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THE T2K EXPERIMENT
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T2K PHYISICS PROGRAM & RECENT ACHIEVEMENTS

R S nacurc
Neutrino oscillation measurements [See talk by C.Wret] o 5| . ,
| <«
® Measuring neutrino oscillation parameters £l .
gl o
zZl&

= First hint of CP violation in the lepton sector!

Ani natter
ym

Neutrino cross-section measurements [See talk by C. Jesus-Valls]

® Particular focus on joint measurements:
= On/off-axis [See talk by C. Schloesser]
m C/O [Phys.Rev.D 101, 112004 (2020)]
= v/v [Phys.Rev.D 101, 112001 (2020)]
= v,/7, [[HEP 2020, | 14 (2020)] %7
= TKlinvy, CClnt channel [Phys. Rev. D 103, 112009 (2021)]

WAGASCI/
BabyMIND

= CClm 4m v, interactions [See talk by D.Vargas Oliva]

Proton Beam Energy 30 GeV 120 GeV
Peak neutrino energy 0.6 GeV 2 GeV

Joint fits

Segmented liquid
sintillator bars

CP Effect* 32% 22%

m TZK-NOVA joint flt Matter Effect 9% 29%

28.10.22 LAURA MUNTEANU - NUINT2022 - SEOUL, SOUTH KOREA

Detection Technology = Water Cherenkov

m T2K + SK atmospherics joint fit



https://indico.cern.ch/event/881216/contributions/5048751/
https://indico.cern.ch/event/881216/contributions/5092512/
https://indico.cern.ch/event/881216/contributions/5048748/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112001
https://link.springer.com/article/10.1007/JHEP10(2020)114
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.112009
https://indico.cern.ch/event/881216/contributions/5048749/
https://www.nature.com/articles/s41586-020-2177-0

T2K EXTENDED RUN

= Thanks to the results of T2K and other leading neutrino experiments, we now know
much more about neutrinos than when we started!

= Neutrino physics is entering the precision era

= T2K aims to determine CPV/CPC at the 30 level in the coming years

= To achieve its ambitious goals, T2K will continue taking data (2023-2026) and aims to
gather 10x102! protons-on-target (POT)
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T2K EXTENDED RUN

= Thanks to the results of T2K and other leading neutrino experiments, we now know
much more about neutrinos than when we started!

= Neutrino physics is entering the precision era

= T2K aims to determine CPV/CPC at the 30 level in the coming years

= To achieve its ambitious goals, T2K will continue taking data (2023-2026) and aims to

21
gather 10x10 protons-on-target (POT) T2K Projected POT (Protons-On-Target)
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T2K EXTENDED RUN

= Thanks to the results of T2K and other leading neutrino experiments, we now know
much more about neutrinos than when we started!

= Neutrino physics is entering the precision era

= T2K aims to determine CPV/CPC at the 30 level in the coming years

= To achieve its ambitious goals, T2K will continue taking data (2023-2026) and aims to
gather 10x102! protons-on-target (POT)
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= 2016 syst.

® Upgrade of the neutrino beamline

-
o

= Improved syst.
CL

lllll

" |ncrease beam power from 500 kWV to
750 kW and then 1.3 MW (Hyper-K era)
— intense neutrino beam, significant
increase in event rate
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" |ncrease magnetic horn current (from 250 «, .

II|[lIII

R .
kA to 320 kA) — better separation of a bee. . A Improvement in v /v, .
right/wrong sign component in the beam 2 systematics alone —
= Systematics will become the oL b T
limiting factor at this level of statistics Protons on Target (x10°!)
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T2K EXTENDED RUN

= Thanks to the results of T2K and other leading neutrino experiments, we now know
much more about neutrinos than when we started!

= Neutrino physics is entering the precision era

= T2K aims to determine CPV/CPC at the 30 level in the coming years

= To achieve its ambitious goals, T2K will continue taking data (2023-2026) and aims to
gather 10x102! protons-on-target (POT)

To control systematic errors for its desired

goals, T2K has been planning an Upgrade of
its off axis near detector, ND280
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THE CURRENT ND280 DETECTOR  [See talk by C.Wret]

Fine Grained Detectors
(FGDs)

® Scintillating bars (CH
target)

TPCs

® |nstrumented with Bulk

[ 2 X I ton of mass MICFOMegaS detectors

= Excelent tracking
capabilities

= FGD?2 also contains water
target

28.10.22 LAURA MUNTEANU - NUINT2022 - >eOUL, SOUTH KOREA 8
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THE CURRENT ND280 DETECTOR

Fine Grained Detectors
(FGDs)

= Scintillating bars (CH TPCs

target) ® |nstrumented with Bulk

[ 2 X I ton of mass MICFOMegaS detectors

= Excelent tracking
capabilities

= FGD?2 also contains water
target

Performance:

= FGDs +TPCs are excellent for tracking forward going, light, charged particles
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THE CURRENT ND280 DETECTOR

Fine Grained Detectors
(FG DS) UA1 Magnet Yoke

= Scintillating bars (CH TPCs

target) ® |nstrumented with Bulk

[ 2 X I ton of mass MICFOMegaS detectors

= Excelent tracking
capabilities

= FGD?2 also contains water
target

Performance:

= FGDs +TPCs are excellent for tracking forward going, light, charged particles

= Lack phase space coverage for high angle partlcles

r -
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Muon momentum [MeV] Reconstructed Momentum [MeV/c]
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THE CURRENT ND280 DETECTOR

Fine Grained Detectors
(FG DS) UA1 Magnet Yoke

= Scintillating bars (CH TPCs
target) ® |nstrumented with Bulk

[ 2 X I ton of mass MICFOMegaS detectors

= Excelent tracking

= FGD?2 also contains water -
capabilities

target

Performance:

= FGDs +TPCs are excellent for tracking forward going, light, charged particles

= Lack phase space coverage for high angle partlcles & low momentum hadrons
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THE ND280 UPGRADE

Replace POD by new
suite of detectors

ND280 Upgrade TDR |

28.10.22
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https://arxiv.org/abs/1901.03750

THE ND280 UPGRADE

Replace POD by new
suite of detectors

ND280 Upgrade TDR |

New Target: SuperFGD
= 2 tons fiducial mass

= 3x2D readout

" 41 coverage

= | ow thresholds

= Can detect neutrons!

28.10.22
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https://arxiv.org/abs/1901.03750

Replace POD by new
suite of detectors

THE ND280 UPGRADE

ND280 Upgrade TDR |

New Target: SuperFGD | _
& oo Muons in TPC or =
= 2 tons fiducial mass S s stopping in SuperFGD ___———
[ M, —_—_ e —— —_—
0.7 4' A A _
m 3x2D readout ook i P
o5 S
" 41 coverage ok AT
= Low thresholds UE o MaensinTRC =
- LT
= Can detect neutrons! VB
—1I I I—0.8I ‘ I—Oé ‘ I—04‘ ‘ LOé ‘ I0I I ‘0.2I ‘0.4I ‘ ‘0.6‘ I ‘O.8I - 1
true cos 0

Efficiency
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https://arxiv.org/abs/1901.03750

THE ND280 UPGRADE

Replace POD by new
suite of detectors

ND280 Upgrade TDR |

[See talk by S. Gwon]

Hit charge [pe]

New Target: SuperFGD 173 MeV Neutron candidate
10 — — 8
. . E E T T T c B
® 2 tons fiducial mass E ob . oo = Sk
E o8 ; - :\Ioel(::on spectrum 7; 5 SE
m 3x2D readout o7 ST g -
06 — i — F
3 e o5 R
= 477 coverage i é F AN i
04 NG gs . IEIIEIE P2 view, LANL test beam 200
AN pofg ] = o i AAANT. ANZOL
= Low thresholds O R T T E-Data fromarxivi2207.02685 Q|
b sfagagne 0° E *Eanalysis
u Can detectneutl"onS! vozli’-H"'H*-‘H"""- = S S T TR - H R T R
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T, [MeV] Z position [cm]
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https://arxiv.org/abs/1901.03750
https://arxiv.org/abs/2207.02685
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092003
https://indico.cern.ch/event/881216/contributions/5048750/

THE ND280 UPGRADE

Replace POD by new
suite of detectors

ND280 Upgrade TDR |

New Target: SuperFGD
= 2 tons fiducial mass

= 3x2D readout

" 41 coverage

= | ow thresholds

= Can detect neutrons!

New Trackers: 2xHA-TPCs
(High-Angle TPCs)
" Ensure 41 coverage

® |nstrumented with novel resisitve
MicroMegas detectors

= Excellent performance

28.10.22
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THE ND280 UPGRADE

Replace POD by new
suite of detectors

ND280 Upgrade TDR |

bulk MicroMegas resistive anode MicroMegas

DLC (~ 100 nm) —
/ @ ~ 360V TE

insulator ~ 50 [T
glue ~ 75-200_ L,
|

New Target: SuperFGD
= 2 tons fiducial mass

= 3x2D readout

" 41 coverage

= | ow thresholds

= Can detect neutrons!

New Trackers: 2xHA-TPCs
(High-Angle TPCs)
" Ensure 41w coverage

" |nstrumented with novel resisitve
MicroMegas detectors

= Excellent performance

28.10.22
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https://arxiv.org/abs/1901.03750

Nucl.Instrum.Meth.A 1025 (2022) 166109
THE ND280 UPGRADE NucLInstrum.Meth.A 957 (2020) 163286

600 - : T RARASRARAS AasSS RS
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550 £ - o C ]
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New Target: SuperFGD

New Trackers: 2xHA-TPCs
(High-Angle TPCs)

" Ensure 41w coverage

= 2 tons fiducial mass
= 3x2D readout

" 41 coverage
® |nstrumented with novel resisitve

= Low thresholds MicroMegas detectors

= Can detect neutrons! = Excellent performance
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https://arxiv.org/abs/1901.03750
https://www.sciencedirect.com/science/article/pii/S0168900221010111?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900219315426?via%3Dihub

THE ND280 UPGRADE

Replace POD by new
suite of detectors

ND280 Upgrade TDR |

New Target: SuperFGD
= 2 tons fiducial mass

= 3x2D readout

" 41 coverage

= | ow thresholds

= Can detect neutrons!

New Trackers: 2xHA-TPCs
(High-Angle TPCs)

" |nstrumented with novel
resisitve MicroMegas detectors

" Ensure 47 coverage

New Timing Information:
Time-of-Flight (ToF)

= 6 scintillator planes

= |50 ps time resol.

28.10.22
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THE ND280 UPGRADE

Replace POD by new
suite of detectors

ND280 Upgrade TDR |

New Target: SuperFGD
= 2 tons fiducial mass

= 3x2D readout

" 41 coverage

= | ow thresholds

= Can detect neutrons!

New Trackers: 2xHA-TPCs
(High-Angle TPCs)

" |nstrumented with novel
resisitve MicroMegas detectors

" Ensure 47 coverage

Time resolution [ns]
(=]
o N o
N o [*]

o
o

e

e One side, array-1
®  One side, array-2
+ Mean of array-1&2

=4
=)
53]

¥ Weighted mean of 1&2

o o T e T A
50 100 150 200

New Timing Information:
Time-of-Flight (ToF)

= 6 scintillator planes

= |50 ps time resol.

28.10.22
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THE ND280 UPGRADE

Replace POD by new
suite of detectors

ND280 Upgrade TDR |

New Target: SuperFGD
= 2 tons fiducial mass

= 3x2D readout

" 41 coverage

= | ow thresholds

= Can detect neutrons!

New Trackers: 2xHA-TPCs
(High-Angle TPCs)

" |nstrumented with novel
resisitve MicroMegas detectors

" Ensure 47 coverage

>100 researchers
from 22 institutes
and 7 countries

Installation
foreseen in 2023

New Timing Information:
Time-of-Flight (ToF)

= 6 scintillator planes

= |50 ps time resol.

28.10.22

LAURA MUNTEANU - NUINT2022 - SEOUL, SOUTH KOREA

21



https://arxiv.org/abs/1901.03750

INSTALLATION STATUS

SuperFGD cubes
= SuperFGD assembly has started in Japan! ARSI Iinesv -

= Removal of previous ND280 elements
ongoing — POD already removed

= ToF detector will soon be shipped

= HA-TPC production ongoing with testing
and assembly at CERN before shipment

" To be shipped mid-2023

= Data taking will resume in autumn 2023
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So what can we do with
the ND280 Upgrade!



A BETTER PICTURE OF THE FINAL STAT

1

= CCQE events dominate T2K spectrum

08— T2K flux
—— CC Total
— CCQE
--- MEC

—— CCRES
CC Multi-pi

= Only lepton kinematics are used in energy
reconstruction

c/E, (10%® cm? GeV')

_ m2 —mg, — (mp — Eg)* + 2E,(my, — Ep)
2(mn — Eg — E,, + p7)

EQE =

True process

Vi W
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A BETTER PICTURE OF THE FINAL STAT

1

= CCQE events dominate T2K spectrum

T2K flux

—— CC Total

—— CCQE

--- MEC

—— CC RES
CC Multi-pi

—— CCDIS

0,8_—
= Only lepton kinematics are used in energy
reconstruction

c/E, (10%® cm? GeV')

0.6—

04—

m2 —m?, — (mn, — E)* 4 2E,(my, — EB)

2(mn — Ep — Ey + p7)

02—

EQE =

m Control of nuclear effects relies on inclusive
model predictions What we see

CCOrmr

i i Only leptons

used now
n p

I

Nuclear effects
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A BETTER PICTURE OF THE FINAL STAT

= CCQE events dominate T2K spectrum

= Only lepton kinematics are used in energy
reconstruction

m

2
P

—m

2
L

— (mn — EB)2 + ZEM(mn — EB)

EQE =

2(mn — Ep — Ey + p7)

m Control of nuclear effects relies on inclusive
model predictions

® Thanks to ND280 Upgrade, we can measure all

final state particles in neutrino interactions

= With low enough thresholds

= Opens the door to more robust sets of systematic

uncertainties!

28.10.22

c/E, (10%® cm? GeV')

1

0.8—

T2K flux
—— CC Total
—— CCQE
--- MEC

—— CC RES
CC Multi-pi

0.6—
04—

02—

What we see

CCOmr
\\:\/z/

]
! Can measure
o reliably

Nuclear effects
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EXCLUSIVE VARIABLES

Transverse Kinematic Imbalance Variables
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Events/30(MeV/c) (x 10%)

Phys. Rev. D 105,032010
EXCLUSIVEVARIABLES

Transverse Kinematic Imbalance Variables

SuperFGD pseudo-reconstruction

- - Pion Absorption
----- Undetected Pion

45
E — Total
40 —— CCQE Carbon
35 ; —— CCQE Hydrogen
= — - 2p2h

wn
T

..l-_l—‘-'r":r-'.:..’:—,,,
T TR At

B e e |
200 400 600 800 1000 1200 1400

6pT(MeV/c)
5pT:
= Bulk dominated by CCQE
= Tails by FSI + 2p2h

-

c@
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032010

Events/30(MeV/c) (x 10%)

Phys. Rev. D 105,032010
EXCLUSIVEVARIABLES

Transverse Kinematic Imbalance Variables
SuperFGD pseudo-reconstruction
e e B e N S

10 T
B — Total
8— —— CCQE Carbon
| —— CCQE Hydrogen
L — - 2p2h

- - Pion Absorption
----- Undetected Pion

o

I R s s

i M e e
200 400 600 800 1000 1200 1400

BpT(MeV/c)
5pT:
= Bulk dominated by CCQE
= Tails by FSI + 2p2h

g e

—]
ST

= Anti-neutrinos: hydrogen peak
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032010

Phys. Rev. D 105,032010
EXCLUSIVEVARIABLES

Transverse Kinematic Imbalance Variables
SuperFGD pseudo-reconstruction

2.5 3
true do (rad)

= Bulk dominated by CCQE

= Tails by FSI + 2p2h

= Anti-neutrinos: hydrogen peak
dar:

= Unique sensitivity to FSI
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Phys. Rev. D 105,032010
EXCLUSIVEVARIABLES

Transverse Kinematic Imbalance Variables Hadronic variables
SuperFGD pseudo-reconstruction
0000 T T T ‘ =
: Byis = b, + TN
40000
Ejr dominated by nuclear effects
Super FGD
30000
E,;s dominated by detector effects
20000
= Sensitive to E,.,,,,
10000
06— T T T T T T ]
25 3 2 F Generator-level i
5 pT: true do., (rad) 0.5:_ _ EViS _:
. 5 45_ Eqe E
= Bulk dominated by CCQE “r —LowE,,,| ]
= Tails by FSI + 2p2h 03 —High E,,,) -
. . 02 -
= Anti-neutrinos: hydrogen peak - -
0.1~ -
5CZT: - e :
Lo = L . ...::I'::FH.'-H-“I..... dansina ]
= Unique sensitivity to FSI 06 -0. : 0 B g 00

reco true
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0000 T T T

Eve

40000

30000

20000

10000

SuperFGD pseudo-reconstruction

Super FGD

2.5 3
true do (rad)

= Bulk dominated by CCQE
= Tails by FSI + 2p2h

= Anti-neutrinos: hydrogen peak

5CZT:

= Unique sensitivity to FSI

28.10.22

EXCLUSIVE VARIABLES

Phys. Rev. D 105,032010

Transverse Kinematic Imbalance Variables Hadronic variables

Eyis = E,u + 1IN
Ejr dominated by nuclear effects

E,;s dominated by detector effects

= Sensitive to E,.,,,,

-
293E With realistic
0,2sf—smearing

0.23—
0.153—

0.1
0.05;—

Ve 04
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032010

SUPERFGD SAMPLES

CCOx + Np
i | CCQE
o T =
: i : | 2p2h
. [ mmm DS
H : |l NC
i | M External
2000 e T
1500 : -----
1000 i e = T2K has been building an increasingly sophisticated
500f- e interaction model to prepare for Upgrade-era analyses
: [See talk by S.Dolan]
200 400 600 800 1000 1200 1400 16004:(()&5/(;00
NS - T cooe ® Preliminary sensitivity studies using pseudo-SuperFGD
. |- samples + existing ND280 samples [See talk by C.Wret

I OIS

for the latter]

0 200 400 600 800 1000 12
op, (MeV)

28.10.22 LAURA MUNTEANU - NUINT2022 - SEOUL, SOUTH KOREA 33


https://indico.cern.ch/event/881216/contributions/5048753/
https://indico.cern.ch/event/881216/contributions/5048751/

SYSTEMATIC PARAMETER CONSTRAINTS

= Fit variables:

" Eyis; OpT

= pu; €osf, (current binning)

SuperFGD only Plot for 4.10%' POT =1 year
2HRY pre-fit
Fl==(E ., op.) it
150 vis .
|+ (p,, cos6,) fit

NN

i’
%
%
Y

0.5

s

o
.
%74

>

—O.SX \
_;&\ N N
= | | | | | | | | | | | |
00 - o : A ] ~
P E R E EQe P ESST S S
X 0 < o o &8 £ ¢ 0o B O (9 V
8 c w Cc c v “ 8 c & n o N>
23 3Y 33 4 2 85942 3
— N < = e > a O O
5 v 9 v % 4 z ~« ¢« v Y 3
nﬂ_’ o o 7 7 B NQ) o> =
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SYSTEMATIC PARAMETER CONSTRAINTS

= Fit variables: Spectral function parameters

= E,is; 00T 2p2h parameters

= pu; €osf, (current binning)

= Hadronic variables improve constraint  SyperFGD only Plot for 4.10%' POT = year
on SF & 2p2h parameters (direct oY pre-fit

physical correspondence) |+ (E,, p,) fit
-+ (py, cosH,) fit

N N
0.5§
‘\\‘ S ¢ X
<§
-0.5
=ik S P S
00 O d 7%} ] N
PETESEER B EST S
0O =< o o &8 § ¢ o 8 O ¢ V
8 < s c c © m> 8 < e- LN o N>
0N 9 o g 3 T uJE s 5 9 c'> — ()
= £ £ £ <c < 5 o 9o v V)
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SYSTEMATIC PARAMETER CONSTRAINTS

" Fit variables: Effective parameters (Q?

= E,ig; Opr normalization & Pauli Blocking)

= pu; €osf, (current binning)

® Hadronic variables improve constraint SuperFGD/6nly
on SF parameters (direct physical [ Y pre-fi
correspondence) A 6pT) fit

P, cos6,) fit

lot for 4.10°" POT =1 year

= Lepton variables are better at
constraining effective parameters
designed for current binning
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it/ O prefit

pos

EVOLUTION OF CONSTRAINT AS A FUNCTION OF POT
—— P Shell MF Norm C

—— 8 Shell MF NormC 7777 FGD1+2

—— SRC NOrmc SFGD+FGD1+2 p only
—— P Shell MF p Shape C —— SFGD+FGD1+2 p+N
—— S ShellMFp __Shape C

= Assume T2K data taking scenario where v

and v beam modes are alternated every
year for 10 years

= SF uncertainties on carbon see a
significant improvement from first year
of data taking

Next steps: estimating impact on
oscillation parameter measurements

03||||||||||||u||||7|‘|“|‘ﬁ|“f‘ff7|x102‘
4 5 6 7 8 9 10 M
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SUMMARY

= T2K has an ambitious physics program, as neutrino physics enters the precision
measurement era

= Significant beamline upgrade will drive huge increase in statistics
= ND280 Upgrade project aims to mitigate systematic effects in the next years

= Extensive R&D program to design and commission a powerful set of detectors for
the upgrade era

= ND280 Upgrade low detection thresholds and full polar angle coverage will allow
T2K to probe the entire final state of neutrino-nucleus interactions

= Preliminary sensitivity studies show immediate improvement in systematic errors

" |terative process between neutrino interaction measurements + theoretical
developments is essential to achieve goals of current and future neutrino oscillation
experiments
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SUMMARY

= T2K has an ambitious physics program, as neutrino physics enters the precision
measurement era

= Significant beamline upgrade will drive huge increase in statistics
= ND280 Upgrade project aims to mitigate systematic effects in the next years

= Extensive R&D program to design and commission a powerful set of detectors for
the upgrade era

= ND280 Upgrade low detection thresholds and full polar angle coverage will allow
T2K to probe the entire final state of neutrino-nucleus interactions

= Preliminary sensitivity studies show immediate improvement in systematic errors

" |terative process between neutrino interaction measurements + theoretical
developments is essential to achieve goals of current and future neutrino oscillation
experiments

Thank you for your attention!
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THE T2K EXPERIMENT

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

Mt. Ikeno-Yama
1,360 m
1,700 m below sea level

Neutrino Beam

295 km
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THE T2K EXPERIMENT

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

1,700 m below sea level

Neutrino Beam

295 km
1
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3
2.5° off-axis @ Neutrino cartoons by Yuki Akimoto
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THE T2K EXPERIMENT

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

295 km

1,700 m below sea level

Neutrino Beam

28.10.22

<2
sin20,,=1.0
sin’20 ,=0.1
Am, =24 x 10°eV?

— NH,8,=0
T> — NH, 8, = /2
=0.05
2
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—-TH,8,=0
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2.5° off-axis
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THE T2K EXPERIMENT

Super-Kamiokande

Mt. Noguchi-Goro
2,924 m

1,700 m below sea level

Neutrino Beam

28.10.22

<2
sin"20,,=1.0
sin’20 ,=0.1
Am, =24 x 10°eV?

— NH,04,=0  —-IH,8,=0

— NH, 8 =2 —-IH, 8, =2

2.5° off-axis @
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T2K PHYISICS PROGRAM & RECENT ACHIEVEMENTS

= First hint of CP violation in the lepton sector!
NEUTRINO 2022

o, T T
x C ]
o . . < [ T2K Run 1-10, 2022 preliminar; ]
Neutrino oscillation measurements [See talk by C.Wret] psb — Nomalondering E
C Inverted ordering ]
= Measuring neutrino oscillation parameters 0F oo E
15:_ B 2oL _:
» [JsocL B

Nature 580, 339—344 (2020)

: An>i‘ndicati'0nof,matterjantimatter
- symimetry.violation in néutrinos *
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T2K PHYISICS PROGRAM & RECENT ACHIEVEMENTS

Neutrino oscillation measurements [See talk by C.Wret]

= Measuring neutrino oscillation parameters

= First hint of CP violation in the lepton sector!

Neutrino cross-section measurements [See talk by C.Jesus-Valls] e p
.. N
® Particular focus on joint measurements: m/a/""s
7/ //
=  On/off-axis [See talk by C. Schloesser] IR
= C/O [Phys.Rev.D 101, 112004 (2020)]
—
= v/v [Phys.Rev.D 101, 112001 (2020)] —e— Total uncertainty
— GENIE v3 LFG hN (48. 9)
u v, [JHEP 2020, |14 (2020 - - - NuWro LFG (64.7)
Ve /Ve [l (2020)] -.-..NEUT SF (110.3)
= TKlinv, CCln* channel [Phys. Rev.D 103, 112009 (2021)] —— RMF(1p1h)-SusaV2(2p2h) (90.6)
C,0.93 <cos, <1 0,0.93 <cosf, <1
= CClm 4m v, interactions [See talk by D.Vargas Oliva] : 0 ;’ '
PE ° YE s
o 3 ot 3E
g ? off 2}
g 1 g 1f
0 . : of . :
107" 2x107™" 1 2 345 107" 2x10™! 1 2 345
Muon momentum (GeV/c) Muon momentum (GeV/c)
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T2K PHYISICS PROGRAM & RECENT ACHIEVEMENTS

Neutrino oscillation measurements [See talk by C.Wret]

= Measuring neutrino oscillation parameters

= First hint of CP violation in the lepton sector!

Neutrino cross-section measurements [See talk by C.Jesus-Valls] &amns %
A
® Particular focus on joint measurements: m/a/"”c
7/ //
= On/off-axis [See talk by C. Schloesser] LoV irrnc
= C/O [Phys.Rev.D 101, 112004 (2020)]
= v/v [Phys.Rev.D 101, 112001 (2020)] —e— Total uncertainty
— GENIE v3 LFG hN (48. 9)
= v, /v, [JHEP 2020, | 14 (2020)] - - - NuWro LFG (64.7)
-.-.. NEUT SF (110.3)
= TKlinv, CClr* channel [Phys.Rev.D 103, 112009 (2021)] —— RMF(1p1h)-SusaV2(2p2h) (90.6)
C,0.93 <cos, <1 0,0.93 <cosf, <1
= CClm 4m v, interactions [See talk by D.Vargas Oliva] : - ‘7’ '
8 o %g :
Sterile searches EE AERN:
I3 4 i
0} S Tt
o 3 ot 3E
8. ° 88 2
g 1 g 1f
0 1 3 0 ; 1 1
107" 2x107™" 1 2 345 107" 2x10™! 1 2 345
Muon momentum (GeV/c) Muon momentum (GeV/c)
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T2K PHYISICS PROGRAM & RECENT ACHIEVEMENTS

Neutrino oscillation measurements [See talk by C.Wret]

T2K+SK| prelimi]nary

— SK+T2K —T2K
— SK (+ND)

>
N
T

N

= Measuring neutrino oscillation parameters

= First hint of CP violation in the lepton sector!

Neutrino cross-section measurements [See talk by C.Jesus-Valls]

® Particular focus on joint measurements:
= On/off-axis [See talk by C. Schloesser]
m C/O [Phys.Rev.D 101, 112004 (2020)]
= v /v [Phys.Rev.D 101, 112001 (2020)]
= v,/¥, [JHEP 2020, | 14 (2020)] SRSt e i el

—

lllllllllllllIllllllllllllllllllllllllllll
IlllllllllIllllIllllIllllIlIIIIlIIIIIlI

111l

x*(best CP conserv.) — x*(best 8cp, MO)
1)

LI»
ll\)
|
—_
(=]
—
[SS]
W

+ Proton Beam Energy 30 GeV 120 GeV
. .
TKlin v, CCln™ channel [Phys. Rev. D 103, 112009 (2021)] — — —

= CClm 4m v, interactions [See talk by D.Vargas Oliva] Peak neutrino energy 0.6 GeV 2 GeV

. Detection Technology =~ Water Cherenkov Se.gm'ented liquid
Sterile searches sintillator bars
CP Effect* 32% 22%

JOIﬂt fItS Matter Effect 9% 29%

m T2K + SK atmospherics joint fit
= T2K-NOVA joint fit
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[INST I5 P12003 (2020)

THE SUPERFGD DETECTOR

= Double the mass of FGD 1+2
= Light collected by WLS fibers

Detector size: 0.6x1.8x2.0m’
Cube size: 1x1x1lcm?
Number of cubes: 2,160,000
Number of readout channels: 58,800

Nucl.Instrum.Meth.A 923 (2019) 134-138
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THE SUPERFGD DETECTOR

= Double the mass of FGD [+2
= Light collected by WLS fibers

= High granularity: 2 mil. |cm?
polystyrene scintillator cubes

[INST I5 P12003 (2020)

Detector size: 0.6x1.8x2.0m’

= Makes it possible to detect short tracks < Cube size: 1x1x1cm’

Number of cubes: 2,160,000

- PI‘OtOh det. thl’GShOld ~300 MEV/C! - i ., Number of readout channels: 58,800

0.9
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Proton irqcking threshold Nucl.Instrum.Meth.A 923 (2019) 134-138

Work In Progress

ND280 Upgrade

Current ND280
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[INST I5 P12003 (2020)

THE SUPERFGD DETECTOR

= Double the mass of FGD [+2
= Light collected by WLS fibers

= High granularity: 2 mil. |cm?
polystirene scintillator cubes

Detector size: 0.6x1.8x2.0m’

= Makes it possible to detect short tracks < Cube size: 1x1x1cm’
' Number of cubes: 2,160,000
- PI‘OtOh det. thl’GShOld ~300 MEV/C! - i ., Number of readout channels: 58,800

= Capability to detect neutrons through '
time of f|ight Nucl.Instrum.Meth.A 923 (2019) 134-138

Hit charge [pe]

Phys. Rev. D 101, 092003 g T 3
E 09 20 cm — E‘ 8
g E . E E
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[ E Neutron spectrum 1 < F
07 | - o o
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[INST I5 P12003 (2020)

THE SUPERFGD DETECTOR

= Double the mass of FGD [+2
= Light collected by WLS fibers

= High granularity: 2 mil. |cm?
polystirene scintillator cubes

- E]
. . Detector size: 0.6 x1.8x 2.0 m
= Makes it possible to detect short tracks : Cube size: 1x1x1cm’

Number of cubes: 2,160,000
m PI‘OtOh det. thl’GShOld ~300 MEV/C! - ~ Number of readout channels: 58,800

= Capability to detect neutrons through / '
time of f|ight Nucl.Instrum.Meth.A 923 (2019) 134-138

> E
. [&] - =
= Fully active 3D detector 5 —
= 0.8—
5 F e
= 47 coverage o7 A 5 A —
06— : ——
= >90% detection efficiency for muons o5 P e
° 0.4; . —|—+++ ——
= Can detect high angle and backward- IO N
going particles! 0ohe o N
0.1 E:_+ B _.__'_
:\ L1 ‘ L1 | L1l | 111 ‘ L1 ‘ 11 | L1 ‘ 111 ] L1l ‘ L1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
true cos 6
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[INST I5 P12003 (2020)

THE SUPERFGD DETECTOR

= Double the mass of FGD [+2
= Light collected by WLS fibers

= High granularity: 2 mil. |cm?
polystirene scintillator cubes

Detector size: 0.6x1.8x2.0m’

= Makes it possible to detect short tracks ' Cube size: 1x1x1cm’
' Number of cubes: 2,160,000
= Proton det. threshold ~300 MeV/c! . . ., Number of readout channels: 58,800

= Capability to detect neutrons through '
time of f|ight Nucl.Instrum.Meth.A 923 (2019) 134-138

= Fully active 3D detector g O;? JJJ_‘,_,LH- T
= 47 coverage g 23: “mons. :
= >90% detection efficiency for muons 06* - e
= Can detect high angle and backward- 3i:
going particles! 03¢
02
SuperFGD opens a whole new chapter 01} 1
for particle detection @T2K K I mloﬁg’gntu;fi’&ev}g;’O

28.10.22 LAURA MUNTEANU - NUINT2022 - SEOUL, SOUTH KOREA 55


https://www.sciencedirect.com/science/article/pii/S0168900219301500?via%3Dihub
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12003

THE HIGH-ANGLE TPCS (HA-TPC)

Drift volume

= New and improved field cage design
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THE HIGH-ANGLE TPCS (HA-TPC)

bulk MicroMegas resistive anode MicroMegas
Drift volume T
' : Mesh @ GND
ricrotesas | Mesh@-ggoy - - TTTTTmeomt AT mns
- e e m e e e = e =- Amplification gap: ~128urn / © ~ 360V E
Amplification gap: ~128p TE’ insulator ~ 50 [

glue ~ 75-200 L
|
FR4 PCB

= New and improved field cage design

® Using novel resistive MicroMegas
technology
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THE HIGH-ANGLE TPCS (HA-TPC)

bulk MicroMegas resistive anode MicroMegas

[
g I Mesh @ GND
l H BN BN BN BN B BN BN BN BN B BN BN B B W O W W = -

Mesh @ ~ -360V = —
- mmomow -l- - m oW oW o Amplification gap: ~128u DLC (~ 100 nm) TE

Amplification gap: ~128p TE insulator ~ 50 [
glue ~ 75-200 L
pads 1
FR4 PCB

= New and improved field cage design

Drift volume

MicroMegas

Module Frame

= Using novel resistive MicroMegas =
technology 3000
. . 2500

® Performances measured during multiple
. 2000

test beam campaigns

1500
® Clear track separation .
500

Nucl.Instrum.Meth.A 1025 (2022) 166109
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THE HIGH-ANGLE TPCS (HA-TPC)

bulk MicroMegas resistive anode MicroMegas
Drift volume 1
i
. 1 Mesh @ GND
MiCI’OMegaS A il Mishio 360V OB OB BN BN BN BN BN BN BN B B B BN BN BN B B M
- W m oW -I- - W wmomow Ampliﬁcation gap: ~128p DLC (~ 100 nm) TE

- / @~ 360V
Amplification gap: ~128p TE insulator ~ 50 [
glue ~ 75-200 L
pacs | I 1
FR4 PCB FR4 PCB

Module Frame ‘ 7

= New and improved field cage design T P
: 105 - —e— Diagonal fit 3
® Using novel resistive MicroMegas 2 F =
% 10.0 & —— Row/column fit =
technology § .E E
® Performances measured during multiple *FE3 I S
test beam campaigns wE = . B
80 L i =
® Clear track separation 5 E 5 S 3
. 3 s 3
m <|0% resolution for dE /dx for all track "E :
il ENRNETET ETRTET AT TS AT S ST STATEN BT ATAT A STATSTArI ATTATAr S AT Ar AT W

angles — essential for PID ¥ % 0 @ 30 40 S0 60 70 80
¢ [deg]

Nucl.Instrum.Meth.A 1025 (2022) 166109
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THE HIGH-ANGLE TPCS (HA-TPC)

bulk MicroMegas resistive anode MicroMegas

Drift volume i

’ 1 Mesh @ GND
MiCI’OMegaS il Mishio 360V OB OB BN BN BN BN BN BN BN B B B BN BN BN B B M
- W m oW -I- - W wmomow Amplification gap: ~128u DLC (~ 100 nm) TE

— / @ ~ 360V
Amplification gap: ~128p T E insulator ~ 50 [
glue ~ 75-200 L
pads 1
FR4 PCB

= New and improved field cage design 7 W BEssEEs :

: - : S, 450 'E

= Using novel resistive MicroMegas = 400 E

technology -% 350 3

S 300 3

® Performances measured during multiple % 250 E

test beam campaigns S 'S SR S P % £

= Clear track separation ig 0T ]

m <|0% resolution for dE /dx for all track O ——02T ‘

angles — essential for PID 0 0 20 40 60 l 180| ‘ llool I I120I I I140I I

= Space resolution <300 pum Drift distance [mm]
P : NucLInstrum.Meth.A 1025 (2022) 166109
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THE TIME-OF-FLIGHT (TOF) DETECTOR

= 6 planes with 20 scintillator bars each
= Double readout
= Excellent timing resolution (<150 ps)

= Essential to identify track direction
(backward or forward)

= Important for vertex timing information

w0 C
£ 03
s Lt
= =
= 0.25—
3 r
@ _
(] L
E 0.2
= C
0.15 4+
Ea
Ery
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0.05— + Mean of array-1&2
C ¥ Weighted mean of 1&2
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X [em]

28.10.22 LAURA MUNTEANU - NUINT2022 - SEOUL, SOUTH KOREA 6l



BEYOND OSCILLATION MEASUREMENTS

= ND280 Upgrade sensitivity was estimated using current uncertainty model

= But that may not be enough!

= ND280 Upgrade can help us further our knowledge about neutrino interactions and
help us build an even better uncertainty model

= Example: improved models for final state interactions (INCL)
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BEYOND OSCILLATION MEASUREMENTS

= INCL predicts significant proton absorption and multi-nucleon final states (cluster
production)

= This has a non-negligible impact at the level of SuperFGD statistics

= Next steps: use INCL to build better uncertainties for our analyses
Phys. Rev. D 106, 032009
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BEYOND OSCILLATION MEASUREMENTS

= INCL predicts significant proton absorption and multi-nucleon final states (cluster

production)
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