherent oscillation
Decoherence during propagation
Decoherence at production and detection

2
B cl;h , L (ix
L |vi—v,|

Decoherence happens faster for narrower wave packet (small c,) and bigger group

velocity difference difference (bigger Am2, lower energy)

How to estimate c,?
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Giunti,Kim,Lee,PRD44(1991)3635
de Gauvea et al, arXiv:2005.032022

1. Neutrino oscillations Vo Vi

Wave packet formalism ﬂ / ;

- real formulation of neutrino oscillations

2
* * . L 2 GX
P, (L) Eij.:uoduﬁiuoquBj exp| —2m - ~4n (L)

Coherent oscillation
Decoherence during propagation
Decoherence at production and detection

2
B cl;h , L (ix
L |vi—v,|

Decoherence happens faster for narrower wave packet (small c,) and bigger group
velocity difference difference (bigger Am2, lower energy)

How to estimate c,?
-> controversial subject
Reactor neutrino data interpretation says it is at least bigger than ~10-13m...
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1. Neutrino oscillations vy Vi

Wave packet formalism m

- real formulation of neutrino oscillations

Neutrino oscillation

cos0O V1 cosO
sin® V2 -sinod

P=|A*Ay|?
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1. Neutrino oscillations Vo Vi

Wave packet formalism ﬂ / ;

- real formulation of neutrino oscillations

Decoherent neutrino oscillation (time averaged neutrino oscillation)

cos0O V1 cosO
sin® V2 -sinod

2
P=|A|2+|A,|2 = cos*0+sin*0 = 1-sin’ 20 % = 1-sin? 20 sin? (A4rg L)

L—o0

a C
U=
0.9F
0.8F

0.7F

0.6

05F

04F

0.3F

0.2F
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Giunti,Kim,Lee,PRD44(1991)3635

1. Neutrino oscillations

Wave packet formalism
- real formulation of neutrino oscillations

2
- L L .
P (L) o YU U U U, exp|-2ni -(Lcoh) ~ 4
ij

Coherent oscillation
Decoherence during propagation
Decoherence at production and detection

If the neutrino production or detection uncertainty is bigger than oscillation length,
neutrino oscillation doesn’t happen (time averaged oscillation or neutrino mixing).

This is the situation of solar neutrinos.
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Kopp, Fermilab theory seminar (2012)
http://theory.fnal.gov/seminars/seminars.html

1. Neutrino oscillations

Wave packet formalism
- real formulation of neutrino oscillations

L L
Pap(L) o Y UzjUak Usy Ugj exp l— 2l oz = ( Lcoh)
/K -

_ (AR 2Tegz(w_x>2 _(m+ miq
32022~ ° ’

o Oscillation (L% = 4nE/Amg)
@ Decoherence during propagation
@ Decoherence at production/detection

@ Localization: Typically requires size of neutrino wave packet o, smaller
than oscillation length (¢ = process-dependent parameter, can also be ~ 0)

@ Approximate conservation of average energies/momenta



IceCube, Nature Physics 14 (2018) 961

1. Neutrino oscillations with new physics

Neutrino oscillation is interferometer

H = Hpmnass + Hmatter + Hexotic = Pa—>ﬁ’ = Pa—>ﬁ (Hmass) Hmatter, Hexotic)
- tiny effect shifts oscillation (interference pattern) visible amount
- sensitive to new physics search

Search of non-standard interaction with matter
Search of neutrino-light dark matter interaction
Search of neutrino-dark energy interaction
Search of new long-range force

etc

Cosmic rays
e.g.) Search of violation of Lorentz invariance

- Interferometer arm length ~ 12700km

- Sensitivity goes far beyond Michelson-Morley
experiment, or beyond any experiments (optics,
atomic physics)

4 ’ —‘.
' f IceCube
o :
Horizontal

Tau neutrino :
ING’S Vertical
LOIEIV%Z(%?SI katori@fnal.gov
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1. Neutrino oscillations

Neutrino oscillation is a natural interferometer

Formal description of neutrino oscillation is not easy, because
guantum mechanics is not easy

Neutrino oscillations are also useful to look for new physics
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2. Before 1998

1998

solar solar neutrino problem
neutrino - Homestake
- Kamiokande Il
- SAGE
- GALLEX
reactor null reactor neutrino
neutrino oscillation
- many
atmospheric  atmospheric neutrino Super-K up-down
neutrino anomaly asymmetry agrees
- Kamiokande I with neutrino
- IMB oscillation

- Frejus

null accel. neutrino
oscillation
- many

accelerator
neutrino
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2001

SNO solved
solar neutrino
problem

2002

Davis
(Homestake) and
Koshiba
(Kamiokande 1)
won Nobel prizes

2003 2004
KamLAND
reactor neutrino
oscillation (LMA)
Super-K
neutrino
oscillatory
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Cleveland et al.,Astrophys.J.496(1998)505
Pontecorvo,Phys.Lett.28B(1969)493

2. Solar neutrino problem

Homestake experiment

Ve +37Cl > e+ 37Ar
(proposed by Pontecorvo)
- mainly sensitive to 8B neutrino (~10 MeV)
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Cleveland et al.,Astrophys.J.496(1998)505
Pontecorvo,Phys.Lett.28B(1969)493 PR ROOM

2. Solar neutrino problem

TO ARGON

PUORIFICATION He TRANSFER
. SYSTEM S FPLOW IN
Homestake experiment - ‘ -
Ve T 37Cl > e+ 37Ar ?;;;;Ig;n:::: MOLECULAR SIRVE

TRAP

(proposed by Pontecorvo)
- mainly sensitive to B neutrino (~10 MeV)

COURTER CURRENT
HEAT EXCHANGER

. FLOWMETER
- Measured rate was consistently lower
than SSM (standard solar model) predictlor Sar :
T K
SSM (1 FWHM Results) ] e
14}
17
—~ 12} ) ) ’ TANE HAMBER
3 | 1s
E 1.0 > ) 4 CONDENSER
2 I . & y 1’ e
e osf ' [ anl, “He stream
E ‘ : 1 oh [ll[4 * ;% . > cas FLow-—
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1970 1975 1980 1985 1990 (Neutrino oscillation was speculated from
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GALLEX, PLB490(2000)16
SAGE, J.Expt.Theor.Phys.95(2002)181

2. Solar neutrino problem

Gallium experiment

Ve T "Ga 2> e +71Ge = GALLEX  combined GALLEX and GNO i gzz
- Sensitive to pp-neutrino (0.42 MeV), g N 65 GALLEX Runs 19 GNO Runs nen T
90% of total solar neutrino flux. s .. i l S§M
- Both experiments observed deficit, § 1. 7 ﬂ_ v 120 3
. . +8 £
but weaker deficit than Homestake 5 os 06 h < 11 T e 5
o " z
§ 0.0 -t F b 40 _@
GALLEX c s H 193
9'1'0.“1...1...1......1...1...|...|...|...-'12°
1}. 1991 1982 1893 1994 1885 1836 1997 1898 1888 2000
é
| 0 SAGE
g
} 3 300
| -
GaCl, ‘ % <
gL >
Fd 5 - g | Ui BSM
(54m*, 110 1) 0 Hﬂ'ﬁ H}k - F i WIMHHH *ﬁ } ’H.*.i.¢.~0'6
s © . .: § 123
S ISR T R T

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
Mean extraction time (years)
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Wolfenstein,PRD17(1978)2369

Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913

2. MSW effect

Neutrino oscillation in vacuum

2 2

mee eu

H, | & 2
m> m’

eu U

2B 2E
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Wolfenstein,PRD17(1978)2369
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913

2. MSW effect Ve e

Neutrino oscillation in matter Wolfenstein term W

- Neutrinos interact with media
- Only electron W e Ve
2 2

m m (m2)|
_ee 4 eu _ 1 0 _
Y 2E oE cosf_ -sinB_ oE cos6_ sinf_

o m? m? sinf_ cos6 (m2)' || -sin6_ cos#
eu uu m m 0 2 m m
2E 2E 2E

Both 6,, and (m2)’ are function of n, and E
- no matter effect If density and/or energy is too low

c0s20 —-AENn_+cos20 7
m = 2+2G
\/(AEn —00326)2 +sin® 20 A= -
© Am
sin20

sin26m = .
\/(AEne - 00328) +5sin®20
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Wolfenstein,PRD17(1978)2369
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913

2. MSW effect Ve e

Neutrino oscillation in matter W

- Neutrinos interact with media

- Only electron neutrino exchange W € Ve

m2 m2 (m2)|
ee e 1
. E“/EGFne E _| cos6, -sind, U cosf_ sin@_
o m? m? sinf_ cos6 (m2)' || -sin6_ cos#
eu mn m m O 2 m m
2E 2E 2E

Both 6,, and (m2)’ are function of n, and E
- no matter effect If density and/or energy is too low
- the Sun happens to have ng,~150 cm-3 and E(8B-v)~10 MeV

0820 —-AENn_+cos20 5
m = 2+2G
\/(AEn —00326)2 +sin® 20 A= -
© Am
sin20

sin26m = -
\/(AEne - 00328) +5sin®20
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Wolfenstein,PRD17(1978)2369
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913

2. MSW effect Ve e
Neutrino oscillation in matter W
- Neutrinos interact with media
- OnIy electron neutrino exchange W € Ve
ee € (m12)'
. +\/76F - ZEM _| cos6, -sind, U cosf_ sin®
o m? m? sinf_ cos6 (m2)' || -sin6_ cos#
eu uu m m 0 2 m
2E 2E 2E

Both 6,, and (m2)’ are function of n, and E
- no matter effect If density and/or energy is too low
- the Sun happens to have n,~150 cm-3 and E(8B-v)~10 MeV

core of Sun outside of Sun
(high density) cos6m=0.34 V1 cos6=0.84 (low density)
Ve < >
sin6,=0.94 / vz -sin0=0.55

P=|A1|2+]|As|2 = cos20,,"cos20+sin20,,,sin%0 < cos*0+sin*0

INER ~0.35 (MSW) ~0.6 (no MSW)
College
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Kamiokande 1I,PRD44(1991)2241, PLB205(1988)416, PRL58(1987)1490

2. Kamiokande |l experiment o
solar-v angular distribution

. 0.15 ——r—r ———r——r—TT
Solar neutrino z C (a) ' '
Vet e 2 vete @ i
- Direction of recoil electron > ot0p
(~direction of neutrino) is g i
consistent from the Sun. g 0.05 2o % ¢
L)
€ >
Ve \Lli 0 [ PR SR T TN (T WA WU TR TN SN S S SN SN S S
_________ 1.0 -0.5 0.0 05
cos O
Atmospheric neutrino | sun |
Vet X2 e+ X atmospheric neutrinos
vyt X2>p+X ' '
- electron neutrino is 20t Ve 1
consistent with MC, but muon =
. . > "
neutrino shows deficit L
Supernova neutrino g + +
E
- 12 events are observed 2 * + +
(IMB observed 8 events) .
0 > > 5
: =1
ING'S cos® cose

Logaélgff} katori@fnal.gov




2. Before 1998

There are 3 major discoveries
- Solar neutrino anomaly

- MSW effect

- Atmospheric neutrino anomaly
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2. 1998-2004

before 1998 2001 2002 2004
solar solar neutrino problem SNO solved Davis
neutrino - Homestake solar neutrino  (Homestake) and

- Kamiokande Il problem Koshiba

- SAGE (Kamiokande 1)
- GALLEX won Nobel prizes
reactor null reactor neutrino KamLAND
neutrino oscillation reactor neutrino
- many oscillation (LMA)

atmospheric  atmospheric neutrino Super-K up-down Super-K
neutrino anomaly asymmetry agrees neutrino
- Kamiokande Il with neutrino oscillatory
- IMB oscillation
- Frejus
accelerator null accel. neutrino
neutrino oscillation
- many
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Super-kamiokande, PRL81(1998)1562

2. Super-Kamiokande

Up-Down asymmetry
- Atmospheric neutrino anomaly is function of distance

- But neutrinos might just disappear (decayed) or lose coherence (decoherence)

.
260 5 , nt - ut+v,
e-like [ e-like ptX->X+mqy | b
200 L P> 0.4 GeVie 1 sl p<25Gevic ] p-—e +v,+v,
150 | { 3o 4 \
‘ !
100% 20$ m (Ve:vu:vr) - (1:2:0)
50} 1 10} ]
o L 1 A L o L A L
300 100

p-like L p-like

240F P> 0.4 GeV/c n 80 '

180 o} @z

6o} { 2o} -

-1 06 02 02 06 1 o—t 06 -02 02 06 1
cose cose®
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Super-kamiokande, PRL81(1998)1562, PRL93(2004)101801

2. Super-Kamiokande

Up-Down asymmetry

- Atmospheric neutrino anomaly is function of distance

- But neutrinos might just disappear (decayed) or lose coherence (decoherence)
- Later Super-K also shows the first neutrino oscillatory behavior

- Super-K concludes v-oscillation is the solution of atmospheric neutrino anomaly

250
e-'ike w. e_"ke 1_8 L} 1} lllllll ] ] lllllll L} LI | lllIlI ] ] lllllll
200f P> 0.4 GeV/c . 405 p<25GeV/c -
| ! TR 5
X ] i ] (&)
150‘ 30 ! 8 -
100% 20 ﬁZ‘ —
= - 2
: « >
sol. 1 ol ] 2 1.2 decoherence
0 1 1 i 3 0 1 1 1 g 1 - .
300 ™ 100 , - : neutrino
p-like r pelike 2 08 decay
240} P> 0.4 GeV/c - 80} O L
] ’ EZZT+‘ ® o6E
180 60} [Z77 o X
S 04F
120 1 % ﬁ © [ | massive neutrino
el 1 sl ] O 02F | oscillation
L L 1 1 ’ L A ' 1 N L L lllllll L L lllllll L L lllllll L L lllllll
07 06 02 02 06 1 %1 06 02 02 06 1 0 2 3 4
cose cos® 1 10 10 10 10
L/E (km/GeV)
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2. SNO

D,0O in acrylic vessel
Simultaneously measure 3 channels

vetd—2>p+pte
- charged current (CC)
- only sensitive to v,

vwtd2>p+n+v,
- neutral current (NC)
- sensitive to all flavors

Vet €2 vVvete
- elastic scattering (ES)
- sensitive to all flavors
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SNO, PRC75(2007)045502

2. SNO

D,0O in acrylic vessel
Simultaneously measure 3 channels
- SNO concludes neutrino oscillation is the solution of solar neutrino problem

vetd>p+pte SNO

- charged current (CC)
- only sensitive to v,

I'{IIII|IIII

vwtd2>p+n+v,
- neutral current (NC)
- sensitive to all flavors

Vete2vete
- elastic scattering (ES)
- sensitive to all flavors

(bm (106 cm?sh

IIII|lIIl|IIII|IlII|J

-
O_
.
()
(O8]
AN
)
@)}
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2. KamLAND

Liquid scintillator detector
- Measure reactor electron anti-neutrinos from reactors from all over Japan

anti-ve +p2>e*+n,n+p->d+y (2.2 MeV)

10
0"
10"
210° |
NE
<4
107 |
BP98 SSM \
10" ] Combined 95%CL by
SAGE & GALLEX ‘1
—— Kam & Super—K (504 days)
9 —-—- Homestake
100 10" 10" 10" 10°
katori@fnal.gov 39
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2. KamLAND

Liquid scintillator detector
- Measure reactor electron anti-neutrinos from reactors from all over Japan
anti-ve +p2>e*+n,n+p->d+y (2.2 MeV)

&

E, 6: 1.2 %

= 5 1 =B
= ©

=< 4 0.8 o

= A

@ 3 .‘.-06 L.

g 2 10.4 W

o ] a”

a 1 02 =2

® gt 30 §

€0 50 100 150 200 250 300 350 400 450 500 (28
§ Distance (km)
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KamLAND, PRL90(2003)021802

2. KamLAND

Liquid scintillator detector

- Measure reactor electron anti-neutrinos from reactors from all over Japan
anti-ve +p2>e*+n,n+p->d+y (2.2 MeV)

- First evidence of reactor neutrino oscillations

- Solar neutrino parameters are fixed
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KamLAND, PRL90(2003)021802;94(2005)081801; PRD83(2011)052002

2. KamLAND

Liquid scintillator detector
- Measure reactor electron anti-neutrinos from reactors from all over Japan

anti-ve +p2>e*+n,n+p->d+y (2.2 MeV)
- First evidence of reactor neutrino oscillations

- Solar neutrino parameters are fixed
- Result shows nice oscillatory shape
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KamLAND, PRL90(2003)021802;94(2005)081801; PRD83(2011)052002

2. KamLAND

Liquid scintillator detector

- Measure reactor electron anti-neutrinos from reactors from all over Japan
anti-ve +p2>e*+n,n+p->d+y (2.2 MeV)

- First evidence of reactor neutrino oscillations

- Solar neutrino parameters are fixed

- Result shows nice oscillatory shape

- Nonzero 643 makes agreement with solar data better...
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2. 1998-2004

2 major problems are solved
- Super-Kamiokande solved atmospheric neutrino anomaly
- SNO solved solar neutrino problem

KamLAND nailed down there was only 1 oscillation parameter set to explain solar
neutrino oscillation in 2 massive neutrino oscillation model

A lot of exotic models are killed

- Models to explain atmospheric neutrino anomaly are mostly dead
(neutrino decay, neutrino decoherence, Lorentz violation, etc)

- Models to explain solar neutrino anomaly are mostly dead

(large neutrino magnetic moment, etc)

- It was the biggest genocide time for phenomenologists. These days
phenomenologists look for second order effects in data
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2. 2005-2011

2005 2008 2011 2012 2013

solar neutrino Borexino Borexino pep
"Be neutrino neutrino agrees
agrees with with MSW

MSW

Hint of 913>0

reacto KamLAND neutrino
neutrjno oscillatory

043 is measured
- Double Chooz

- Daya Bay
- Reno
atmpspheric MINOS charge Super-K v,
neutrino separate appearance
atmospheric result
neutrino
oscillation
accelerato K2K neutrino T2K v,
neutrino oscillation agrees separa appearance
with atmospheric ¢ result
neutrino oscillation neutrino
ascillation
b
oiege katori@fnal.ge 45
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K2K, PRD74(2006)072003

2. K2K experiment

First long baseline neutrino oscillation experiment
- ~1.3GeV muon neutrinos over 250km

8§ (3,180m)

events/0.2GeV

BRL(1.104m) Neutrino beam
AL 360m)

BETERDTRREE eI\ o Ll

{Super-Kamiokand.y Tsukuba &

e e e 'y
o N A O o
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=

v beam Detector
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Water Cherenkov ¢
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Near Detector Far Detector

Wisconsin

Fermilab, lllinois Soudan, Minnesota
2.MINOS i —
Magnetized detector — 735 km =

- ~3GeV muon neutrinos and muon anti-neutrinos over 735km
- Due to B-field, neutrino and anti-neutrino interactions are separated

h | /i
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MINOS, PRL107(2011)021801

2. MINOS

Magnetized detector

- ~3GeV muon neutrinos and muon anti-neutrinos over 735km

- Due to B-field, neutrino and anti-neutrino interactions are separated

- First direct measurement of anti-neutrino oscillation parameter consistent only 2%

- ; : . . ; ; ; ; — 8 I 1 LI | I I I I LI I I LI I I I I I I I I I LI
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MINOS, PRL107(2011)021801;110(2013)251801

2. MINOS

Magnetized detector

- ~3GeV muon neutrinos and muon anti-neutrinos over 735km

- Due to B-field, neutrino and anti-neutrino interactions are separated

- First direct measurement of anti-neutrino oscillation parameter consistent only 2%
- Final data show no anomalies, neutrino and anti-neutrino data are consistent
(one and only one neutrino oscillation experiment with magnetized far detector)
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Barger et al, PLB617(2008)78

2. Borexino

’Be solar neutrino
- high pure liquid scintillator detector to detector low energy (=’Be solar neutrino)
- Pre-borexino > MSW was about right, but not quite right

pre-Borexino world solar-v data
p-p "Be ]
- ! -

1 T T

0.8 T 9

0.2+ 1

1 10

KI E (MeV)
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Barger et al, PLB617(2008)78
TK,Kostelecky, Tayloe,PRD74(2006)105009

2. Borexino

’Be solar neutrino

- high pure liquid scintillator detector to detector low energy (=’Be solar neutrino)
- Pre-borexino > MSW was about right, but not quite right

- Borexino 7Be, and pep measurement agree with MSW prediction

pre-Borexino world solar-v data

p-p 'Be s
— l —
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)
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Borexino, PRL101(2008)091302;108(2012)051302
Volpe, Ann. Phys. 525 (2013) 588

2. Borexino

’Be solar neutrino

- high pure liquid scintillator detector to detector low energy (=’Be solar neutrino)
- Pre-borexino > MSW was about right, but not quite right

- Borexino 7Be, and pep measurement agree with MSW prediction

pre-Borexino world solar-v data -  post-Borexino world solar-v data
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— l —
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Borexino, ArXiv:2006.15115

2. Borexino (2020)

CNO neutrino

- Sub-dominant heat production
mechanism in the Sun (but the main heat
production for all other massive stars)

- Finally, we confirmed why stars are
bright!
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2. 2005-2011

Neutrino oscillation physics is getting into precision era
- neutrino and anti-neutrino oscillation parameters are tested
- 2 massive neutrino oscillation models are established (0go1ar, AMZ01ar, Oatm, AM%5tm)

Almost all alternative exotic models are killed, neutrino oscillations are due to
neutrino masses, and all exotic effects are secondary effects

- non-standard interaction

- sterile neutrino mixing

- Lorentz violation

- decay, decoherence, extra-dimension, etc
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2. 2012-2020

2012 2013 2014 2015 2016 2017 2018 2019 2020

solar neutrino Borexino pep McDonald won Borexino
neutrino agrees the Nobel prize measures CNO
with MSW neutrinos

reactor neutrino 043 is measured
- Double Chooz

- Daya Bay
- Reno
atmospheric Super-K v, Kajita won the Hint of normal
neutrino appearance Nobel prize mass ordering
result by SuperK?
accelerator T2K v, MiniBooNE Hint of large CP
neutrino appearance keeps showing violation by
result anomalous T2K?
excess
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Albright, ArXiv:0905.0146
Fogli et al,PRL101(2008)141801

2. Discovery of nonzero 045

T2K, Double Chooz, Daya Bay, Reno
- 043 was truly unknown parameter
- there was a “hint” from Solar-KamLAND tension
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Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,108(2012)191802
Daya Bay, PRL112(2014)061801, T2K, PRL112(2014)061802

2. Discovery of nonzero 045

T2K, Double Chooz, Daya Bay, Reno
- 043 was truly unknown parameter
- there was a “hint” from Solar-KamLAND tension
- nature was too kind for us!
- anti-v, reactor disappearance
- vy Ve long baseline neutrino oscillation
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Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,108(2012)191802
Daya Bay, PRL112(2014)061801, T2K, PRL112(2014)061802

2. Discovery of nonzero 045

T2K, Double Chooz, Daya Bay, Reno
- 043 was truly unknown parameter
- there was a “hint” from Solar-KamLAND tension
- nature was too kind for us!
- anti-v, reactor disappearance
- vy Ve long baseline neutrino oscillation
- nonzero 643 =2 leptonic CP violation
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Neutrlno Phy5|cs takes center stage!

BREAKTH ROUGH

X 4‘13}; The Nobel Prize in Physics 2015
@4V Takaaki Kajita, Arthur B. McDonald

Share this: B EEl 1.6k

The Nobel Prize in Physics

(I

if*
«'{ 7

-

Photo ® Takaaki Kajita Photo: K. McFarlane.

" - Queen's University
Takaaki Kajita ANOLAB  °
Prize share: 1/2 Arthur B. McDonald

Prize share: 1/2

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
Kajita and Arthur B. McDonald "for the discovery of neutrino
- gosc1/lat/ons which shows that neutrinos have mass"




T2K, Nature 580 (2020) 339
2. Toward leptonic CP violation search

3-flavor neutrino oscillation
It is no longer adequate to use 2 neutrino oscillation model, it must be 3 neutrinos

Jariskog invarilant ...including high-order term to look for mass ordering
Jep1 = §c05913sin(2912)sin(24923)sin(21913)sin6CP (1) p(V, -7
T2K CP violation search 5 = 4¢2,5%, 535sin% s 121) 2“2 (1-2s)
P(v, > v.) = sin*(20,3)sin*6,;sin? 1.27Ams5l A
H e/ B 23 E (2) (i)SC%3C12623S12S13S23 sin ¢32 sin ¢31 sin ¢21 sin 5CP
L
1270meL . (1.27Am%L cstish(1 - 25h) Tocos o sindy
. F——F 8 psin|———
- Neutrino / E E + (CP-even, solar terms), (1)
+ Antineutrino
JUNO mass-ordering search
Pee(L/E) = 1— Py — P31 — Pso
P21 = cos4(913)sin2(2012)sinQ(Azl)
P31 = Cos2(912)si112(2013)sin2(A31)
P32 = Sin2 (012) sin2(2913) Sil’l2 (A32)
Aj_j = 127A77?12JL/E
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T2K, Nature 580 (2020) 339
T2K, Nature 580 (2020) 339

2. T2K (2020)

Indication of nonzero dCP
- T2K observe too many electron neutrinos
-> upper octant+NMO+large negative dCP
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Himmel (NOVA), Neutrino 2020
2. NOVA (2020)

Indication of nonzero dCP?

- T2K observe too many electron neutrinos

-> upper octant+NMO+large negative dCP

- NOVA observed moderate signals in both electron neutrinos and antineutrinos

NOVA Preliminary Comparison to T2K NOVA Preliminary
~NovaFD
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Nakajima (SuperK), Neutrino 2020

2. Super-Kamiokande (2020)

State-of-the-art solar neutrino physics
- No upturn of 8B solar neutrino (no evidence of MSW transition)
- 1.9c signal of day-night effect (no definitive earth matter effect)
- Solar-KamLAND tension is reduced (no sign of new physics)
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Parke and Ross-Lonergan, PRD93(2016)113009
lceCube, PRD99(2019)032007

2. Non-unitarity of PMNS matrix (2020)

Precision era of neutrino physics
- Without unitarity, some PMNS elements have large error

- It looks tau neutrino appearance (v,=2v;) is the most important channel
- tau neutrinos are not easy to measure

1T |Ue2| 17 |Ue_3|

T T
I |U | Analysis .4, NC+CC
el Best-Fit 68%, 90%

Analysis B, NC+CC

— wj/o Unitarity r 1 Best-Fit 68%, 90%

==+ with Unitarity

AX2

Analysis 4, CC
- - Best-Fit 68%, 90%

Analysis B, CC
Best-Fit 68%, 90%

SuperK 2017, CC 68%

711 00436 e —

- OPERA 2018, CC 68%
arXiv:1804.04912
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2. Neutrino physics 2020

Neutrino Standard Model (vSM)
- SM + 3 active massive neutrinos

Unknown parameters of vSM

- Dirac CP phase

- 023 (023=40° and 50° are same for sin20,3, but not for sin6,3)

- order of mass (normal ordering m{<m,<mjs or inverted ordering ms<m;<m,)
- Majorana phases

- Dirac or Majorana not relevant to neutrino oscillation experiment?
- absolute neutrino mass

Unmeasured effects

- Upturn of 8B solar neutrino

- Solar neutrino day-night effect
- PMNS matrix unitarity

Very few unsolved anomalies
- Solar-KamLAND tension

- LSND signal a
- MiniBooNE signal motivation of 1eV scale sterile neutrino
- Reactor anomaly —

Negelium anomaly

College -

LONDON katori@fnal.gov
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Short- Baselm.e Neutrmo Anomalles
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T 4 S by R

A= o n@! BEST ('}] f Null resultsfrom

PROSPECT, PRL122(2019)251801 i Y g v
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MiniBooNE, ArXiv2006.16883
2. MiniBooNE (2020)

MiniBooNE final oscillation result
- Full statistics of 17 years data
- More excess at low energy (4.8c)

Events

800

700

600

500

400

300

200

100

Events/MeV

- Both timing and coordinate distributions
are consistent with v, v, oscillation signal...

II|IIII|IIII|IIII|IIII|IIII|IIIII

- Other
] eom
[ ] mtinsicv,
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IIIIIIIII

T

+
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[ other

Constr. Syst. Error
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2 Conclusmns

. - mass ardering,

.

Neutnno oscnlatlon physms show senes of dlscoverles in the Iast 20 years

Very few anomalles Ieft (sorry for phenomenologlsts') and all exotlc processes '

are sub—dommant g e

Current unknown parameters of vSM are ; .

- Ocp, e s ok SO
~ 02 )

- Majorana phase ¢ , _ * .
- Dirac or,Majorana * * - ** " - . AL N A RexS iy
- Absolute neutrinomass  *. ° - e g

“Unmeasured effects - ~
-‘Upturn of 8B solar neutrino®.

- Solar neutrinoe day- ni‘ght effect P

- PMNS matrix u'nlt'arlty 7 o

. M o
p L / o .‘,'\ ."’ s " : %o . - g 19 L]
g A
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1. Neutrino oscillations

2. History of neutrino oscillation

3. T2K neutrino oscillation experiments

4. Current and future neutrino experiments
5. Neutrino astronomy

6. Conclusion
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3. Neutrino oscillations for CP violation measurement

Keep the first order of CP violation for muon neutrino to electron neutrino oscillation
Jarlskog invariant
Jen :%cos@nsin(ZBH)sin(2623)sin(2013)sin6cp 1) If there is no CP violation, P(v, —
V) and P(¥, - 7,) are the same

1.27Am3,L
P(vu—>ve)=:sin2(2913)sin2923sin2[$) o -
E 2) Expected oscillation probability to
_1.27Am3L 8/ sin 1.27Am3,L measure d¢p is small
- Neutrino /+ E cp E
+ Antineutrino
0.1 0.1
. 2 e
_ sin“20,,=0.1
0.08 VvV (L=295 km) —h 0.08
® ® ® ® @ 9,0 o 6: J'E 2 [
/ 15 0.06
=.
1> 0.04
lm. * @
0.02
oLl
0

IR If CP symmetry is violated, neutrino oscillation and anti-
ollege

LONDON neutrino oscillation looks very different




3. Neutrino oscillation experiment

Data Simulation

- Simulate neutrino flux at the near
Create neutrino beam detector and the far detector

Measure muon neutrinos at the Simulate neutrino interaction at the near

near detector detector and the far detector

Measure electron neutrinos (and Simulate detector response at the near
muon neutrinos) at the far detector detector and far detector

Apply oscillation formula to the far event
distribution

Oscillation analysis

Compare data and simulation to find oscillation parameters
(use near detector information to constrain systematic errors)

ING'S

College |P._.(L/E)=sin®26sin*|1 .27Am2(ev2)M
LONDON H E(GeV)




Super-Kamiokande detector
(far detector)
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3.1. Neutrino beam

3.2. Neutrino detector

3.3. Neutrino interaction physics

3.4. Oscillation result
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T2K, PRD87(2013)012001, 93(2016)012006

3.1. Neutrino beamline

Primary beamline ND280 _Z
- 30 GeV protons are extracted from MR by = -
superconducting magnets
- 1 pulse contains 8 bunches in ~5us, about
~2.5E14 ppp (protons per pulse) with 2.48 F/ AN P () Preparaonseton
. rc section
secC pe”Od (3) Final focusing section
Sus (4) Target station
P | (5) Decay volume
2.48 sec (6) Beam dump
240 f1°3 70 -
220 i— E_ - RUN1-4 (6.570<10°°POT)
200 - oL
0 180 - <
© 160 s r
% 140 = %é a0 -
3 120 - £ -
= 100 5 °F
P4 GOE— 20 :—
40 =
- 10 |—
20 - i
0 .:. L v v 0 M|
2000 3000 4000 5000 6000 7000 8000 o ~1000 o 1000 2000 3000 4000 5000
. Time (ns{ . A T, (nsec)
Neutrino events at the near detector Neutrino events at the far detector
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Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. Ikeno-Yama
1,360 m ¢

1,700 m below sea level

Neutrino Beam




T2K, PRD87(2013)012001, NIMA789(2015)57 This is the sound of neutrinos!

. . H 3test (250 kA, ~1.7 T
3.1. Neutrino beamline o )

Secondary beamline

- Protons collide the graphite target (in the Horn
1) to produce mesons, and these mesons decay
in the decay volume to produce neutrinos
(decay-in-flight).

- In neutrino mode, 3 magnetic horns focus
positive mesons and defocus negative mesons
to produce neutrino beam (flux ~x17). In
antineutrino mode, horn current is reversed to
focus negative mesons.

Concrete
shields

Iron shields

Supported
here
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T2K, PRD87(2013)012001
NAG1/SHINE, EPJC76(2016)84

3.1. Neutrino beamline z

sin®26,,= 1.0
Am2,=2.4x10"eV?

Off-axis beam
- 2.50° off-axis to make ~0.6 GeV narrow band beam

HH OA0.0° =
%% OA2.° 1

CERN NAG1/SHINE Zoonas

- Hadron production at the target is simulated with the i 1
data from the hadron measurement
+7m -1

-6m om

Vertex magnets

| |

VTPC-1 | GAP

Target

-

%
ToF-R
MTPC-R T+ 10cm

T
Far detector

280m

beam s
p L dump etecdrs off-axis
: A
primary iy - - - ---------- e
beamline target decay— ST e ‘i ________ .
station 9¢¢Y Tmuon @002 N TTTRTTmm-ael
volume | nonitors on-axis Super-Kamiokande

| | ] | ] << |
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T2K, PRD87(2013)012001 x 10%°

VIadisavaevic (TZK)’ Nulnt18 = nl Run2 Run3 Run4 Run5 Run6  Run7 Run8  Run9 RurilO— 600

O 40 v

- - s gl Aem PO e §

3.1. Neutrino beamline B B[ VN AcimiEl R 00

§ 30 . v-Mode Beam Power _ .
E 400
2009 — 2018 data 5 -

. Qo
- Neutrino mode, 1.49E21 POT < =0

- Antineutrino mode, 1.64E21 POT = 200

(POT=protons on target)
Neutrino flux prediction ; s N N BB .
- muon neutrino dominant (neutrino mode) 073010 201172012 2013 12014 20152016 2017 2018 2019 ' 203D
- muon antineutrino dominant (antineutrino mode) Year
- ~9% error at the flux peak
- replica target NA61/SHINE data can reduce error to ~5%

Neutrino Mode Flux at SK Antineutrino Mode Flux at SK
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3.1. Neutrino beam

3.2. Neutrino detector

3.3. Neutrino interaction physics

3.4. Oscillation result
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T2K, NIMA659(2011)106
Oyama (T2K), CNNP2020 ND280

3.2. Near detectors

INGRID
- on-axis near detector
- Mainly for neutrino flux monitoring

ND280

- off-axis near detector

- Data are used to constrain various
systematics

INGRID

Far detector
280m
detectors off-axis

____ _____________

primary
beamline

N\

volume . nitors on-axis Super-Kamiokande

| | | | | << ]
. L . ,
om 110m 120m  280m 2km 295km




T2K, NIMA659(2011)106

3.2. On-axis detector

INGRID

- An array of 16 modules

- Scintillator-iron tracker

- nominal accuracy ~ 0.1 mrad

Scintillator SiPM

- Organic plastic scintillator . _

- polystyrene, TiO2 reflector Signal light
(green)

- PPO, POPOP doping
- Wavelength shifting (WLS) fiber
- SiPM reading

Scintillation || ¥ —
light (blue)

Charged
\ particle

Side View Top View

ING'S
College

LONDON

WLS fiber

11z
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i i i i
" -400 -200 O 200 400
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katori@fnal.gov
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T2K, NIMA659(2011)106, PRL121(2018)171802

SMRD
UA1 Magnet Yoke

3.2. Off-axis detectors

ND280
- POD: Water-scintillator tracker
- FGD: Fully active scintillator tracker ‘ i Dowmstreani
- TPC: Argas TPC
- ECal: Lead-scintillator calorimeter
- SMRD: Iron-scintillator tracker
- UA1 magnet

Barrel ECAL

Near detector data
- 14 samples are used for the oscillation analysis to
constrain flux and cross-section systematic errors

ING'S
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T2K, NIMA659(2011)106, PRL121(2018)171802

3.2. Off-axis detectors

ND280

- POD: Water-scintillator tracker
- FGD: Fully active scintillator tracker

- TPC: Argas TPC

- ECal: Lead-scintillator calorimeter
- SMRD: Iron-scintillator tracker

- UA1 magnet

Near detector data

0 Downstream
detecto ECAL

Solénoid Coil

Bfam

- 14 samples are used for the oscillation analysis to
constrain flux and cross-section systematic errors

v-mode

400
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T2K, NIMA659(2011)106, PRL121(2018)171802

3.2.

Off-axis detectors

ND280

- POD: Water-scintillator tracker

- FGD: Fully active scintillator tracker
- TPC: Argas TPC

- ECal: Lead-scintillator calorimeter

- SMRD: Iron-scintillator tracker

- UA1 magnet

Near detector data

- 14 samples are used for the oscillation analysis to

UA1 Magnet Yoke

constrain flux and cross-section systematic errors
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SuperK, NIMA501(2003)418
3.2. Far detector

Super-Kamiokande

- 50 kton water Cherenkov detector

- 2015 Nobel prize

- 11,146 20-inch PMTs (inner detector)

- 1,885 8-inch PMTs (outer detector)
Photo-multiplier tube (PMT)

ING'S
College

20-inch PMT is quite big...

LONDON

K inner detect

......

.....
.....

OD PMT unit
- 8-inch PMT |
- wave-length g
shifting plate

White Tyvek
reflector

katori@fnal.gov



SuperK, NIMA501(2003)418
3.2. Far detector

Event reconstruction

- From measured time and charge
information from all PMTs, particle
identification (PID) and kinematics are
reconstructed

- From reconstructed charged lepton
kinematics, neutrino energy is
reconstructed

o5 ME —05m]

V. " M —E 4+ pcos6

neutrino

ING'S
College

LONDON

8or —+— T2K data I:\ v, and v, charged current
Yy and 7y charged current Neutral current

60 — |
2 - L
c
)
g - -
S 40 : 1
5 n
'E | vu—llke 2
>
pd B ﬂ T

20 m’ + * T

Lo SR +*.*+ baghditia . f
-2,000 -1,000 0 1,000 2,000

Electron or muon PID discriminator

v.(V,) measurement has 2 major backgrounds

1. Intrinsic background
Ve (V) contamination in the beam (~0.5%)

2. misID background

Gamma rays counted as electron (positron).

Majority of them are from neutral current =°

production where one of y is undetected
vt+A-v, +A + 1% >y +X

katori@fnal.gov 88



3.3. Neutrino interaction physics

ING'S
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3.3. Charged current quasi-elastic (CCQE) scattering

Event reconstruction

- From measured time and charge CCQE is the most abundant interaction at ~1 GeV.
information from all PMTs, particle _ Vv, s
identification (PID) and kinematics are Vutm=>u +p ?{WK
reconstructed VW +X->pu +X)  q P
- From reconstructed charged lepton
kinematics, neutrino energy is Neutrino energy is reconstructed from the observed
reconstructed Iepton kinematics

or  ME —0.5m} “QE assumption”

V' T M —E + pcos@ 1. assuming neutron at rest

2. assuming interaction is CCQE (2-body kinematics)

G. Zeller

- -

neutrino

© O 9O ¢ =
o N B O ® o b b

v cross section / E, (1 032 cm2/ GeV)

; : 10" 1 10 107
ING'S All neutrino cross-section channels v,CC cross section per nucleon E, (GeV)

Lo oliege (including CCQE) have large error 90




Martini et al,PRC80(2009)065501, TK, Martini, JPhysG45(2017)1

3.3. CCQE puzzle

An explanation of this puzzle

Nuclear correlations

Inclusion of the multinucleon Genuine CCQE
- Martini et al pointed out that emission channel (np-nh) u N
neutrino interactions around1Gev e @0
can be modified ~30% by correlatec .| [ 555F . ’ W+ .
nucleons (2p2h, 2-body current, mE W - : N
meson eXChange Current’ etC) ;z: __,_,-————-———‘—E /Two particles-two holes (2p-2h)\
> ¢ a1 " NN
A large community effort (both L ] >v . @ ®
theorists and experimentalists) to . ’ W+ ¥ o
understand the role of nucleon AN I T a N IN
. . . . . E,[GeV] \W+ absorbed by a pair of nucleony
correlations in neutrino interaction

p hyS i CS . — G. Zeller
> -
E g4
t1.2F
e
neutrino 0.8}
0... .‘. §06;
(proton) g , . . 20.4f
I's not 2-body kinematics o F
2 0.2
v _ 0 —
M — E + pcos6 10" 1 10 102
v,CC cross section per nucleon E, (GeV)
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Martini et al,PRC80(2009)065501, TK, Martini, JPhysG45(2017)1

3.3. CCQE puzzle (2020)

Martini et al

Advanced nuclear models can reproduce

MiniBooNE CCQE-like data, but there are v = : v 1
large systematics errors on nuclear ARR e | - [ LT, ER
parameters. = 1 it PSR B 1 / s
S b 'i.{. s ]
Martini — RPA+2p2h s B Ny | 3% / "
Nieves — Valencia 2p2h model . Y| ! . .|
I I, GV I (GeV)
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L g 0s0=08-097 2 \ ‘ = ~ - QE (RPA)
. C J A b 08 os B <09 ™~ —_— I ultin on
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. . 5 45 [ 4 = i » Exp.datax09 = =
model for our simulation - 15 = o B
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3.3. Neutrino-induced single pion production

Baryon resonant pion production + final state interaction (FSI)
- Neutrino induced pion productions have large errors
- Final state interaction of hadrons have large errors

Signal i Rejected Not rejected

y (not background (background)

---4-3(") . A
pion abs
in nuclei

muon neutrino disappearance simulation

nucleus

T2K collabo.

ratio

QE assumption 1

200 T2K collabo. f reconstructed neutrino
2 ::: !;LL energy (EvQE)

T lllllll

T

T IIIIII

llllllllllllllllllll

0.5 1 1.5 2
LONDON katori@fnal.gov Ev™© (GeV)

o
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G. Zeller

MINERVA,PRD100(2019)072005
MiniBooNE,PRD83(2011)052009, Lalakulich et al,PRC87(2013)014602

3.3. Pion puzzle (2020)

- =,

e 9 9 < :
© N & O O a0 N b

v cross section / E, (1 0 cm2/ GeV)

MINERVA simultaneous fit for 4 different data set

- Most advanced study in this community
- Not conclusive on baryon resonance and FSI models

e — o GiBUU vs. MiniBooNE CCn° data
TR 8 § T - You need to simulate both CCn° and
3 8o ‘ g ] § I g ——v, CCt (25.4114) ) ] : )
g % CCnt, and FSI including inelastic
+ g < 3 5 . .
v,CCIn* ¢ g 5 : scattering, charge exchange, pion
Rt absorption
6, (degrees)
z gu Z\ cone (459) § g’" F T o (171 | 4 pion scattering
v,CCNr* ¢ £l < Lo = i st | | |
Ci ] > g [
5 ) 5 2ot T - . . 1
' g 5 @) — GiBUU, with FSI
I B i B B Q 3l —— GiBUU, without FSI _
. B I S— > *  MiniBooNE CC 17°
:; [H‘ %m [ :{:;:‘Po;iim ] % 4_+ —v, CCH (2837) i ;ém_ f{ —v, CCH° (135/11) ] 8 //
L s £ gt L= ! e | A 1
vCCIme s, YRS S LTy S /
AN i 1 Ll E2r ) A\ |
et e [ e SO e R oppeec i e = GERNNN b
2 4 6 P:(Gev)o 5 10 |g X (d,gogmesss 200 400 600 Tj?&e‘l’)w 50 100ex (del;; 9 |o - // - -
R T Qm;am g PRiphtapes o g T e Hg 1L / \\\\_\ |
Y o S i twi ET 13 ]}rT T ] =3 SN
veCin R gl i 4y ET R g H i, | 2 et ]
iy oot :5:‘=”*1*14_ {“L%FH-— ct:arge eoxchange - pion absorption ‘ \. =
HRE PR o e nt+n->no+p nt+N>A+N->N+N 0.6 0.8
ING'S P, [GeV/c]
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Kaboth (T2K), NuPhys2018

3.3. Neutrino interaction physics, external data constraints

We accept large systematic errors on neutrino
interaction models

We need to constrain these errors internally, using
the data from the ND280 near detector data

PDG (2020)
Section 43. Monte Carlo Neutrino Generators
Section 51. Neutrino Cross Section Measurements

NuSTEC (https://nustec.fnal.gov/)
New theory-experiment collaboration to promote
neutrino interaction physics

ING’S
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3.1. Neutrino beam
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3.4. T2K oscillation results

MiniBooNE, MINERVA, SciBooNE

External constraint

K2K, MINOS, Bubble chambers

DatMC  aqaQ* (10 em*cYGeV?) DatadMC o0/ (10" em*ctGe V)

'

DagMC  dokp , (10" am? c/GeV)

—-external data
—default model

— after fits
m L
15
1.0 —
O'SE
0.0 05 T.0 1.5
@ (GeVichH
20
-—— NEUT nominal
15¢ —— Bestfit
—— MB OCIx® daa
10
sk
15— —_—
l_c E : -l = L !
ot — }
00 05 1.0 1.5 2.0
O (GeV¥cY)
2ol -— NEUT nominal
— Best fit
1-Sp —}— MB NCIx®data
1.0t
0s
P X B : |
C— Sy
LopFRt T
S ——
0.0 0.5 1.0 1.5

External data fit

External data give
initial guess of cross-
section systematics

katori@fnal.gov

o/E,, (x 108 cm2/nucleon/GeV)

)

(@)

et
()

o o o
+ N
III|III|III|IIIIIIIIIIIlIII

<
i

0.25

o

T T T T I T T T T | T T T T I T T T T | T T T T [ T T T T
Bl CC-inclusive []CCQE-like [JJCC 1x
|CC other |:| CC coherent

[

OO

T T I T T T | T T T T I T T T T I T
BN cC-inclusive ] CCQE-like
_] cC other [ ]cc conerent

IIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII

S
o
wn
-
i
o

25 3
E, (GeV)

97



3.4. T2K oscillation results
Internal data can constrain
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MiniBooNE, MINERVA, SciBooNE Near detector rate (flux x cross-section)
K2K, MINOS, Bubble chambers | |oscillation non-sensitive channels
o of +-external data ok f | EmICcoE’ T SuperK sample systematic error
= —default model 2 1000 £ ElCCcoherenur =
< . . o - offer E sample  Without ND280 With ND280
s — after fits 2 B e ther €€ - '°
= 20 = 600 E ;
g % 400 [__1sand interactions _; V u-llke 14'6% 5' 1%
Qs @ 200 = rng
g (I’?(S); = G000 2000 3000 2000 3000 v e-like 16.9% 8.8%
00 O eVt s p, MeVic) ring
20, T T T T = .
< -—— NEUT nomiasl s00L. [ © 1 v vl 12.5% 4.5%
% 15f — Bestfit g 1 - rlng
% o —— MB OCIx® dara _¥% o h _: —
L s ; v e-like 14.4% 7.1%
= s S 400 = ring
N 5 e .
2,5 & 200 S ! B FSI parameters
= 15— — R -
= 1.0 -l = i T n ‘.v.—-’;;{.-":—ﬁ-—,. —" 18 EPriormNDZB(!conslrmnl T T
8 0.5 % lm ZO(X) 3(KX) 4(X)O S(XX) 1.6 + After ND280 constraint
oo o Q2 ((l:'eovzll.“) - = pl‘ (MCV/C) ‘
= 20} -—— NEUT nominal
% 15¢ Il::l’::;lx"dm ;f
S 10} =
s g
g’ggl.ﬁ“r—!—bh,[i- = . 7 7 o b
- - 2000 S S
o0 0 = - ex) FSl errors, before and after & Z

External data fit T2K ND280 data fit internal constraints




T2K, Nature 580 (2020) 339

3.4. T2K oscillation results

SuperK data prefer a model with negative

CP violation angle (~-n/2)

- Enhancement of P(v, - v,)
- Suppression of P(v, - 7,)
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- Antineutrino mode, 1.64E21 POT
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Conclusion

T2K is the second generation long-baseline neutrino oscillation experiment in Japan
Neutrinos from the J-PARC neutrino beam are measured by the Super-Kamiokande detector
2009-2018 data shows asymmetric oscillations, and neutrino oscillation is ‘enhanced, and
antineutrino oscillation is suppressed. This can be interpreted as negative CP violation

phase.

0CP=0 is rejected more than 2c, and 3¢ interval is [-3.41, —0.03] (normal ordering), and
[-2.54, —0.32] (inverted ordering)

CP violating phase (5cp) m
can take a value between -180° and 180°

Disfavored
m at
the 30 C.L.
Enhance electron neutrino Enhance electron

appearance antineutrino appearance

, ' g 101
m « CP symmetric
(No ne erence)




