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Neutrino Osclillations

) ) o normal hierarchy (NH) inverted hierarchy (IH)
» Oscillation probabilities depends on: 2 A A2
» The neutrino energy " E”
« The travelled distance (“baseline”) 2
* The difference in masses of vy, v,, Vs
* The PMNS mixing parameters ”
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Neutrino Osclillations

« Oscillation probabilities depends on:
The neutrino energy

The fravelled distance (“baseline’”)
The difference in masses of v, v,, Vs
The PMNS mixing parameters

Ve U;l U.:Q U:3 1
Vr T1 T2 T3 V3
ci2  si2 0 €13 0 sige ™ L0 0 _ e
Sij = SIN Gij
U=| —s12 c2 0 0 1 0 0 co3  S23
i cij = cos B
0 0 1 —813€ 0 C13 0 —s23 c23
« Three mixing angles: 6;,, 63,05 « One CP-Violating phase: §.p
From reactor experiments Measuring

(e.g. Daya Bay) and from P(v, = v,)
measuring P (v, = v,)
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Neulrino OsciHo’rigns

3 _T2K B.F. 2018, L=295 km, dcp = 0
» Oscillation probabilities depends on: 4
« The neutrino energy =0.05
« The travelled distance (“baseline”) &

* The difference in masses of vy, v,, Vs
» The PMNS mixing parameters

3k 3k *

Ve el e2 e3 S|
S * * ES
S A W T I W
Vr T1 T2 T3 V3
C192 s12 0 C13 0 Slge_ié 1 0 0 ,
Sij = SIN Gij
U = —S5192 C19 ﬂ U 1 U U Co3 S93
Lis cij = cos B
0 0 1 —S813€ 0 C13 0 —823 C23
« Three mixing angles: 64,, 613, « One CP-Violating phase: §.p
T Required to have an imbalance
From reactor experiments Measuring between neutrino and anti-
(e.g. Daya Bay) and from P(v, > v) neutrino vacuum oscillations
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measuring P (v, = v,)
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The T2K Experiment

Super Kamiokande Near Detector

Mt. Noguchi-Goro
2924 m

Mt. Ikeno-Yaina
water equiv.

J1700m
- . Muon Neutrino beam .. S—
§< 295 km )
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The T2K Experiment

Super Kamiokande

Near Detector

Mt. Noguchi-Goro
2924 m
Mt. Ikeno-Yaina
1360 m

water equiv.i 1700 m
* . Muon Neutrino beam ”\Wﬁ
E/ 295 km \\-‘: i

S Lr v

<

<05 F - |

KA

0
0 0.5 1

T E,(GeV)

Produce predominantly v,
neutrino or anti-neutrino beam
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The T2K Experiment

Near Detector

Super Kamiokande

Mt. Noguchi-Goro
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Mt. Ikeno-Yaina
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The T2K Experiment

Near Detector

Super Kamiokande

Mt. Noguchi-Goro

2924 m
Mt. Ikeno-Yaina
1360m water equiv.i 1700 m
§ . Muon Neutrino beam’ . 9\. —
E’ 295 km A\ 4/'
R
W 0.5 1
i E,(GeV)

/,/\.\ Near Detector
! P ND280

NH,(EV) = ?(Ev)q)v(Ev)E(Ev)

f
Interaction Detector
Ccross section effects

\ Neutrino flux /
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The T2K Experiment

Super Kamiokande

Near Detector

Mt. Noguchi-Goro

2924 m
Mt. Ikeno-Yainma
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The T2K Experiment

Super Kamiokande

Near Detector

Mt. Noguchi-Goro
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The T2K Experiment

Super Kamiokande

Near Detector

Mt. Noguchi-Goro
2924 m

Mt. Ikeno-Yaina

water equiv.i 1700 m
<+—@ Muon Neutrino beam 8 .: —
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The T2K Experiment

Near Detector

Super Kamiokande

Mt. Noguchi-Goro
2924 m

Mt. Ikeno-Yaina
1360 m water equiv.l 1700 m

Muon Neutrino beam

&

Y.

295 km

T
~~~
Oge g/ [ 1L .VM'

- v, and 7, charged current

| Yy and N charged current Neutral current

0 0.5 0.5

1
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Far Detector
Super-Kamiokande

Near Detector
ND280

Number of events

Mmﬂ M;

0 1 1 1
—2,000 -1,000 0 1,000 2,000
Electron or muon PID discriminator
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The T2K Experiment

Near Detector

Super Kamiokande

Mt. Noguchi-Goro
2924 m

Mt. Ikeno-Yaina

1360 m .
water equw.l 1700 m
— Muon Neutrino beam e .: S—
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1
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Super-Kamiokande Near Detector

ND280
N/,L(Ev) = P(Vu - VM)O-(EV)CDV(EV)E(EV)

—— PMNS Mixing
Oscillation
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Neutrino Interactions
[ NJE) = P(v, = vo)(Ey) 0(Ey) Dy (E,) ()

N,(E,) = Event rate @, (E,) = Neutrino flux
P(v, = vp)(E,) = Oscillation probability  e(E,) = Detector efficiency
9 o,(E,) = Interaction cross section
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Neutrino Interactions
[ NJE) = P(v, = vo)(Ey) 0(Ey) Dy (E,) ()

N,(E,) = Event rate @, (E,) = Neutrino flux
P(v, = vp)(E,) = Oscillation probability  e(E,) = Detector efficiency
9 o,(E,) = Interaction cross section
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Neutrino Inferactions
[ NAE) = POy, - v {5 ofE) @, (B3e(E)

N,(E,) = Event rate @, (E,) = Neutrino flux
P(v, = vp)(E,) = Oscillation probability  e(E,) = Detector efficiency
9 o,(E,) = Interaction cross section
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Neutrino Interactions
[ NKE) = P(v > ve){(Ey) ofE) @, (B} (7}
N,(E,) = Event rate @, (E,) = Neutrino flux

P(v, = vp)(E,) = Oscillation probability  e(E,) = Detector efficiency
N o,(E,) = Interaction cross section

J

CC-QE

(Charged-Current Quasi-Elastic)

— CC-Inclusive - CC-QE
""" CC-2p2h CC-SPP_-- CC-DIS \\// Assuming CCQE
! v y

scattering off a

—

&8 E AN stationary nucleon,
2 | ‘Z“ SN reconstruct E, from
% 6 3 _—T 4. T~ theobserved lepton:
C-:I\\ i T NE
\% 4 05 %U 2 2 2
2 [ 1 & B oM (mn — Ey)” —my, +2(my, — E)E,
=t —~ v
2 g 2(m,, — Ey — E, + p,cost,)
Bl | E

0(; - > = 0 ® Isolate CCQE events by looking for

E,(GeV) meson-less interactions (“CCOr”)
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Neuirino Intferactions
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N,(E,) = Event rate @, (E,) = Neutrino flux
P(vy = vp)(E,) = Oscillation probability
o,(E,) = Interaction cross section
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Analysis Strategy

The idea in a nutshell

 Produce beams of v, and v,

+ Measure v, (disappearance) and v, (appearance) event rate at FD
« Parametrise flux, cross-section and detector models

« Constrain the former two at the near detector

« Fit for the oscillation parameters at the far detector

Far Detector Detector
Super-Kamiokande effects

BV, (B) = PV, = V)0 (B, (E)e(E) -~

/ \ Neutrino flux

Oscillation Interaction
probability cross section

Using data taken up to spring 2020
More has already been taken for our next analysis!
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Analysis Strategy

Neutrino flux |
model

Cross-section
model
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Analysis Strategy

INGRID & Beam & model
monitor data

Cross-section
model

External
cross-section
data
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Analysis Strategy

S B " EEEEEEEEEEEEEEEEEEEE.EE.E.-.--w

: ND280 detector
B

model
NAG6I1/SHINE
external data .
Neutrino flux |

[
INGRID & Beam J .- model
monitor data ND280 fit

Cross-section ND280 data

model
External

cross-section

1 ND280 data

: reduce neutrino flux and

icross-section uncertainties,
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Analysis Strategy

4 H = = E . EEEE EEEE EEEEEEEEEEEEEEEE W W

ND280 detector

NAG61/SHINE

|

| .

I model
external data ‘

‘ Neutrino flux
INGRID & Beam J: 4 model
monitor data ND280 fit

Cross-section 3 ND280 data
model S '

External
cross-section

Super-K detector i Super-K data
: model Oscillation n '

fit

1 ND280 data

i
B
: reduce neutrino flux and :

icross-section uncertainties,

Oscillation
parameters
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N D 2 F -|- More details are provided
I in the backup slides

FGDI v, CCon \
%5000 = o omcor 1| o Fit flux, cross-section, detector model
= is v CC Coh In  []Jv CC Other 3

= s |- P O NConie EVmeds parameters to 18 ND280 samples.
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ND280 Fif

The constrained model can
then be used to predict what
we expect to see at Super K

N

This is the input to the Far
detector fit where we extract
the oscillation parameters

\_

25_| LN B S B I R B B B A LN B I T ]
- S Pre-ND .
20 #PostND
15~ p-like CCOm .
10 —
sk .
0i 1 km 1 | 1 1 | 1 1 | 1 | 1 \ 1 1 | 1 i
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Reconstructed energy [GeV]

J

Stephen Dolan

More details are provided
in the backup slides

Fit flux, cross-section, detector model
parameters to 18 ND280 samples.

ND280 FHC v, Flux T2K Preliminary

01.20_ T T LI B R T T LI B B B
= = -

1

FLISE
TLI0E
§1.05 -
£1.00 E
£0.95E
£

< 0.90
% 0.85

Prior to ND280 constraint
0.80
0.75

+ After ND280 constraint
0.70 e S

107! 1

10
Neutrino Energy [GeV]

| L0 R = = o =3 o O A C L 3 R P A -
=

Final output is
parameter
uncertainties and
correlations

- e W AW W
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Osclillation Fit Samples

Neutrino mode

Analyse outgoing lepton kinematics from r*’
5 different samples: o ¢
=1
« CCOrr: majority of CC events, best o
understood, best E, reconstruction Ty
E
of &
=
=
=

Stephen Dolan EPS-HEP 2021, 26/07/21
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T

CCOm

LB DN O o S

lim__.-mﬂ%f

Recnnstrucled Neutnno Energy [Ge

I

+

. 08 1 12
Reconstructed Neutrino Energy [GeV]

£
2 04

Probes P(v, = v,)(E,):
sensitive to Am3, and 6,5

Probes P(v, = v,)(E,):
sensitive to 6,53 and §¢p




Osclillation Fit Samples

Neutrino mode Anti-neutrino mode

Analyse outgoing lepton kinematics from r*’ ccon : g ccon |
5 different samples: o . } ‘
'T) o % 1
« CCOrr: majority of CC events, best o o i MMM
. =t . 21H|I tEe TTTT |
understood, best E, reconstruction o % %

) | n C | U d e O n 'I'i - n e U 'I'ri n O O n d n e U 'I'ri n O ) Recnnstrucled Neutnno Energy [Ge * Reconstructed Neutrino Energy [GeV] J

. oy ege o - £ ¢ -
samples: additional sensifivity to 8.p : £ ccon
of & g
: : = *
. T2K B.F. 2018, L=295 km, écp =0 ; - 2: }~
_ _ E 1 |
u ‘Eewnsnfructec‘ll ;‘JGUW‘:T; Ener;)y [G;G Reconslructed Neutnno Energy [Ge\;]
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Osclillation Fit Samples

Neutrino mode Anti-neutrino mode

-

Analyse outgoing lepton kinematics from 5'*’ ccon : ccon
5 different samples: o & } ‘
=i % 11
« CCOr: magjority of CC events, best o - i MMM
. ot i 21H|I bt TTTT |
understood, best E, reconstruction ol % %

) | n C | U d e O n 'I'i - n e U 'I'ri n O O n d n e U 'I'ri n O Recnnstrucled Neutnno Energy [Ge Reconstructed Neutrino Energy [GeV] J

samples: additional sensifivity to 8.p : n ccon
- Additional CC11 sample for v, B }
appedarance ;
+ Lower stafistics, less accurate E,,, but ol 1§ I g =
useful to supplement CCOm samples St AT E ' HIIH “ }lll
E < ‘Eewnsnfructec‘ll 'Iileutri‘:;,' Ener;)y [G‘;G Reconslructed Neutnno Energy [Ge\;]
TEs & CcClin
o

ok 1 L 1 L L L
G 25
g
g 20
3 15
ER L
° I
5

Be a5 o6 o7 o3 08 T i1 1z
Reconstructed Neutrino Energy [GeV] .,J

Rat
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Fit results (v, - v,

%10~ T2K Preliminary
? [ T | T 7T 1 I T 1T 1 | 1T T T | T T T | T T T T l T T T 1 | T T ]
Q

& 3  =——T2Krunl1-10 -~ Super-K 2020 —
> i + Bestfits
2 [ —-NOvA 2020 --- IceCube 2017 ’
s 2.8 —
= i i
ﬂ = ]
2.6 —
241 PR
29 L \,ﬁ '_..»‘ ]
- . H-""“”'_:,:ﬁ-‘: """"""" 90% C.L.
B TR L Normal ordering
2 _I 1 | | I | I T — | | I | | | S — | | ) N S — | I 1 1 1 1 | 1 I_

0.35 04 045 0.5 0.55 0.6 0.65

)
sin“6,,

- World leading constraint on sin? 0,5

- Compatible with maximal mixing (sin® 8,53 = 0.5)
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FIt results (6¢-p)

T2K Preliminary
T T T I T T T 1

LI T T T T T T T T T ]

8 2} Neusino mode 1 « Large region excluded at 3o

e-like events

« CP-conservation (0,1) excluded at 90%

1 '+ 1 « Weak preference for normal mass
ordering

T2K Preliminary
I I T T T T | T T T T | T T T T T T T T | T T T T I_

PR T [N N TN S N SO T I:l_| i
06 08 1 1.2 "%
Reconstructed Energy (GeV) 25 Normal ordering

T2K Preliminary Inverted ordering

é 7T A B B B ] 20 ]
0 [ Antineutrino mode = "3, =-90° 1 C 16 CL ]
m ob e-like events == 3,p=+90° ] N Y 90% CL ]
[ 15— = )i —

C 8 =0° i K ] 20CL N

6_— —— -4~ Data ] i [ ]sccCL ]

1 op :

4 — -} --} - - B ]
REpga | & :

2
0: PN [T T N NN TR SR T L SN T T ] {1 T R N | L1 1 1 I | S |
0 0. 0.4 0.6 0.8 1 1.2 -3 =2 -1 0 1 2 3

Reconstructed Energy (GeV) S
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T2K-ll: a bright future

J-PARC Beam upgrade

ND280 upgrade

Construction Data taking

SK Gadolinium
i Gd loaded Gd loaded
(neutron tagging) at 0.01% at 0.03%
Stephen Dolan EPS-HEP 2021, 26/07/21 11




T2K-ll: a bright future

2019 2020 2021 2022

ND280 upgrade [

Construction Data taking
SK Gadolinium [ I I
(revtron tagging o R

More power, more statistics

Beam power

500 kW - ~900 kW - ~1.3 MW
Today ~2024 ~2028

* Replacing two of the beam’s magnetic focussing horns
« Upgrading horn power supply to enable faster beam repetition rate
« Improving the beam target cooling capability

Stephen Dolan EPS-HEP 2021, 26/07/21 11




T2K-ll: a bright future

2019 2020 2021 2022
| ﬁ
J-PARC Beam upgrade :—

ND280 upgrade [

Construction Data taking __
f "ol mad i TR _-_—__—__—__,—_,—_—_,—_,—_—_—_—_—_—— = 9\
| SK Gadolinium [ I I
neutron t in Gd loaded Gd loaded
I ( eutro agg g) at 0.01% at 0.03% ]

Nevutron tagging at SK

Neutron

Anti-electron neutrino PfOtOﬂ/ \

Gadolinium

/ \Gamma ray
Cherenkov light
Cherenkov light /

Positron
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T2K-ll: a bright future

2019 2020 2021 2022
' ‘—
J-PARC Beam upgrade :—

b o e e o e e e e e e e — — _ _ Construction _ _ _ _ _ Datataking _ - _|I
SK Gadolinium 0 T :

neutron t in Gd loaded Gd loaded

( eutro agg g) at 0.01% at 0.03%

UAI| Magnet UAI| Magnet

Downstream
Barrel ECal

Stephen Dolan EPS-HEP 2021, 26/07/21



ND280 Upgrade

UA| Magnet

Downstream
. Barrel ECal l

6 ToF panels

serav |l ™ |
| Module Frame . -
New read-out concept Novel detector concept 150 ps time resolution
resolution
NIM A 957 163286 (2020) JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)

JINST 15 P12003 (2020)
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6 ToF panels

Drift volume

MicroMegas

New read-out concept

Novel detector concept 150 ps time resolution
resolution
NIM A 957 163286 (2020) JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)

JINST 15 P12003 (2020)
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ND280 Upgrade

R Downstream [ElER
PO ) ™ : Cal
: “|.-~:—=v"
N ==
D¢ » ml-' =

"

2 High Angle TPCs

icm?d

Sciniixtor cube
|

Drift volume S

MicroMegas-._ &

8 ERAM .
| Module Frame .. :
New read-out concept Novel detector concept 150 ps time resolution
resolution
NIM A 957 163286 (2020) JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)
JINST 15 P12003 (2020)
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4 - L

ND280 Upgrade
A L

UA| Magnet

B Downstream
~—— —Rarrel ECal | ] "
Cal ==

2 High Angle TPCs

90cm [

Drift volume —__ -
oy

MicroMegas-._ &

8 ERAM .
| Module Frame .. : ‘
New read-out concept Novel detector concept 150 ps time resolution
resolution
NIM A 957 163286 (2020) JINST 13, P02006 (2018) JPS Conf. Proc. 27, 011005 (2019)
JINST 15 P12003 (2020)
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The Super FGD (SFGD)

The SFGD:
« 2 million scintillator cubes
« 58,000 channels

« 2.1 tons target mass

| SuperFGD concept l

Scintillator cube

WLS fibers

Stephen Dolan EPS-HEP 2021, 26/07/21



Detector Performance

« Dramatically improved angular
acceptance

Muon angular acceptance

Muons in TPC or e
stopping in SuperFGD =]

——
—_— —

0.9

0.8
e, 0 — e —

4 4 —

efficiency

R

0.7
0.6
0.5

=+ Muonsin __
-+~ TPC only

- — Current
E—_— efﬁmency

L Ll | ] L L | L1l | L1 1 | 11 Ll
-08 -06 -04 -02 0 0‘2 0‘4 0‘6 0 8 1

true cos 6

0.4F

0.3

-

0.2

T
]

0.1

|
-‘Illl
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Detector Performance

« Dramatically improved angular
acceptance

* Much lower tracking thresholds

Muon angular acceptance

1 T T T T T T T T T T T T T T T T
> - - z E I | I T I 3
g 09F Muons in TPC or — ] £ o09- Proton tracking threshold -
S osk stopping in SuperFGD ___— £ o8t Work In Progress -
] ey T e T — =R E
7 A 4 4 - 0.75 =
oo . 0.65 E
05 : e 05— =
- : - E ND280 Upgrade 3
0.4:— - —— ) — 04:_ _:
osb- e Muonsin __ 03E Current ND280 J
) o TPC only ~E B - E
HE _""Current 0.2 - U
Ol . efficiency 0.1E - E
oo o e o by o by oy oy by b g by b s by by O W s T S SN SN (T T [ T (Y S S S (Y N N W AN B

-1 08 06 04 02 0 02 04 06 08 1 % 200 400 600 800 1000 1200 1400

true cos 6 momentum (MeV)
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De’rec’ror Performqnce

- 12 T

g Tt protons 'Momentum resolution |

c 100 _

acceptance T s ]

g S [ ]

: s | IR REN 1

* Much lower fracking thresholds £ ¢ o E
= - . R ’

. . . = L. . o @ .

« Substantially improved resolutions * 4 L PR
2; ..l. ..-llllllll.- ) ;

C Current ND280: ~9% ]
0y ~"300 400 600 800 1000 1200 1400 1600

momentum (MeV)

Muon angular acceptance 1 | | | | | | |

).. - = e 2t : T T T T T T T T T T T 'I.l T T T T T T T :
g %% miuons in 1FG or — | 5 o095 Proton tracking threshold -
S osf stopping liﬂlperFGD+_—: 2 o8t Work In Progress -
© e it — = E E
of ¢ — 07 :

I v
osE- P 055 =
0_4;_ e - . 04E- ND280 Upgrade E
osE- * = Muonsin __ 03E- Current ND280 E

) o TPC only “E . ., E

HE _""Current 02E - DU
- . efficiency 0.1E - E
otENENE BNEN ST BT EETE SVEN ST A AR A L R R e il Y (I T [N O T (RO NI N N A T
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Detector Performqnce

g " ~'Momentt lution |
S A omentum resolution |
- Dramatically improved angular £ - :10 Work In Progress -
=
acceptance s E
. ; B Lo * \\010 i
* Much lower fracking thresholds £ ¢ P =
E - . R ]
o . R = Y . . (80 ]
« Substantially improved resolutions = 4 L L
« Beftter fiming resolution enables et " Corent ND280: ~9% E
neufron energy measurements! %~ ~"500 400 600 800 1000 1200 1400 1600
momentum (MeV)
Mvuon angular acceptance T
g oo il LR L S — £ 0o Proton fracking threshold -
S osf Stogiaﬂggi%perFGD L é: 08E. Work In Progress =
o1t AT A L S 0.7E =
o.s;— : - 0.65— —E
Zji _+__'__._—'—_'__'_*_‘_ ::jé: ND280 Upgrade :;
0_3;_ R _I‘;_ﬂ;gns:n Y 0.35_ Current ND280 -
i —— on y . E o +++ E
HE _""Current 0.2 - U
o1 —~—  efficiency 01 - E
AN B L T = s e -

L PR T P [ a——
0»2 0<4 0‘5 0 5 1 200 400 600 800 1000 1200 1400
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Physics Sensitivity

More details are provided
in the backup slides

v z
« Primary sources of systematic uncertainties stem T ~—F—"""

from nuclear effects in neutrino scattering

74

« Very difficult fo characterise with current ND280

due to limited proton/neufron acceptance no o b

— © ~-@

« The upgrade will overcome these limitations: more ‘ ‘o

powerful and less ambiguous model constraints

Mvuon angular acceptance

S oof Muons in TPC or =
13 03; stopping in SuperFGD EEesSS|
= = e ———— TR ——
5] e — -
0.7 A ‘ ‘ rm
0.6 : L~
05— : LT
0.4i— —o—_’__'_ —_
0sE- = Muonsin __
) -+ TPC only
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Ve . efficiency
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true cos 6
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Summary

« T2K is making world-leading analyses of neutrino oscillations

» Provided first constraints on the §.p PMNS parameter, excluding
the CP conserving values at 90% CL

« Through increased statistics and detector upgrades, T2K will
continue to improve its measurements as it fransitions to T2K-l|

 However, 1o stop future measurements becoming pre-maturely
limited, it is essential fo reduce systematic uncertainties

« The upcoming upgrade to ND280 will allow T2K to confront the
physics responsible for the most troublesome sources of such
uncertainties

Stephen Dolan EPS-HEP 2021, 26/07/21
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Neutrino Osclllations

U et
« Neutrinos are produced in particular s i
weak eigenstates (v, vy, v;) w ) . w
. NANNN N 4:— v v EVAVEVR VST
« These are linear combinations of mass Y e
. Weak state Weak state
eigenstates (vq,v,,v3) related by a
unitary matrix, Upyys
. . : Ve el €2 e3 1
« Neutrinos propagate in their mass v, | = . “ *3 Vs
eigenstates, losing their flavour v U U Vs
. . T T T
identity as they go

. . PMNS = Pontecorvo-Maki-Nakagawa-Sakata
« When neutrinos interact, they °

collapses intfo a weak state again with The probability of finding a neutrino
a (Ve, vy, v¢) probability which depends » as a particular flavour “oscillates™

on its current admixture of mass states as ifs mass sfates evolve

‘ Time @nature

Mass states

NGO @\ @\
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The Near Detector Complex

UAI Magnet

ND280

I Downstream
Barrel ECal

PODECal = \ECal

TPC TPC
. ol EE I

INGRID 3
S/ G
Lt
WAGASCI/ \g“' °
BabyMIND 4
N
Q C\*$¢‘O
(8 / Ghs M}g(\‘{ r-’()
NP
/\x‘%@\
/o" [ INGRID
" PHHE Efsakwl;l, GeV
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The Near Detector: ND280

ND280 Peak Ev<

Off Axis ~ 0.6 GeV

Side Muon Range Detector
UAT Magnet

Former UA1 Magnet:

Provides 0.2 T field Electromagnetic
Calorimeter (ECal) POD ECal

’-—-;

&4 44 A
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The Near Detector: ND280

ND280 : =Sl Peak Ev<
alorimeter [ECal) PD ECC & Off Axis ~ 0.6 GeV
<

Fine-Grained Detectors

PG (FGD 1 & 2):
« CH scintillator tracker
i M0 O i « Target forv
wo | \ V UM /’/ « FGD2 contains water
ulll LA% L I ) /
"l %k /
| 1 — A T /
o RS | v
\ i ‘\."-. -
e e
||||||||||||||||| -P-—t— et
||||||||| |~ /
A - -
| ‘D |L| .
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The Near Detector: ND280

ND280 r— PeakEv<

R 70 ECo ) Off Axis ~ 0.6 GeV
@] Fine-Grained Detectors
POID (FGD 1 & 2):
« CH scintillator tracker
AN > A0 « Target forv
| ‘\ V | /’ « FGD2 contains water
ulll B ‘ L ”" ‘/
I -
1] IIII | /
|t N B SRR N, W N - —
h‘\ ; f\\;\% H: - ol Time Projection
. \t R — \\w Chambers (TPC):
| b . | l = T + Excellent fracking
o T | +  High-res charged-
P e — particle momenta
"
) i | — - Accurate particle ID
1 O 1 I |
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The Far Detector (295 km)

Upper dome of Super-K )
 Massive water Cherenkov detector
50 kton of ultra-pure water

~11,000 20" PMTs
1000 m under a mountain

LINAC for | o
calibration

41.4m

Pure water
target

for v and

p decay
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The Far Detector (295 km)

Upper dome of Super-K )
 Massive water Cherenkov detector
« 50 kton of ultra-pure water
| « ~11,000 20" PMTs
LINAC for :
catibration |1 « 1000 m under a mountain
8or —+— T2K data -ve and v, charged current
4 1 - 4m ,Vu and 7, charged current Neutral current |
Pure water ‘g :
target 2 A
for v and 2z )
£
p decay E ]
39.3m 1
Particle identification through analysis of i ¢ . ++++ +++¢1+*+ g 6
Cherenkov rlng TOpOIOgy —2(:,]000 -1,000 0 1,000 2,000

Electron or muon PID discriminator

56
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ND280 Fit Samples

Analyse outgoing u*/~ momentum and angle from 18 different samples.
These are separated by:

Active
scintillator

1. FGD 1/ FGD 2 targets

+ inactive
water layers

Separately constrain neutrino
interactions on Carbon and Oxygen

\AAA A A4
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ND280 Fit Samples

Analyse outgoing u*/~ momentum and angle from 18 different samples.
These are separated by:

1. FGD 1/ FGD 2 targets

2. Reconstructed pion multiplicity

CC Ont
t| tl

CC1n

CC Other
d:Zji

Separation of different
interaction modes:

« CCOm — Mostly CCQE+2p2h
 CCIlmm — Mostly RES 11 prod.
« CCOther — Mostly DIS

Stephen Dolan EPS-HEP 2021, 26/07/21 58




ND280 Fit Samples

Analyse outgoing u*/~ momentum and angle from 18 different samples.

These are separated by:

1. FGD 1/ FGD 2 targets

2. Reconstructed pion multiplicity

CC Ont
|
t ‘t

3. neutrino / anti-neutrino beam mode

CC1n

CC Other
"
@i

Separation of different
interaction modes:

Understand differences in neutrino
» CCOm — Mostly CCQE+2p2h and anti-neutrino interactions
« CCIl1mm — Mostly RES 11 prod.

« CCOther — Mostly DIS

Stephen Dolan EPS-HEP 2021, 26/07/21 59




ND280 Fit Samples

Analyse outgoing u*/~ momentum and angle from 18 different samples.

These are separated by:
_Right-sign

1. FGD 1/ FGD 2 targets

2. Reconstructed pion multiplicity o’

3. neutrino / anti-neutrino beam mode

4. Charge of the reconstructed muon v,
il

(for anti-neutrino beam mode only*)

Wrong-sign bkg.

Accounts for the neutrino contamination to
the anti-neutrino beam mode

*Not needed in neutrino beam mode since the anti-neutrino contamination is very small

EPS-HEP 2021, 26/07/21 60
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Osclllation Fit

In the fit ] o o o
a s} 8 b
£ r £ T
- Oscillation parameters 2 af 2 -
s 2 o
« Flux + cross-section parameters = e
(most contained by ND280 fit) o °
C 4
5 C
« Super-K detector model parameters ?
0 0
« Use measurement of 8,5 from i
reactor experiments as an extra ¢ i 4 Jr s M
- g i B T TN B o bt T T
constraint o 02 04 06 08 1 12 14 16 18 o 02 04 06 08 1 12 14 18 18
Reconstructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV]
FHC 1Re RHC 1Re
£ F c . FHC 1Retd.e
c b S o £ oF
@ - s £
T e[ 2 5 o A
o o t
@ o > 40 o I
o T o e
81— 3} L
61— F o 1.
45— 20 L -
23— 1: 1k —_
4] 0; | l . O_ : — ok I 1 I 1 I 1 h
0 02 04 0.5 08 1 1.2 % 02 04 06 08 7 T K 0 . . . . : 4
Reconstructed Neutrino Energy [GeV] Reconstructed Neutrino Energy [GeV 4 08 06 o7 08 09 1 112

Reconstructed Neutrino Energy [GeV]
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J- PARC Pro’ron Acce\erq’ror

Materlals and Llfe Science
Experimental Facility

Hadron Beam Facility

Nuclear
Transmutation

X
Tsukuban \\

Neutrino to
Kamiokande

= Main Ring
30 GeV
0.75 MW = 1.3 MW

Rapid Cycling
Synchrotron

(3GeV, 25 Hz, 1MW) ,
J-PARC = Japan Proton Accelerator Research Complex

Joint Project between KEK and JAEA
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The T2K Flux Prediction

f;\ . T T T T T T T T T T T T T T :\ T T T T T T T I T T T
: R I |
_‘g- 6 2 - ﬁg_ 10 ; ;
= v 12 v M |
“;;5 e ] % | 1 e ]
g —"ve | g 10 “E
E 105 ............................................................................................................. _:. ..."'-‘__ 7]
= 1 E !

3 ] 3

z (T 3
= N = E
— . S - = ]
E 10° | =
1 I 1 1 1 ]

(@)
oo
o=
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J-PARC: Neutrino Beamline

< K~

Horal

« Accelerated 30 GeV protons hit a
graphite target and produce m, K

« Charged n*(®) are focussed
towards SuperK using three
magnetic horns

- (5 decay in specialised volume
tou*) +9),

- Selectv,/v, by focussing n™/m~

ND280
to SuperK «-£= S |

INGRID
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Off-Axis Beam =

« Beam pointed 2.5° off-axis from A Am3, =24x107eVE
super-K ~ — NH,8,=0 —-TH,8,=0 1

? — NH,8,=n2 —-IH,d,=m2 -

« Off-axis beam — Narrower neutrino  20% B
a¥ i

energy spectrum
« Beam peaked at oscillation -
maximum >

* Maximises sensitivity to oscillation 3
parameters at the cost of a lower
event rate

sin®20,,= 1.0

ND280 =1
to SuperK «—£= sl __f.— _#
INGRID "[‘777

Target Station

Stephen Dolan EPS-HEP 2021, 26/07/21
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Data set

Total Accumulated POT for Physics
v-Mode Accumulated POT for Physics
V-Mode Accumulated POT for Physics
vMaode Beam Paower

V-Mode Beam Power

"
&
A

unlRun2  Run3 Run4

|

|

(
& 3 &

W

Accumulated POT (x 10
= S

. .

!

Run5SRun6 Run7 Run8 Run9  Runl0

| | | | | 1141

o RN 5
mlllllllllllllllllll Illllllll llllllll
- | |

2010 2011 2012 2013

12014 2015 2016 2017 2018 2019 202

) 2021

0OA2020 results: Run 1-10

v mode : 1.99006 x
v mode : 1.65053 X

Stephen Dolan

Data taken with SK Gd: Run 11:

102! (54.7%) v-mode POT (FHC) : 2.116 x 10?'
. . v-mode (RHC) POT : 1.651 x 10’
10" (45.3%) Total delivered: 3.818x10%'

EPS-HEP 2021, 26/07/21
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_Improvements on last analysis

Total Accumulated PDTf r ﬁlu:
sics

V-Modc Accumulated !
— \.r'— ode Accumulated P T for Ph}'alcs 315 kW
ode Beam Power
x 10%° . V- H ﬂ eam Power
(o nl Run2 Run3 Rund Run5 Run6  Run7 Run8  Run9 Run| 0 E
o =
g 35 —500 ’g
= -
Nature 580 E —400 &
339-344 5 25 - c
o 0
05775 O 2 20 —800 E
ﬁffltlj}‘(ih%zlfﬁ 15 I#‘ BE ‘ — 200
‘\ 10 f’ﬁ:. . — . W [ N
AN : I R | : : J_/ ? —100 & TRINO
~ : 1 -
N"‘u 0 _,—1—/_/ '| I | | ﬂ] E \
EUIU 2011 "'2012 201372014 2015 ZUI{) zm? 2{118 2[1'19 20 So0n on ardivi
«—>p_Nature result, 3.13x107 POT ____ > Year

< This result, 3.6x10°! POT
Improvements on Nature paper
- Far detector statistics: +32% v POT, same anti-v POT
- Near detector statistics: +98% v POT, +116% anti-v POT
- Improved flux constraint, using NA61/SHINE replica target data

- Overhauled interaction model, and updated ND280 selections
larence Wret 38
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The Near Detectors (280m)

On Axis ~ 1.1 GeV

g Peak Ev<

INGRID (front View) :

Sl | ~10m

~10m
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The Near Detectors (280m)

INGRID (front view) : INGRID (top view) :

\AAAAAAY

1\
I
O — INGRID
vertical
modules

\I"I

INGRID hierizental m

ALLLLHHE

odules

Proton Module (fully active
scintillator tracker) or
Water Module (interleaved
layers of water)

¥

INGRID Modules: Stacks of scintillator » :
bars interleaved with Iron sheetfs. Fe, H,0 and CH targets available

Iron plate Tracking

planes

69
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Analysis Strategy

Systematic Uncertainties

1R 1Re
FHC RHC || FHC RHC FHC CClxt | FHC/RHC

Error source (units: %)

NAG6I1/SHINE

Flux 5147 || 48 47 4.9 2.7

external data Cross-section (all) 101 10.1 || 11.9  10.3 12.0 10.4
Neutrino flux SK+SI+PN 29 25 || 33 44 13.4 1.4

INGRID & Beam model | Total 11 113 || o 121 87 | 107

monitor data

Cross-section
model

| Super-K detector Super-K data '
model Oscillation
fit

External
cross-section
data

Oscillation
parameters
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Analysis Strategy

4 H = = E . EEEE EEEE EEEEEEEEEEEEEEEE W W

ND280 detector

|

; | model
NAG6I/SHINE §k
external data ‘

Neutrino flux

INGRID & Beam J: 4 model
monitor data ND280 fit

Cross-section 3 ND280 data
model - '

External
cross-section

| Super-K detector i Super-K data
model Oscillation o '
fit

N.B.: T2K actually runs
three oscillation analyses,

. ND280 data : one of which does the
' reduce neutrino flux and ! two fits simultaneously.
1

icross-section uncertainties,

parameters
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Analysis Strategy

4 H = = E . EEEE EEEE EEEEEEEEEEEEEEEE W W

ND280 detector

model

NAG61/SHINE
external data

Neutrino flux

INGRID & Beam J: 4 model
monitor data ND280 fit

Cross-section 3 ND280 data
model - '

External
cross-section

| Super-K detector i Super-K data
model Oscillation o '
114
1R 1Re .
Error source (units: %) || FHC RHC || FHC RHC FHC CCla* | FHC/RHC !r\IIqB 12K (?;FTJ:’JOHY ru nls
Flux 29 28 2.8 29 2.8 1.4 ree OSCI,O lon anatyses,
Xsec (ND constr) 31 3.0 32 3.1 4.2 1.5 one of which does the
Flux+Xsec (ND constr) 2.1 2.3 20 23 4.1 1.7 two fits SimU”OHeOUSly.
Xsec (ND unconstrained) || 0.6 2.5 3.0 3.6 2.8 3.8
SK+SI+PN 21 19 || 31 39 13.4 1.2
Total | 30 40 || 47 59 14.3 | 4.3 Oscillation

parameters
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Reactor Constraint

T2K Run 1-10 Preliminary

l 3 _I ] ] | I l‘ : I I I I I I ] ] I ] ] I | l 1 I I I I ;

O N e _

o - - Reactor Constraint .

2 2 —— T2K only 90% B

L e h T2K only 68% —

0 :_ a  T2K only Best Fit _:

E —— T2K+Reactor 90% E

-1 —

I B - | I S N L T2K+Reactor 68% i

2 |- —

B 4o  T2K+Reactor Best Fit

_3 __I [l 1 1 | | | | Il‘l | L | I | | [ 1 I 1 | | | | | | | | I | T-_
0.01 0.02 0.03 0.04 0.05 0.06 0.07

Sin“0, ,
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vV, ANd v, appearance

T2K Runl-10 Preliminary
L] L] T I T T T T I T T T T | T T T T

- T T T T 7
L 24 n, — sin’0,, = 0.45,0.50,0.55,0.60 =
_g - T —— Aml, = 2.49%107 eV? -
= 22 - N ---- Am = -2.46x107 eV? -
R T | 5
S 20 =, -
v/ . “* .
= sf -
v - ]
o 16 O dg== =
"8 N B &= +n2 4
- O & _ =0 -
= 14: o o= a2 ’
E — [ | 68% syst err. at best-fit g
= 12 - ¥ Besi-fit =
= n =5~ Dala (68% stal err.) ]
5 10F -
: L L I L L L L I L L L L I '] '] 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | L L L L | L L
:'_ 50 60 70 80 90 100 110 120
o ) ; i
culrino mode ¢-NkKe candidates
< Neutri ode e-lik didat
Octant
2 sin?fas < 0.5 sin®#y; > 0.5 | Sum
=
ﬁ NO (Am2, > 0) 0.195 0.613 0.808
()
@ 10 (Am3, < 0) 0.034 0.158 0.192
©
s Sum 0.229 0.771 1.000
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Ongoing joint fits

NOvVA + T2K SK + T2K

atmospheric + accelerator

Comparison of released contours (not joint fit) Comparison of released contours (not joint fit)
MNOvA results: A. Himmel (2020) Zenodo, T2K Preliminary SK results: Phys. Rev. D 97, 072001 (2018) T2K Preliminary
I S L UL I A L 5 e N S RS L B L BN B LN BRI BLELN BN
- - . . 135 C ]
g ii_ oA ERS — K 110
L E_ 1ok _E 20[ — Super-K 2020 E
1.2 f— —f E -'C?? ‘.".‘ ----- Inverted ordering E
1f— —f 15 :_ J T “'.‘. —— Normal ordering _:
05f 4 | 5
0.6 + Bestfit = -/ MH? g
0.45— --- 68% C.L. —f 5__ ‘P >
02 —90%C.L. =
8: AP PRI A RPN BRI PR R PR I 0
3 0.35 04 0.45 0.5 0.55 0.6 0.65 0.7 0 02 04 06 08 1 1.2
sin’0,,

« Simultaneous analysis of experiments with different
baselines/energies/detector technologies

« Expectincreased sensitivity beyond the improved statistics
« Sensitivity in one experiment can resolve parameter degeneracies in another
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SK with Gadolinium

. P
.  Gd allows detection of neutrons: ~ Arreectron nevtrine mton/v \4
useful for T2K physics as well as for Gadolinium
supernova relic neutrinos \b
Positron /

\Gamma ray
« Plans for Gadolinium (Gd) loading Cherenkov light
. Ch kov ligh
at SK are proceeding well erenkovlght =7
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Why do we need an Upgradeze

« Current measurements are statistics limited, but not for long!

« Largest systematics related to neutrino-nucleus interactions
« Often degenerate with oscillation parameters
« Confuse neutrino energy reconstruction

« Essential to reduce this uncertainty for future analyses

No(E,) = P(vy = vp)(E,) o(E,) ®,(E,) e(Ey)

N,(E,) = Eventrate @, (E,) = Neutrino flux
P(v, = vp)(E,) = Oscillation probability  e(E,) = Detectorefficiency
op(E,) = Interaction crosssection

T2\

1R i 1Re

Error source (units: %) FHC RHC || FHC RHC FHC CClzx" | FHC/RHC
Flux 2.9 2.8 2.8 2.9 2.8 1.4
| Xsec (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
Xsec (ND unconstrained) || 0.6 2.5 3.0 36 2.8 3.8
SK+SI+PN 2.1 1.9 3.1 3.9 13.4 1.2
Total | 30 40 || 47 59 14.3 | 43
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Physics Sensitivity

« SFGD can measure the fransverse
momentum imbalance between the
outgoing muon and proton

« Sensitive to the physics which drives the main
uncertainties in neutrino oscillation analyses

« 10-38 ND280 Upgrade 10 Old ND280
1:—--~.0'.25_‘II|I\I|w\|||.\|..‘|,_ N 12_|| : "lllllll_
I : - x10% :
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Physics Sensitivity

« SFGD can use alternative methods
of reconstructing neutrino energy

« Uses both the outgoing muon and
proton energies as an estimator

x10°
£ 50 [T T T
T ool Lon";r%';d',ng 1 * Morerobust E, estimator:
e high blncilng: : more sensitive to physics
150 |- energy I that can cause a poor
bk EQE formu|g E reconstruction of neutrino
N ;(mponE onlgy) . energy
50 — : é : -

0 : .

—05 04—03 02—01 00 01 02 03 0.4 0.5

(Erec Etrue)/Etrue
v v v
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Physics Sensitivity

« Improved pion fracking thresholds
and decay electron tagging allow
access to much wider phase space
than before

ND280 Upgrade estimated charged pion v, (D )

tracking efficiency (w/o decay e~ tagging)

S 1400}

1200}

« Can measure kinematics of untracked
pions using decay electron positon!

1000}

oo}

600}

« Lower proton and pion tracking
thresholds better permit analyses of
three particle final states

S ETINA VTV ST * More sensitive to key physics

1 0806 —0.4—0}1\y0.2 0.4 06 C%.gem: . ~5 fimes higher efficiency

e SR

200

ND280 high efficiency regions
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SFGD: a neutron detector

« Can look for neutrons via their re-interaction within a detector

 |If the pathis long enough (>20 cm) neutron energy is measured
using the fime of flight with resolution 15-30% (for ~1 ns fiming

resolution)

100 200 300 400 500 600 700 800
Phys. Rev. D 101, 092003 Reco. Neutron Energy (MeV)

Stephen Dolan IFIC, Valencia, 15/06/21



12K Projected Sensitivity
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v osclillations need v cross sections

reco _ true true true true true reco
N, EVC) = ©(EV)|o(E")|P(a=f, E")[e(E)S(EV", EV”)
N,..(EY°) = Expected number of events [p(a>f,E"™) = Oscillation probability
O(E™) = Neutrino flux c(Ey™) = Selection efficiency
o(Ey") = Interaction cross sections S(Ey*,EY®) = Smearing matrix

 Need to know & x ¢ in order to interpret
Nobs as P(“ - :B)
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v osclillations need v cross sections

reco _ true true true true true reco
N, EVC) = ©(EV)|o(E")|P(a=f, E")[e(E)S(EV", EV”)
N,..(EY°) = Expected number of events [p(a>f,E"™) = Oscillation probability
O(E™) = Neutrino flux c(Ey™) = Selection efficiency
o(Ey") = Interaction cross sections S(Ey*,EY®) = Smearing matrix

I vy, Flux (arbitrary norm.)

- Need to know @ x ¢ in order to interpret | = =7
| - [1707.01048] B.F.

N obs as P (a — ﬁ ) . Super-K oscillated

 Near / farratios don’t fully cancel this:

- Dramatic change in E,, distribution
- v, af ND vs v, at FD (for appearance)

- Different ND/FD design, acceptance

Stephen Dolan EPS-HEP 2021, 26/07/21



v osclillations need v cross sections

reco _ true true true true true reco
N, EVC) = ©(EV)|o(E")|P(a=f, E")[e(E)S(EV", EV”)
N,..(EY°) = Expected number of events [p(a>f,E"™) = Oscillation probability
O(E™) = Neutrino flux c(Ey™) = Selection efficiency
o(Ey") = Interaction cross sections S(Ey*,EY®) = Smearing matrix
I | :;;, .F]lllx I(:u.‘hi;1‘:1.1’}'.11(:1‘11;.) .....
. . | P 72K ND off-axis
« Need to know ® X g In order to interpret [
i [1707.01048] B.F.
NObS GS P(a e B) I - Super-K {Lr-illntt'(l

 Near / farratios don’t fully cancel this:

- Dramatic change in E,, distribution
- v, af ND vs v, at FD (for appearance)

- Different ND/FD design, acceptance

« Noft just counting experiments: Require a
reco true 1 2 3
model to relate EJ¢° to E} B (GaV)
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Neutrino Interactions at T2K/HK

CCQE (1p1h)
4 [
\/
W
n p
_ 4
x10° ‘ . .
5 70 1 B, = m;, — (mn — Ep)° —mj, + 2(m, — B) B,
R“,l 600 | E 2(my, — Ey — By, + pucos )
o E ]
~ 200 7 Calculation from lepton kinematics is perfect only
Q400 - for elastic scattering off a stationary nucleon
2 300 [ =
2 00 -
T1 200 [ =
% 100; : é

-08 06 04 02 00 02 04 06 0.8
rec r=true true
(EF°-EV*)/E!
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Neutrino Interactions at T2K/HK

CCQE (1p1h)
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Neutrino Interactions at T2K/HK

CCQE (1p1h)
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Neutrino Interactions at T2K/HK

Final state interactions
CCQE (1 p] h) v CCRES l (FSI) can cause different 2p2h
~— inferaction modes to 7\
h th final stat L\
ave tne same 1ndai stare ~*ﬁ/l' \
| | \
.",,m
| !
L I
LD 3N : I I
n_ o p 77. Interactions off a bound | I
— s T o—/‘ o "--Q state of two nucleons can I
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Flectron vs muon neutrino cross sections

do./dcosf
do, /dcost

« Different models can predict quite
different cross section ratios!

Model 5° 60° 5° 60°
«  Critical for the future \ RFG 0.64 1.61 0.97 1.03

E, = 200 MeV E, = 600 MeV

(w/PB)
SF (full) 1.41 1.92 1.04 1.03
CRPA ~0.5 ~1.4 ~0.9 ~1.0
do./dcost
i do,/dcosd Tabulated from Phys. Rev. C 96, 035501 and the left figure
. These differences are predicted
=90 in regions that are relevant to
< 450 T2K/HK oscillation analyses
\zi)/ 400 :zz T2K Run1-9 Preliminar
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R 350
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®
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Phys. Rev. Lett. 123, 052501 6; (degrees)
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