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Experiment T2K

T2K collects data since 2010
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T2K Results T2K\

Constraints on CP violating Oscillation parameters
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T2K Near Detector ND280 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: Electrons in SuperK:
- forward direction - 41t acceptance
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V interaction ND280 > T
in ND280 - Momentum threshold for protons 2oal *;SVTDAL
450 MeV/c (100 MeV kinetic energy); T A
- Non-CCQE interaction (2p2h, FSI) observed as CCQE; oo HAFWD
- Acceptance for tracks in forward direction, o4 - AP
SuperK - 4m acceptance; i Sy er S .
- Larger oscillation systematic uncertainties due to obes "‘w.., i L]
tracks not measured by TPCs 1706:06-04:02°0 70210408 Bee,
- No capability to detect neutrons
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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 .
(0.6 < E, < 0.7 GeV) The systematic error can be

MA}?E (Ge\;i’cz) 2.6 1.8 reduced by about 30% in

v, 2p2h normalisation 9.5 5.9 . .

21‘;211 shape on Carbon 15.6 94 the ND280 upgrade configuration
MARggs (GeV/c?) 1.8 1.2

Final State Interaction (;r 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-vuinteractions

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

» Reduce total systematics to < 4% level for appearance modes
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ND280 upgrade T2\

- Fully active detector arXiv:1901.03750

New upstream tracker:

- One 3D fine-grained -4n accgptance for charged particles | T2K ND280 upgrade group:
scintillator target SuperFGD - Detection of low energy protons and pions A
- Two Horizontal TPCs - Electron/gamma separation 129 pa_rtIC|.pants from .
- TOF system around new tracker - Electron neutrino studies _29 lnst.ltutlons and 11 countries
- Detection of neutrons including CERN

New detectors Current detectors

) I

[
" Horizontal TPC \{
TOF e

Current ND280 complex

UA1 Magnet Yoke ‘ POD replaced by
New Detectors

(7eo-
detector)

v a POD l -/d

4
SuperFGD | | Horizontal TPC
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S u p e r F G D JINST 13 (2018) 02006 m

- Volume ~192 x 184 x 56 cm?3
- ~2 x 106 scintillator cubes, each1x1x1cm3

- Each cube has 3 orthogonal holes of 1.5 mm diameter
- 3D (x,y,z) WLS readout

- About 60000 readout WLS/MPPC channels

- Total active weight about 2 t

Fully active, highly granular,
41 scintillator neutrino detector
with 3D WLS/MPPC readout

FGD == SuperFGD

1% 1% lem?

Scintillater cube

Cubes produced by injection molding
Covered by chemical reflector
Tolerance (each side) about 30 microns
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Performance in beam tests (I) T2k

SFGD prototypes were tested: JINST 15 (2020) 12, P12003
- with charged particles beams (e, i, , p) at CERN SFGD prototypes
e+, B=0.2T - with neutron beam at LANL
- 125 cubes
Muons Stopped protons -~
== 1,
j = e
- s v £ -
..',f"" I 9216 cubes
- 1728 Y11 WLS fibers
_:.l' and MPPCs
3 r# 15 | = —_— -
'0-+ 10

5 Parameters of the SFGD prototype
gm_ f 5;:“” ] obtained in the beam tests at CERN:
© oo - Light yield of one cube 50-60 p.e./MIP, 1 fiber readout
300 p { - Lightyield of one cube 150-180 p.e./MIP
m; for sum of 3 orthogonal fibers
: ! i Hl l” - Time resolution ~1 ns for MIP and 1 fiber readout
100: JI”m{m HEH TR 11{”(171-1[11{ - Dark rate of MPPCs:
. 50-70 kHz (th=0.5 p.e.), 0.5 kHz (th=1.5 p.e.)
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Performance in beam tests (I1) T2/K\

PLB 840 (2023) 137843

JINST 18 (2023) P01012 _
Neutron cross-section measurements at LANL

SuperFGD time resolution for a MIP with SuperFGD prototypes
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High-Angle TPC T

Resistive MicroMegas (RMM)

Standard Bulk MicroMegas

Mesh @ ~ =400V

Amplification gap: ~128um tE

Insulator ~200pm

Better spatial resolution -
with less pads e B G N o

. . Ly . . . T o R
The field cage is a layer of solid insulator laminated on a composite material HA-TPC prototvoe B
- dead space minimized, tracking volume maximized \J T F.) —_ ype 3
Parameter Value
Overallx x y x z (m) 20x08=x1.8
Drift distance (cm) 90
Magnetic Field (T) 0.2 )
Electric field (V/cm) 275 Drift volume~_ <A () S
Gas Ar-CF4-iCqHyp (%) 95-3-2
Drift Velocity cm/pus 7.8 MicroMegas
Transverse diffusion (um//cm) 265
Micromegas gain 1000
Micromegas dim. zxy (mm) 340 x 410
Pad z x y (mm) 10x 11
N pads 36864
el. noise (ENC) 800 Module Frame h 27KV at the
S/N 100 cathode
Sampling frequency (MHz) 25
N time samples 511
19 July 2023
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Performance of HA-TPC T

Test with electron beam at DESY ]
Spa‘“al resolution for a hit< 0.8 mm NIM 1052 (2023) 168248 dE/dX resolution < 10%

E‘ A T T T ] E‘lw """""" T T T T TR T ? ]0‘0:' T R I ] —_— ]2;0: """"" | E
i 1440 : * Scm ] i 900 #— 412 ns: Mdeg] B;‘ e 200 ns 4 g 115 E_—'—SCIII _E
. 53 ¢m E — 400 E 412 ns; S0fdeg] 3 g 95 ] S 110 E ——55cm 3
E [ —&— 985 cm ] E E —a— 200 ns; 45[deg] § g E 412 ns E g ' i —a— 05 om g
5 1000 - = = 700 E_i . B & . IE = 9.0 - 0 = 10.5 3 E
=) F ] o 60 E = 7] C 1 = 3
% 200 " — 3 E = o] g5 L = b ]0‘05 @ N
g . L ] E 500 F : e PF d &5 st 2 ¢ =
—_— r - — L& 5 F ] = E P 1 3
.gﬁw i H 3 ZE 400 , f 580_— P | e e 2P Y 0 5 gpt Bz i} =
] B " i - = E ) = L - C B - - m
=L ¢ S 300 R I 3 = - :%8.5:—“!1;“ 3
I a L] n = L | = — = - - 3
w0 . 3 00y ° E 75 E 80 = =
0:| L [ T B B R 1 L1 1 |: lm;_ il il Liva il Livaal |||||_; 70:|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|||||||||: ?'52_ _z
0 20 40 60 80 100 nmzﬂmansn_-m_mangn 0 10 20 30 40 SO 60 70 RO 90 ) ) ST R B I B R
¢ [deg] Drift distance [cm] Drift distance [cm] 0 20 40 60 80 100
@ [deg]
MM 3 MM 2 MM 1
400t F 400t 400
350¢ 0F 350t 350t
300t L § 3001 {3001
2500 20: 250 o5
2000 15t 2000 2000
150t 10 150t 1500
b ] 100t . ] 100t 100¢
. 500 500 500
Cosmic test at CERN BE T T T i e
MM 7 MM 6 MM 5
R et — = — o
% ; 350¢ % 350¢ 2 : 350
25%’ 3001  § 3001 25%‘ 3000
20! 2501 20 o 2501 20} 1 2500
‘5E_ 200t 15 200¢ 155 200¢
102 150¢ 10 150t ‘DE 150t
E 100t 100t E 100¢
5’_ 500 5: 500 5*; 500
L1 PATTIR -, ofl L o 0h M,
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

19 July 2023 Yury Kudenko INR, Moscow 12



TOF Detector T2IK\

Main Goals:
TOF covers 2 HA-TPCs and SuperFGD - Precise measurement of the crossing time of charged particles
Es, -6 modu!es, ?a‘fh comprised of - Separate inward going background
SIS P .|| 20 plasticscintillator bars - Cosmic trigger for the calibration of Super-FGD and HA-TPCs
S b -One bar: 220 x 12 x 1 cm3 - Improvement of particle identification using timing
i§i - Both ends readout by 8 SiPMs on each end
m, : TOF Event Display
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Excellent time resolution of about 130 ps
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Features of upgraded ND280 ‘.szl?\

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

e 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

High angle acceptance Efficiency for stopping protons Neutron detection by TOF
>
§ 09f Muons in TPC or = § i .
é aF stopping in SuperFGD ___———| @ | .
F——— TR i e —_— \T] - 4
° orf A A 4 i 08 ]
06 : . e i ]
B : : . movin os— [T e ] ‘ t
S lm s i’__‘__._—.— : [ :_ ___________ ; ....................................... *
0.4 - et —t 2 7 T-.n
- : =+ Muonsin __ 04 SFGD ]
E - TPC only O R ] ,:, ....................... o
G :4_—.— e s — Current 021~ e FGDXZ - p\
B . efficiency C —. ]
R R R R S g ST g - 005500 500 400 5006007008000 7000
1 0.8 0.6 0.4 0.2 0 0.2 04 0.6 0.8 1

true cos 6 True Proton Momentum (MeV/c)
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Neutrino energy reconstruction T2\

Muon neutrino CCOmr

Nuclei CCQE (1p1h) CCRES 2p2h
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- - o UL Sor o T — é : : .
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Detection of neutrons T2/K\

Antineutrino CCQE Detection of neutrons by time-of-flight arXiv:1912.01511

Monte Carlo study
Detection efficiency

— +
V,tp - UT+nN
o, =0.95ns//# fibers

__095ns [40
3 Ly

EJ:I'J'!'* MeV

' EEEEEEERER

o= ﬂ:}.‘:]Sfﬁvf#ﬁbf’f'S

I

I
I kS

I 1 1
[ Irrﬂlll Iz i

Energy resolution
(=]
u

|I||||I||||I||||I|||5%
T 200 300 00 0

s

=]
_L.I.l.l_:ll_u.lla‘llllllllllllllll I|IIII|IIII|IIII|IIII-

Energy resolution

PLB 840 (2023) 137843 E
asE-

. E 1.0 —
c E - E 3
Beam tests with neutrons of SFGD prototype at LANL s ™ _ 40 b - e E
= - i - B - 3
_4:-; u.rE— o = :}gﬁf{v 3 X o 08 * em =
é hist] - o 8 LI.L'»E— #]F .V ’ é Neutron spectrum é
£ f | Hils conesponding e B $ | of ' 07 -
5 F - to photons Std Dev 2007 = : = i tgti
£ = Y > 04 = 06 (I 3
5 000 o+ o0 E T H £ E [ B =
5000E Hit: di ‘ = OCJ I;I'H:_ T x % 05— [] 3 -
- its corresponding E - z F P .- E
F /// to neutrons et s w - :{ T IIIZT I : = 3 ' i E i iz
sovof- B (2 = E = C R Frass [ IR R
B P B BRI BRI B 035 ::iiiiii i LS
n 3000~ Neutron O T et i 1) T T o2b anobL iz 1gf ol 3
so0ol- interaction in o o ST Tere E
= SuperFGD “E go° 3
1000 oF i DTy 1
5‘»"‘“ s prOtOtype 00 0 100 200 300 400 500

R R P IR P S AN B @90m

94300 94400 94500 94600 94700 94800 94900 95000 5 T oo [MeV]
hitTimeFromSpill [2.5 ns]

19 July 2023 Yury Kudenko INR, Moscow 16



Muon antineutrino CCQE SN S

17#+p—> u++n p//H\\ P/%\\

Transverse kinematic imbalance

X.-G.Lu et al, arXiv:1512.05548

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

For free proton 6p,=0

Spr = |Pr + P}
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Anti-neutrino energy reconstruction

T2k

Very low &p+ — signature of neutrino interaction with hydrogen
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Improvement in reconstruction of E5 using detected neutron
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v, constraints T2k

ND280: large contributions from

_ SuperFGD: expected excellent electron/photon separation
photons in v, spectrum

;f 230 :_ """" TRIHG 11.92 x Pror _: o ' ' Ork m progress
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100 . Systematic Uncertaintes
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BDT discriminator

|
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Understanding of difference between c(v,), o(v,), o(vy), o(v,) - crucial for
a search for CP violation in neutrino oscillations and measurements of oscillation parameters

Measurement of double ratio:

[o(vp)/0(ve)] / [0(V)/0(Ve)]
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Status of ND280 upgrade T2\

SuperFGD at J-PARC N ﬂ” Wl | Bottom TPC is assembled at CERN.

electronics installatic;n, To be delivered to J-PARC TOF detector at J-PARC.
calibration, in August 2023 2 modules installed into
tests with cosmic muons the Near Detector pit
on surface

. First cosmic - -.l_

events

Ll

S | The upgraded ND280 is to begin collecting
L] I : | neutrino data in November 2023
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Conclusion T2K\

Ambitious upgrade of T2K near detector ND280 is in progress

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

Rich neutrino interaction physics

Upgraded ND280 detector is to take neutrino data in November 2023
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Thank you very much for your attention
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