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Neutrino Oscillation

Current understanding of PMNS matrix:

1 0 0 C13 0 3136_i6 C12 s12 O

0 C23 S23 0 _ 1 0 -512 C12 0

0 -S823 Ca23 -81367'(s 0 C13 0 1 0
Atmospheric, LBL Reactor, LBL

Am3, ~ 2.4 x 107 %eV? Am3; ~ 7.5 x 10 °eV?

sin? 03 ~ 0.021
sin?6y3 = 0.4 ~ 0.6 sin? 012 ~ 0.30

Still unknown: Normal
(AmZ23>0)

Ve Ve

A AY

m2

0<—0

VM \Y

T

Mass Hierarchy

Leptonic CP (&cp) (Mass Ordering)

Events / MeV

3'2|IIIIIIII

Others:

04 06 08 1 1.2 14
L/E, (meters/MeV)

14 15 3.
E* (GeV)

Sterile



1.

ERes—a—hkJ/IC&DZa2— MY /IREAIE :

AmZ23; and 83 by v, disappearance

2. 013and &¢cp by P(vy—ve) and P(Vu—Ve)

£ ~
A sin“6,,=0.5
g i Am2,=2.5x107 eV?
Zj il in226,,=0.085 E
025~ — VTV VeV, —f
;Ef \"”—w:e: NI-;, 6cp‘= -ﬂ/:2 ]
s A 0 e v,V H, Bcp =-m/2 N7 _
£ o L vy (V) beam from J-PARC
11— 9oV, H, 0, =2 .
0.05] 4+ 2.5 deg off-axis beam
T = (peak Ev ~600 MeV)
§ 1.5_ » 6. ” 2I ! : 21 \ ]
[ (x10°) (/em“/50 MeV/1x10~ POT) 1
E 11_ vMode, SKv,,NoOsc. ] o L ~ 295km
.g - ¥ Mode, SK¥,, No Osc. ]
= o5 1+ FD: Super-K detector
0 05 i is 2
E, (GeV)

NOvA Simulation
T

on axis ]
15 mrad off-axis |

v, CC/6E20 POT / kton / 0.1 GeV

5 70
E, [GeV]

NuMl v, (Vu) beam (FNAL)

15 mrad (0.86 deg) off-axis

L ~810km (ND ~ 1km)

FD: 14kton (16mx16mx60m) with ~2/3 LS



Far Detector ‘
14 kton ‘ AV

Z=PARC Main Ring

Sanford
Underground
Research k. . - SRR
Facility 1

&R )

Fermilab

PRL 118, 151802 (2017

PRL 1 1 8, 1 51 801 (201 7) u:— Pred%ction NOVA 6.05x10%° POT-equiv. |
6F 4r :l:] 1-o syst. range ]
: 3 5_ — Unoscillated prediction 15 ’l‘a"::'-(g“:c"’:n%':d- .
> SE > 3_ — Best-fit spectrum @ [+ Daa - 1 0.7
& 4k S, <f D g 1o ! ]
2 g 2.55— ata @ f e g ] 06
23 e ' T S :
E 2:_ 8 15'5' = = £ S . c\io 0.5 *:
Rk A 1F ok pRermrtyoy TR 9 SO LI W B« B
1F 055_ — g grsp ~+ E 0.4 —
: I o2 | + LTy E &
Ok h L 1 1 1 0 ! L 1 1 E g E H F B
0 02 04 06 08 1 12 0 02 04 06 08 1 12 3% T4 % mie 020 O3 -BestRit ]
Reconstructed neutrino energy (GeV) Reconstructed neutrino energy (GeV) 0 : S g e S S P RS
Reconstructed neutrino energy (GeV) 07 _:
T T T T | 3 ST T T = - T T T T 1 ] b
14~  Allowed 90% CL | F \/ B 3.2 Normal Hierarchy, 90% CL - 0.6
125 — Normal Ordering . L 68%CL (2AInL=23) . ?g)lzg 061.25x1 o* POT 1 o F
E . E E — 90%CL (2A In L= 4.61) ] Y B F
E Inverted Ordering ] F « Bescfit ] P o MINOS 2014 1 P 05
100~ z I PDG 2015 E > F 1 £ L
- g F A o 281~ 71 o
£ gk 5 b — Normal Ordering %D R (R N ] 0.4y
3 & % s Inverted Ordering ] T 26 ] o ]
S b = s f r ]
£ < I ] Y R e = *t@io D20 O30 H ]
2F i oot T E - ! I | 1
2\ g E 22 el eeeet - 0 % 6" 32_Tl: 2n
R 2 1 _30_ o01 0(';5 063/ 034 005 0.06 007 0.08 2c7 L . L ] cF
ey radins) T R
23
- Combined analysis with four samples (v, ve, Vi, Ve) + 6.05x102° POT for v-mode (taking V beam)

- CP conservation (sind6=0) excluded in 90% CL . Disfavored 6=0~m for IH

- BRATDFER — REEEE (14pS36) . 2.60 tension with maximal mixing



A ¢ to exclude sind,=0

T2/K

. arXiv:1607.08004
N e IE SX10 . —_— — —
Sraoof- R R ' ' ]
¢ =% T | — POTby2014,90%CL  — Statonly 4
< 1200 1. > 1 = i
e F e 13 - —78x107POT,00% CL - Systematics .
$1000; MR Power Supply upgrade i © 7:25 & 2.8 o) o B
G N e 4 % - — 20x10°' POT w/improvement, 90% C.L B
- e el - 172}
©® —20 & B 7
800|— /25 g 7 g aly L i
G0 8 3,5 E 2.6 -
600 \% 13 48 - 4
- s ® 7 2 - .
400 1 8 08 - B
: e s 2.4 -
200 s —os B 1
0 . . . . . o jo 0 B T
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 290 , 1 , , , 1 , , , 1 , ,
JFY ’ 0.4 0.5 0.6
2
Sin“0,,
MH unknown MH known
20—, 20—
[ —— 20x10%' POT w/ eff. stat. & sys. improvements ] C"> [ —— 20x10°' POT w/ eff. stat. & sys. improvements ]
L - - - 7.8x10*' POT w/ 2016 sys. errs. - % I --- 7.8x10°' POT w/ 2016 sys. errs. :
15 [ —— True sin0,,=0.43 . ‘8 15 [ —— True sin0,,=0.43 .
[ — True sin°8,,=0.50 1 7] [ —— True sin®0,,=0.50 1
| —— True sin®0,,=0.60 ] % [ —— True sin’0,,=0.60 ]
10 — 3 10fFacL -
Y /A ] <] C T\ T T\ T ]
Y /S Y i ff, Loswct, 4/ N\________ W) . _. A
5 . 2 5+ .
B 10/ T N I~ -
: 90%C.LY e NN : = : 90% C. - :
0 i A\ A\ ,_4.‘ ] < 0 L . Za° P L A P 1]
=200 0 100 200 =200 -100 0 100 200

True 3.,(°)

True 3.,(°)

- T2K-II: Proposal for 20x102' POT until 2026

- Increase signal rate by 50% and reduce syst. error

- CP sensitivity: 3 o or higher for &cp ~ -11/2

- AB23 ~ 1.7° (0.7°) for sin20,3=0.5 (0.43,0.6)

Significance (o)

Significance (o)

N
AN OV~

Normal 8.,=3/2, sin’6,,=0.625

Lo NOvVA Simulation
Am3,=2.5x107eV?, sin6,,=0.022

- NOVA joint v+, ]
5 Max.-mixing ]
- - ---- Hierarchy / ]
af QOctant S tebott 1
f —— CPV ' I
af B - 1
B e - ]
B =" - 4
= ‘—' — -
2
- e ]
1: - 2016 analysis techniques with projected
5 systematic uncertainty improvements i 1
0 2016 2018 2020 2022 2024
Year

Normal 8.,=3r/2, sin°,,=0.403
Am2,=2.5x10%eV?, sin6,,=0.022

NOVA Simulation

- NOVA joint v +v, .
el Max..mixing 7]
5[ . g .

- +---- Hierarchy ]
4 B Octant N

r +—— CPV B
3 ST Lo S s
2: et — N

B 'x} - + ]
A 4 — ,
=7 2016 analysis techniques with projected

- 7 systematic iuncertainty improvements: 1
0 2016 2018 2020 2022 2024

Year

- 30 to exclude maximal mixing

in 2018
30 for MH in 2020~2022



Hyper-K & DUNE

Liquid Argon detector based time
projection chamber technique (TPC)

Though fiducial mass is relatively small
(40 kton), high resolution imaging would

offer possibilities to discriminate vand v

al\d N
J< Hyper-Kamiokande M E

Water Cherenkov detector

190 kton fiducial volume (1tank conf.)
corresponding to ~10 times of Super-K

40,000 PMT (~40% coverage) of improved photo-
detection efficiency( x2 compared to SK PMT)

Increase 2.2 MeV gamma detection eff. by n-H
capture




Hyper-K & DUNE CP Sensitivities

JcHyper-Kamiokande

Normal mass hierarchy

a (SR L L S vy 55 L A 100——— ™3
S 150 E —~ 9ot 1.3MW beam 3 DUNE MH Sensitivity
g 3 N9 E 1year =107s E Normal Hierarchy
1001 @ E i A / E sin®20,, = 0.085
sob 1o 70? P - - sin®0,, = 0.45
E E 4= GOE =
F | O E =
-50(- = O 40 E
100E @ 1 8 30? --=-- 1tank é
F — Hyper-K ] o 2% — Baseline(staging) =
-150F —— Hyper-K+reactor | 105 st Btank =
E. ool T e Ci R A B R R N
004 006 008 01 012 014 016 0.8 0 > 4 6 8 10
sin’20,, Running time (year)
10 Slgnlflcance fOl’ S|n6CP=O eXCIUS|On © 200 400 600 800 1000 1200 1400
[ Normal mass hierarchy ) Exposure (kt-MW-years)
x [ HK ]
1 8 (single tank) -
: — -
6— _
[ i =3 N (D EEESE
A - — FFlll IR DEEE
! - (HZ A12pU11-8)
0

-150A -100 -50 0 50 100 150
Ocp [degree]
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Mass hierarchy (B =P

- IEFRZa—KY/

- Nova N

- BRFFEZa—KY/

- JUNO @

- R Z=a—kKYU/

- SK{ PINGU. ORCA. INO. Hyper-K. DUNE

SUPER a‘ w mo do Hyper Kamiokande (\



Cosine Zenith Angle

Cosine Zenith Angle

Matter Effect and Mass Hierarchy

Normal hierarchy (Am23,>0)

1 10
Energy [GeV]

0.6
0.5
0.4
0.3

0.2

0

Energy [GeV]

vp — vl.,l 0.9
0.5
0.7
0.6

0.5

0.3
0.2
0.1
0

1 10
Energy [GeV]

01 °

08 °

0.4

Neutrino is affected by additional
potential due to forward
scattering with electrons (matter
effect)

dv(t) 1 (A O
=g = Hov(?) HO%HO*E(O 0)

Effective mixing ant 4 _ 493G ,5,n.
sin 2613

2
\/(Aréﬂ — COS 2913) + SiIl2 2013

32

sin 204 =

At resonance region in multi-GeV:

A~ Am§2 cos260i3 — 9% > 013

Presence of resonance depends:
- v/V (A -A)



Cosine Zenith Angle

Cosine Zenith Angle

Matter Effect and Mass Hierarchy

Inverted hierarchy (Am?23,<0) - Neutrino is affected by additional

3 potential due to forward
°% 06 scattering with electrons (matter
Og 0.5 0.5 effect)
2 dv(t) 1 (A O
0°© 0.4 ' - Hy — Hy+ —
7 dt Hol/(t) 0— O+2E<O 0)
0 0.3 A = 4+2v2GrE,n,
0 0.2
0.5 , . :
0 o1 Effective mixing angle in matter:
sin 26
1 , - 0 0 sin 204 = =
Energy [GeV] Energy [GeV] \/(Aréﬂ — COS 2913) + Sil’l2 2013
1 2 32
< 0.9 L .
O¢ At resonance region in multi-GeV:
08 0.8
0.5 0 2 0.7
0§ 0.6 A~ Am§2 cos26h3 — 0% > 013
0 ‘ 0 0.5
0 04 -+ Presence of resonance depends:
. 0 0.3 - v/V (A= -A)
-0.57
0 0.2 _
2 0 0.1
.1 8 | h 0 =18 A & \ ! 0
1 10 1 10

Energy [GeV] Energy [GeV]
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A x?

20_ T L | 20_ T T T T T T T T 20 T T T
15— *_ 15; \ —
7 : Siﬂ2923
10| i 10~ \ i
. | - \\/ i
57 l 5 95%
0“’.’%\.._\.1.._,.,',,, - S
0.001 0.002 0.003 0.004 0.005 0.2 0.4 0.6 0.8
eV?2
« Normal hierarchy is weakly preferred: 5., sin2,, | |Am2,,| (eV?)
2—v2 _v2 —=_ -
AX? = X2\ X2 = 5.2 (-3.8 exp. for SK Inverted 4.189 0.575 2.5x103
best, -3.1 for combined best) Normal 4.189 0.587 2.5x10°3
o . -3
. p-value of Inverted hypothesis is 0.024 ||!nverted 4538 05 2-x10
Normal 4,887 0.55 2.4x103

Three Flavor Fit (w/ reactor and T2K constraints)

(sin20,,=0.6) and 0.001 (sin20,,=0.4).

P NUPER
K

S. Moriyama (Neutrino2016)

w/ T2K constraint
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PINGU and ORCA

IceCube Lab ™ prsenel
S Do IceCube / PINGU:
\" °°°°°°°°°°°°° RN . - Inner detector configuration of
R 0 \ lceCube/DeepCore at South pole
[+ +
I AT :
N '\‘ - 6 Mton effective mass

. f P'NC‘EU - Lower threshold (~GeV) with 22 m
spacing of string

- ~60,000 atm. v/ year expected

l

1450m
2450m |-
2820m

% SOUTH POLE NEUTRINO OBSERVATORY

| KM3NeT/ORCA
KM3NET / ORCA: "
Eq
- Low energy branch of KM3NeT =
in Mediterranean Sea 100
. . . -100 -50 x(Om) 50 100
- Dense array of multi-PMT digital ARCA ORCA
optical modules (DOMs) pew IR P B S
DOM spacing [m] | 36 6
Volume [10® m®] | ~500 .= ~3.8

12



n, (4yr)

PINGU

Mass hierarchy significance [o]

PINGU / ORCA Sensitivities

Mass Hierarchy 023 Octant v: Appearance
J. Phys. G44, 054006 (2017)
12 , — — . —_
11| — Nomedian sensitivity ; B e § AR A oxoeced | 13
10 B 68% CL (stat‘): : ) 2.70 — PINGUAyear: NuFilZOl4iIr:puts ’(6 B Prehmlna‘ry P i °\°
95% CL (stat.)* i 2.65 Normal mass ordering assumed, 90% CL contours 2 3_ -ib —_ o | ~
9t ' _2.60 g [ [ ]+20 123
8 3255 = r 1X | 5
T b . A ] 5 2.50 SP 2:_ N 2} §
6 S 245 > r 111
B b Rl 51240 5 - 118
4 523 | — o
3 : : 230 2 - = ; 1'10
R : j 2.25 . g L 50! ]
; ¥ nuritvzonobest PTeliminary i PRELIMINARY R S T BT A
0.40 0.45 0.50 0.55 0.60 0.65 030 035 040 0':5’12 ;50 055 060 065 Livetime (months)
sin? O,y o
KM3NeT . o N o P ldegree) ) J. Phys. G43 no.8 084001 (2016)
8: . p— &"2'8- L e e e L B S e S S S S e s e 5 ‘E \
7: --e--NH (old) % - KM3NeT E 1-8;" : 1o, 20, 30, 50
E - 1H (old) B 27F E 1.6 . — ;
65_ —NH (new) ,?2.6:— ° 1-4;_ R \ i
5 e 11 (rew) S .F R T —
- 2.5~ o :
ar - > 1 i
o SERPTT. ZeeftL 2.4:— 0 8'_ T
34 - 8 —
3 : 0.6F —
2—_ 2.3'_— r -
E - o s
g - MINOS 0.4p- op— '
i3 2'2; 0.2}~ o KM3NeT Preliminary
£ PR U R B RS . P PRI PRI EPRPEPET ETEPE PRPEPT APRPRPET R P E i
%0 42 44 46 50 2d3 035 04 045 05 055 06 065,07 % 2 4 6 8 i

48 10 12
6,5 [degrees] sin®,, t [months]



J U NO (Jiangmen Underground Neutrino Osvsevatory)

Calibration

Top Tracker

Central detector
Acrylic shphere+
20kt Liquid Scin+
18,000 20” PMTs
~25000 3" small PMT

Water Cherenkov
~2400 20" PMT

Electronics Filling + Overflow

e T

> 47

: 1; - AS: ID35.4m

44m

SSLS: ID40.1m

=

-
+{1fe

- 20kton Liquid Sci. in China

. ~80% photo coverage (AE ~3%/+/E)

- Reactor power: 36 GW, L ~ 50 km

- Precise measurement of reactor v by MH

Aubitrary unit

Spectrum/10°® [MeV|

0 ;_ ------- Non oscillation
- —— 6, oscillation
0.5 :— ——— Normal hierarchy
= ——— Inverted hierarchy
0.4
0.3 ;— 5in2912 \
02f
= dm?y3
o1f :
< szﬁ ........
0 [ PP 1 1
10 15 20 2 30
L/E (km/MeV)
35_I TTT TTTT rTTT TTTT | TTTT | L I TTTT I TTTT | T 1T I_
30 NH —
o5/ -
20 =
151 -
10 -
5F =
O:I | | 1111 | 1111 I | - I 1111 I 1111 I L1 | | I:
0 1 2 3 4 5 6 7 8 9
E,.. [MeV]
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\/ A%® Wrong Hierarchy Rejection

Hyper-K & DUNE Atmospheric Sensitivities

KEK Preprint 2016-21

ICRR-Report-701-2016-1 arXiv.1512.06148
8 30
; E Mass Hierarchy Determination ;
E_ 5 7? 25 :— Normal Hierarchy » /////';;
- S 6 - ]
g 20 .
[+ r L i
g ° Normal - ]
‘3 i NX 15 . 7% E
8 4F 5 - :
2 30 NN ]
: g 3 10 RS =
F Inverted “i of 20 = ~] Atmospheric neutrinos (HyperK*, 5600 kt-yrs) ]
- g ‘C 5 - {77777ZZZ] Atmospheric neutrinos (LAr, 340 kt-yrs) N
- 1~ Inverted e e e o et e o
C L L . PRI P ]
04 045 05 055 06 002 045 05 055 06 b4 0.45 05 0.55 0.6
sin’ 6, sin? 6. Sin“0,,
. >30 sensitivity for both MH cases for sin28,3>0.45 with - Comparable MH sensitivity
10yr data (2.6Mtonyr) to Hyper-K due to high

detector resolution
- Possible to discriminate 623 octant at >30 for |023-45|>4deg

15



T2HKK option

arXiv.1611.06118

0AB 2.5 at HK

"ﬁlu ’ .mll

;Pu v ﬂ*

True Normal Ordering .
. 2 & T T e 71 - 2nd HKin Korea
= | :jgﬁm At 25 1 F b —— JD+KD at 2.5° 1
10p © —— JD+KD at2.0° E : T DeKDat 18 f - L=1000~1300 km
oL —— JD+KD at 1.5° B 8- E .
; ; o ] - 1.5~2.50 off-axis
6 ] i ]
! 7N 4 1 - Better MH sensitivity
| A\ :
~ : S NN - Better CP coverage
S e s S NS S R B R
8, (rad.) O (rad.)
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CP Mass hierarchy

CPV significance for dce=-90°, normal hierarchy Expected sensitivities vs. time

Significance [0]

10c 2 E
= Less matter effect g 7
8E HK % o
= (single tank) 2 E
S 8 S0 _____________
o ;— DUNE = 55
= £
= T2K-lI aF-80__________
?T?V £ Nowa
2F . Based on “Status of DUNE 2017~ -
= NOV A Fermilab Users Meeting 1=
OElllll A ll‘l‘l‘l‘l' O:IlIlllIII|ll|||||IIIIlIIIlIIIIIIIIIII
2022 2026 2030 2034 2038 2016 2018 2020 2022 2024 2026 2028 2030 2032 2034

Time (years)

(originally from JHEP 1403 (2014) 028)
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JNER2Rv CDCPEITE
RKRVCTOEEREE
v
—a—kNV/) RZa—KYU/
DIRENER D ER ZRIE

Cosmic Rays
(p, He, ...)

Zenith Angle

Cosine

—V

MRHE  R—/\—hIAhVT
L7 VERICEBZR=Z2— N/ HRIRT
v
SK-Gd IC & % REEFIEFHRH

v
CP. BEEREEMHREANDA VNI K ?
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SUperK—Gd prOjeCt PRL93,171101 (2004)

- Capture efficiency:
Ve + p et +n

(~100t for SK)

W) prOtonﬂ 20 gives 90% neutron
— O/ capture
Ve 60 Gd capture eff.
\ 40
| +
P 0
Prompt signal 0 :
Delayed signal 0 0.002 0.02 0.2
(~8 MeV in total) Gadolinium sulfate concentration[%)]

Add 0.2% Gd2(S0O4)3 in water to enhance neutron capture
multiple gammas (~8MeV in total) emitted from Gd by neutron capture

Possible to identify anti-neutrino interaction with delayed coincidence

neutron 100%]  0.2% Gd,(SO,), 0.2%

19



FEIX/LEX—EE (100Mev~) TOD
—a—NU/MEE

T2K

>
§1.4;— ’ |
t1.2F
|
"'?o 1 | II
e T i I TOTAL
u\.|’08:— i !“ il -'"Al"‘ g Lk
Sost  /
5 L
20.4
@ [
00.2[
o -
e o y l1 a1l ey

—_a1—hkY_./CCQE:
Ve+h—=e +p

kK=Za2—Kk"Y_/CCQE:
Ve+p—>et+n

sub-GeVTIi& Charged-Current
Quasi-Elastic (CCQE) »* K3

—AH. BIRILF—AITIE
OB AEERET— KDIEM
2X\NOYHEEERZIR (&iR)
SK-GdTHMFtRHE IR LT K D,

T2KPRK&G=Z2a—hYU /TCERZa2—
NV ERIDVERTRF
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Wrong Sign background

T2Kv and V flux:

106 g % § '

10

10%;

Flux (/cm?50MeV/10*'POT)

—a1—KNY/WERE:
o(v) ~ 3x0o(Vv)

Number of Events expected for T2K-I
(10x102' POT for each vand v mode)

vy disappearance

arXiv:1607.08004

Beam CC|Beam CC|Beam CC|v, — ve+
Total vy vy Ve+ Ve | Uy — Ve | NC
v-mode v, sample|2735.0|| 2393.0 158.2 1.6 7.2 175.0
v-mode v,, sample|1283.5| 507.8 707.9 0.6 1.0 66.2
v-mode — V-mode
signal — x1/3
wrong sign — x 3
Ve appearance
Signal | Signal |Beam CC|Beam CC
True écp|Total|v, = ve|Vy = Ve| Ve+ Ve | v+, |[NC
v-mode 0 467.6| 356.3 4.0 73.3 1.8 32.3
Ve sample| —m/2 |558.7| 448.6 2.8 73.3 1.8 32.3
-mode 0 133.9| 16.7 73.6 29.2 0.4 14.1
U, sample| —m/2 |115.8| 19.8 52.3 29.2 0.4 14.1

wrong sign DY 8cplC & % signal ER¥UE(L %
(LI MEh) FBHdHMEICEL

21



2K RvE—LLE— K TD
BTFERICHITHIFEFIRID

FEIADFEE (12aU32-12)

| HHEFEEEL
Te appearance 22.5; v_ v =z: gg \Te appearance
sample 5 [ er’e I Other CC sample
5 2 = 0.69:0.31 @mNeC
2 _< Cam— v, CC o o FHEFDIFERICED. wrong signPNCDAIRY
g 25 — v, CC i ZEDICHBETE S LS
5 I — Other CC -
ERs NC - ERFRFRRT R —CHBELGSBD. HHES
i i R=a1— kYU IRLE—ICHEE
1.5 } 0(; 200 400 600 800 1000 1200 . \
: e dEE A — FRETAH
1= £ 25 WV, CC §2s- mv.CC
: 27 wive  EvCC S Weve OO
B g Fo—= 0 82 . 0 18 -Other CC g r = 0-40 H 0-60 -Other CC
051 £ T mINC £ T mINC
% 05 1 15 2 25 3 85 4 45 5 j
Number of tagged neutrons L L
ve CC: 0.83 : i
Efficiency |ve CC: 0.40 0s|- o5
for #n >=1 |Other CC: 0.70 ] i
NC: 0.42 00 200 400 600 800 1000 1%}((;)QE 0(; 200 400 600 800 1000 1280
EVCQE

— Wrong Sign  (veCC) PNCE(7? D73 B ICHRT
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1u+ Om events:

1.CCQE
Vp+tNnN = U +p

2. 1 stuck
Vu+ N2 +N+mn

(m absorbed or below Ech)

Vu+ (n,p) = 1+ (p,p)

only p-is visible in the detector

3. multi-nucleon or 2p-2h:

CCRERImZIRELfEZa—MNY /
ITXRILF—BE:

poree _ My = (mn = Bb)* — mé + 2(mn — Ep) Ee
v 2(my, — Ep — Ee + pe cos )

.Phys. Rev. D87, 013009 (2013)
— T T T T T

dE,E) (10cm’/GeV)
B8 B
| T I T |

—
o
T

R SRR o L
0 0.2 0.4 06 __ 08 1 1.2 14 1.6
E, (GeV)

2ELXBDERTIFZa—RNI /I X)L
F—MECBEBEHENS
—  IREFAIE CORMBREDER
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HMEFIFRICKDEABTRONEH arXiv:1707.08222

Tu+ 0m events (Ev=1GeV)

4000
35001
30001 CCQE (vuy+n = u +p)
2500 2p-2h
2000F m stuck
1500}
1000}
500F- :
w/o final-state neutron oF e L w/ final-state neutron
o 02 04 06 08 1 12 14 16 18 2
Reconstructed Neutrino Energy (GeV)
25005— 14001
2ooof— 1200
- 1000}
1000/ 600} JI

- 400} W
500? . -

- _ 200~ KH—V"I 1

ol W i 2= N N - 7 L_U_s;

Sl ol el L
0 02 0.4 06 0.8 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)

CCQEERERIDBEM L
hHFIERICEEZ—2— Y /HEEROIERR
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