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Experiment T2K

T2K collects data since 2010
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Main T2K Results

T2k

Discovery

of v, - v, oscillations Measurements of

oscillation parameters
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CP violation: T2K and NOvVA
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Antineutrino mode e-like candidates
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T2K Near Detector ND230 T2\

* Placed at 280 m from the target
* Measures the flux, flavor content, energy spectrum
of the neutrino beam, studies neutrino-nucleus interactions

Muons in ND280: Vedetection in SuperK:
- forward direction - 41t acceptance

‘]

0,

ND280 ND280

Tracker

Pi-zero
Detector
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Momentum p_ (MeV)

Current ND280

V interaction

in ND280 - Momentum threshold for protons _§OBE + TOTAL
450 MeV/c (100 MeV kinetic energy); gl
- Non-CCQE interaction (2p2h, FSI) observed as CCQE; 0.6¢
- Acceptance for tracks in forward direction, 0.4f

SuperKamiokande - 4m acceptance; 0.

r 4

- Larger oscillation systematic uncertainties due to | N g ]
(05 - i o s oL 1 | iy

tracks not measured by TPCs "1-08-06-04-02 0 02040608 1

s

- No capability to detect neutrons
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ND280 constraints of systematics T2k

v, spectrum at Superk V., spectrum at SuperK
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v, - v, and v, - v,: systematic uncertainties reduced from ~ 15% to ~ 5%
using ND280 data
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HyperK: Sensitivity to CP violation T2/K\

. g : Hyperk, arXiv:1805.04163
Projected HyperK sensitivity - 10 years of data taking YPETR, arAly

Water Cherenkov detector to CP violation - 1.3 MW beam power — 2.7x10%2 POT
71 m (height) x 68 m (diameter)
Total mass 260 kt

Inner Detector:

20000 50 cm PMTs + mPMTs
Outer Detector:

~4000 7.5 cm PMTs + WLS plates

HK 10 years (2.70E22 POT 1:3 vi¥)
T
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for v,:v,=1:3 and sind,=0
2300 v, 1300 v,

-------------- Improved syst. (v./V, xsec. error 2.7%)
« T2K 2018 syst. (v,/¥, xsec. error 4.9%)

sl bl

0 exclusion (VAT(Z)
e

llllllll

B
@U ..........
S
ﬁ o o
= 1 . Exclusion of CP conservation
H KO eliminary 2 }
yper-K preliminary — Fr e e T T 5
True normal hierarchy (known) True BCP § 80— 30 - : e T
sin(6,,) = 0.0218 sin(8,;) = 0.528 IAm?,| = 2.509E-3 Q E @so e S
L ] T Cbrtad :
Measurement of 6 < of
CP £ 60
@ =
*q;,; 30 i = g) 50
O - . = = -
[~ ~ 'U - N
50 25— - = 40:— -é.( P
= - = S = 3
& r 1 > 30 e
o 20 e ~19° for o 3 E 2]
= - N S /7 — —QO° 3 =2 e
5 - e, true dcp /2 90 3 % 20: f: + —— Statistics only 3
g 15:_ . .‘.":';"'u'.," o ~7° for true dcp = 0 = > 10 EA o A Improved syst. (v./V, xsec. error 2.7%)
5 - ] 3 H / . o — T2K 2018 syst. (v/7, xsec. error 4.9%)
o 10 T —— © ol i L e e e e L 1
D e 0 TR s 4 s 6 7 8 910
i Mt.Noguchi-Goro Dake = Statistics only 0 o—— Hyper—K prellmmary
j - 51 . B ; 2 I V3
T / 2,924m [omeenen Improved syst. (v,/v_, xsec. error 2.7%) n True normal hlerarchy (known) HK Years (2 7E21 POT 1 3 V.V)
Hseom /. , Nesr Detecr A AT T T TR T sin’(6,,) = 0.0218 sin’(B,,) =0.528 1Am3,| = 2.509E-3
¥1.000m \-b?\ ook O L 2 3 4 5 6 7 8 9 o
Neutrino Beam yper-K preliminary .
295km | rue normal hierarchy (known) HK Years (2'7E21 POT 1:3 V:V)
sin’(0,,) = 0.0218 sin’(0,,) = 0.528 |Am3,| = 2.509E-3

22 May 2024 Yury Kudenko INR RAS QUARKS2024 8



Motivation for ND280 upgrade T2\

- Uncertainties of current T2K oscillation measurements are dominated by statistics
- However, systematics will limit T2K (and HyperK) sensitivity in future

Post-fit errors of the most significant systematic parameters

Parameter Current ND280 (%) | Upgrade ND280 (%)
SK flux normalisation 3.1 2.4 The systematic error can be
(0.6 <E, <0.7 GeV) o/ ¢
MAqE (GeV/c?) 26 1.8 reduced by about 30% in
vy 2p2h normalisation 9.5 5.9 the ND280 upgrade configuration
2p2h shape on Carbon 15.6 9.4
MARggs (GeV/c?) 1.8 1.2
Final State Interaction (;t absorption) 6.5 3.4

» Important to measure neutrino interactions in all phase space

» Precisely detect particles produced at any angle

» Reduce detection threshold, measure protons with low threshold
» Measure neutrons in anti-v“interactions

» Reduce background, obtain better track identification using TOF
> Provide electron/gamma separation

» Reduce total systematics to ~ 3% level for appearance modes

22 May 2024 Yury Kudenko INR RAS QUARKS2024 9



ND280 upgrade T2\

New upstream detectors
- 3D fine-grained
scintillator target/detector SuperFGD
- Two Horizontal TPCs
- TOF system around new tracker

arXiv:1901.03750

Current ND280 complex New detectors  Current detectors

) I

[
'\ Horizontal TPC \{
TOF (et

POD replaced by
New Detectors

UA1 Magnet Yoke

L4
SuperFGD | | Horizontal TPC

22 May 2024 Yury Kudenko INR RAS QUARKS2024 10



S u p er F G D JINST 13 (2018) 02006 m

- Volume ~192 x 184 x 56 cm3 Fully active, highly granular,
- ~2 x 10° scintillator cubes, each1x1x 1 cm3 41 scintillator neutrino detector
- Each cube has 3 orthogonal holes of 1.5 mm diameter with 3D WLS/MPPC readout -
- 3D (x,y,2) WLS readout proposed, and constructed at INR
- About 60000 readout WLS/MPPC channels
. . - Cubes produced by
- Total active weight about 2t injection molding at

00O Uniplast, Vladimir
- Covered by

chemical reflector
-Tolerance (each side)
about 30 microns

SuperFGD project: about 100 participants from 6 countries
Russia: INR, JINR, LPI

ND280
FGD ™ SuperFGD

1x1x lem?

[ Scintillator cube

4 4

41 cm

11 layers

WLS fibers

Talks on 21 May:

A.Chvirova

D.Fedorova
A.Shvartsman
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e+, B=0.2T

SFGD prototypes were tested:
- with charged particles beams (e, u, i, p) at CERN SFGD prototypes
- with neutron beam at LANL

SFGD prototypes: beam tests (I) T2k

JINST 15 (2020) 12, P12003
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Parameters of the SFGD prototype
obtained in the beam tests at CERN:
Light yield of one cube 50-60 p.e./MIP, 1 fiber readout
Light yield of one cube 150-180 p.e./MIP

for sum of 3 orthogonal fibers

Time resolution ~1 ns for MIP and 1 fiber readout

Dark rate of MPPCs:

50-70 kHz (th=0.5 p.e.), 0.5 kHz (th=1.5 p.e.)

Yury Kudenko INR RAS
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Total Cross-section (barn)

T2K\

PLB 840 (2023) 137843

Neutron cross-section measurements at LANL
with SuperFGD prototypes

0.9 T

- Total Uncertainty
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Milestones of SuperFGD

Start
INR 2017

J-PARC 2024

SuperFGD begun
collecting neutrino

data in J-PARC 2022 (B
November 2023

22 May 2024 Yury Kudenko  INR RAS QUARKS2024
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Calibration of SuperFGD Ul

U LED calibration in photoelectrons
Cosmic events: muon tracks Sio 2 Channel 48

g E peaks found: 4
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New ND280 detectors T2k

e

TOP HA-TPC
Installation of all detectors
(SuperFGD, HA-TPC, TOF)
SuperFGD into ND280 magnet

completed in May 2024

Bottom HA-TPC

22 May 2024 Yury Kudenko INR RAS QUARKS2024 16



Features of upgraded ND280 ‘;LZR\

Current ND280 = Upgraded ND280
e SuperFGD and HA-TPC improve acceptance for high angle and backward tracks

* SuperFGD provides a high precision probe of the nuclear effects responsible for some of the dominant
systematics in neutrino oscillation analyses - reduced systematics

* High granularity of SuperFGD -> detection of short proton tracks which is very important for T2K analysis
* SuperFGD provides reconstruction of the neutrino energy by time-of-flight

* TOF Detector separates background from outside SuperFGD and HA-TPC

: Neutron detection by SuperFGD
High angle acceptance Efficiency for stopping protons . ) £ flich y>up
S o9 Muons in TPC or =4 & F ] using time-of-flight
é N stopping irjﬂS‘uperFGD*b_ — | & I | S
B s X ——— —— L - J
® 07f A A A —_— 08— B
06/ : : o C ]
0.5 . E :_.__.__‘_ 0'6__ ........... __ \ %
0.4 " _._—¢—;_+ —_ i ----------------- | - i
- : =+ Muonsin __ 04 P SFGD ]
E -+~ TPC only S 1 ; ....................... >
3= “iiaas T ~"Current o2p T FGDXZ p\
0.1? *—+ efﬁCiency : | [ ; | | | \ \ .
i L Lt (L R et T et L 0="700 200 300 400 500 600 700 800 900 1000
true cos 0 True Proton Momentum (MeV/c)
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SFGD: efficiency of p, n, u detection

E l: —r . ] 1 1] l_l ] | _L
z 0.9 |J =
. = = — protons .
Low detection E 0.81 £ -
e S LU L == muons .
threshold 0.7 L —
" re mame I'IEI.ltI"DI'IE :-:i.u":'
of protons 0.6 A SR
] e L -
neutrons, 0.55 =
muons, and pions 5 .
0.4 E
0.35T =
0.2 =
l}.lgi =
E:H, el oy by by
u(l 200 400 600 S00 1000 1200 1400
True momentum (MeV/c)
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SFGD particle identification TR\

proton vs muon/pion e/y separation
5 " cerowr L.y. in first cubes
.07 -~ proton .r—% of EM shower/track
ﬂ_m:_ o IJJ:": Conversion point h aboutz times
= !/
oosE- H dE/dx resolution - larger for y's
ﬂ'm;_ J[ 1[ aver_aged over e/y discrimination with particle gun
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- - 4 'E 0.35/— electron
ﬂ.ﬂE;— + _IL'L +'?'_,_ g 0_3:_ gamma
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Muon neutrino CCOmr

Vu'l'n_) ,Ll_'l'p Nuclei
2 B 2 2 B smearing
E — My (m, ED.) M, +2(m, Eh-) Eﬂ and bias
2(m, —E—Eﬂ+ p,cosd,) E,
E, =25 MeV for carbon Proton threshold + purity

Current ND280 uses muons for
reconstruction of the neutrino energy
and some protons with high threshold
SuperFGD will provide reconstruction
of the neutrino energy by measuring
both the muon and proton energies
More precise Ev reconstruction,

more sensitive to oscillation physics

Proton momentum distribution
from v,CC 1muon+lproton selection

22 May 2024
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Neutrino energy reconstruction

CCQE (1p1h) CCRES 2p2h
_1"\-_——""!’" — \l‘/"‘"“‘
w L l\:\ !
S SR R R A%
S.Dolan, talk at HEP-EPS 2021
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Antineutrino CCQE
— +
V,tp - UT+nN

o, =0.95ns/ \/# fibers

~0.95ns [40

T ly.

PLB 840 (2023) 137843
Beam tests with neutrons of SFGD prototype at LANL

Number of entries

n

7000 f
5000 f
5000 E
4000 E
3000 f
2000 f

1000

Detection of neutrons

Detection of neutrons by time-of-flight

hist1 N i e
i i mirip: 2 2643020408 i
- Hits corresponding — R it
e to photons Std Dev 2007

P Hits corresponding
1o neutrons

e,

I N B R B
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co by b 1
94800 94900 95000

hitTimeFromSpill [2.5 ns]
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Neutron
interaction in
SuperFGD
prototype
@90m

Yury Kudenko

Energy resolution

Energy resolution
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T2k

arXiv:1912.01511

Ekiln'ﬂ MeV

' EEEEEEERER

Monte Carlo study
Detection efficiency

Energy resolution of neutrons
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Muon antineutrino CCQE

- +
Vy,+p— pT+n

Transverse kinematic imbalance
due to Fermi motion, FSI, 2p2h,
pion absorption...

For free proton 6p,=0

22 May 2024

H C

XN S

Anti-neutrino energy reconstruction

T2k

Very low 8p+ — signature of neutrino interaction with hydrogen

Transverse kinematic imbalance

Spr = |Py + P}

Yury Kudenko INR RAS
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Arbitary units
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v, constraints T2k

ND280: large contributions from

photons in v, spectrum
7

y A
B AL B

SuperFGD: expected excellent electron/photon separation

\
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» V. contamination in v, beam

» Understanding of difference between o(v,), 6(v.), o(v,), o(v,) - crucial for
a search for CP violation in neutrino oscillations and measurements of oscillation parameters

Measurement of double ratio:

[o(vn)/0(ve)] / [0(W)/0(Ve)]
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Search for v, in T2K ND280 T2IK\

' AmZ L
Total proton number ontarget  p(y, — v,) = 1 — sin?280,,sin?(1.27 —2L
5.9x10%° POT E Phys.Rev.D 91 (2015) 051102
v, CCinteractions at ND280 are used to constrain > .
neutrino flux and cross sections assuming no v, disappearance » Amger >7eV? sin“20,.,>0.3 (95% CL)
V, flux: 1.1% of total -> 614 v, CC candidates were detected T2K exclusion limit
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[/ Allowed region at 68% CL : 10! = — Gallium allowed I T2K excluded E
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sin® 26,, sin’ 20,

- ND280 statistics increased by a factor of 2 — e 2 )
- SuperFGD will add more v, events Sensitivity to Am,;r ~ 5 eV
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Meson decays into MCPs T2\

New particles with small electric charge can arise in some extensions of SM
Source of MCPs: decays of mesons produced by intense proton beam of 30 GeV at J-PARC

Light vector mesons p, @, ¢ decay into MCP pair yy

* o [ 2
it . m:
> / Br(V — yy) =€?-Br(X — ete)- (1 + 2—13.) M—4—2 . Vepw, ¢}
T ME)\ M2
X

Pseudoscalar mesons 7% 7, nn” decay into MCP yx pair through three-body decays

b=

u

2 ; :

my dm?2 m2 m2
Br(X — Vi) = € Br(X — V) 22 fy / el (1 +2X ) (1 —4 e )
3 4m2 ?n'xx m‘xx ?nXX

m} ’ m?2 M3 9
k 1o xx )} _4 ot X Fov(m2 )2
h (( - _.1-1,}'.) (M} — M})? [P (m)

XosYe{r=syvn=ovy syw—o,6—- 10— 1)
1
y f',‘r—}’\lf — fl}—}’}r' — fﬁj—}"f — 1 \ fw_}?r{] = fl.f."?—}GT“ — ff,ﬁ—}?} = E
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Detection MCPs in SuperkFGD

MCP

MCP free path in detector ‘

MCP interacts twice in the detector SuperFGD

arXiv:1902.03246
ArgoNeut, PRL 124 (2020) 131801

L |
SuperFGD —

A

e_

Detection threshold of knock-on electron = 100 keV

Probability for 2 hits:

—32 min
Az1.2><104><(1° ) x(ET )m

£ 100 keV

¥

For E™™" =100 keV
(<) o

SFGD threshold = 2-3 p.e.

2
1/ LN\° 1 0096 x (55) 1.84
thzﬁ({;x) _g( — ({j.l'fj - ) 11 % 107 x (155
(=) (l[ﬁkﬂ’) 12km
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T2K: 0.5x10%22 POT Phys.Lett.B 822 (2021)
HyperK: 2.7x10%2 POT
No background

90% CL exclusion regions
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Neutrino interactions in SuperFGD T2\

SuperFGD ND280 First run with neutrinos

&

. November 2023
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3D reconstructed tracks
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T2K muon neutrino beam, CC events
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Conclusion

d Reduction of systematic uncertainties — crucial for CP-violation search
and oscillation measurements in T2K and HyperK

[ Upgrade of T2K near detector ND280 with a new neutrino
target-detector SuperFGD is completed

d SuperFGD will be a central near neutrino detector in
T2K and HyperK experiments

J SuperFGD is one of key instruments in a CP violation search

[ Rich neutrino interaction physics

(1 Search for exotics: sterile neutrinos, MCPs, HNLs....

J SuperFGD begun to accumulate datain T2K neutrino beam




Thank you very much for your attention
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