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Neutrino Physics

C. JesUs-Valls | SuperFGD A new 3D plastic scintillator technology for the near detector ND280 upgrade of the T2K experiment



Neutrinos

Why are neutrinos interesting?

Although predicted ~90 years ago many open questions remain

Neutrinos masses ]

What is their mass values? Normal/Inverted hierarchy?
And why it is so small? Majorana, Dirac?

CP violation in the lepton sector |

Is it large? positive? negative? maximal?

Oscillation parameters |

What are their values? Any connections PMNS - CKM?

4

inputs for HEP theory, Cosmology and Astrophysics
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Neutrino Oscillations

To answer some of this questions we study neutrino oscillations

Atmospheric Accelerator Reactor Solar
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Neutrino Oscillations

Three mixing angles Accelerator
(PDG 2016): t
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The Tokai-to-Kamioka ( TZ/iZ\) experiment

Far detector Near detector J-Parc
Super Kamiokande complex Neutrino Beam

Mt. Ikeno-Yzil:va
1360 m water equiv.
{1700 m
< ’ Neutrino beam .. —
E< 295 km >E
@SK @ND280 @J-PARC
Measure oscillated Characterize beam and Create Neutrino’s
beam neutrino interaction “— beam
properties
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T2K oscillation challenges

prediction vs measurement

N(07) _ JOB)P (BP0 17 | E )Py (E)E, + Bkg""(07")

evts
Ngvetcslr( 7] Ii;eco) I 6( Ey) ¢near( Ev) Pnear( 7] {/eco | Ey) + B kgfar( 0 reco)

+ ¢near, far( Ey)
*+ o(E)
4 pnear, far( E)Ir;eco | E,/)

+ Bk gnear, far( ?zew)

How T2K address this challenges?

C. JesUs-Valls | SuperFGD A new 3D plastic scintillator technology for the near detector ND280 upgrade of the T2K experiment 10



T2K beam (flux)

How do we estimate the flux?

n, K™
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_________ B — .
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T2K beam (flux)

How do we estimate the flux?

n, K™
muon K focussing horns
monitors decay volume
SK 30 GeV/c
n+, K* |L_target protons

Off-axis technique:

*

1 s e
> :. H ]
= 3 sin20,,= 1.0 ]
I‘ 03 . sin20,,=0.1 1
v R 7 Am},=24x10%eV? 4
off = ' =
) = —NH,8,=0 —-IH,8,=0 |
z I —ENH3g=n2  —-IH.bg=n2 ]
I;o.os : . .
& . ]
b B JPARC input (POT) + SHINE
5 o input (meson production)
:v i + INGRID input (beam
'§e>= o W““ alignment)
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Neutrino interactions (model validation)
We work with CCOm topology for OA:

Vi

Easier to identify, better neutrino energy reconstruction

We measure data vs MC for all topologies to constrain model parameters
(shape) and flux (normalization):
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Interaction modes in CCOx
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ND280

Side Muon Range Detector
UA1 Magnet

l Electromagnetic

Calorimeter (ECal) POD ECal
’- ’

I‘ Fine Graineqd Detectofs

,\t/’ 10 detector

(POD)

Inme
ers

Projecﬁon Chamb

+ Magnetized detector
0.2T

4+ inner volume (basket)
fully surrounded by
electromagnetic
calorimeter

4+ Crucial sub-modules
inside the basket
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ND280
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~ ECal
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ND280 (FGDs)

FGDs

TPC TPC
FGD1

\

1

Provide a target mass for v interactions (~1ton each)
Provide time reference (starts or ends in the FGD?)

Help with topology identification:
Count how many tracks do not scape the FGD: CCOrm, CC1m, CCothers...
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ND280 (TPCs)

Goal of the TPCs: PID

-

by
v beam " /

direction
/ : (

/»,,-4’-*“ Outer wall
e E,B\ /

. directions <

Inner wall and
field cage

Micromegas
detector

Front end

cards

/ P at
Central cathode %*"“«.,',’
N
Central L

cathode HV

For each particle hypothesis:

—

We measure curvature (momentum)

2. For each momentum we compute
expected dE/dx.

3. Expected vs Observed dE/dx pulls are

used to perform PID
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ECal: Front View

ECal & SMRD

Front View

Side View

bask

SMRD:

B [—
el | m— — N

POD TPC FGD

Scintillator panels
in the magnet air

gaps
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ToF Veto
T tagging | | sample w/o TPC
Cosmic
trigger
Sand p Blocks made of
Veto plastic scintillator
bars

19



T2K far detector: SuperKamiokande (SK)

22.5 kt FV Water Cherenkov Detector

11,000 20” PMT inner detector 40%
photo-coverage
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I veandv, CC |
Neutral current.

80/ 4 T2K Data
v,andv, CC

D
o
I

Particle ID via Cherenkov ring
pattern:
Muons — Sharp Rings

— Fussy Rings

Numberh of events
o
I

20

-2(,)000

21,000 1,000 2,000

Recently SK phase V started:

v o
C Po / N\ Gd

Y

Ee*-
ﬂs MeV

AT-30ps, Vertices within 50cm

e/u PID discriminator

£
e\

2,000 8” PMT outer detector
Cosmic veto/exiting particles

Future (2027) HyperK |

190 kt FV Water Cherenkov Detector
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T2K oscillation measurements

/ --: .
-

& The lnternatlonal |0urna|dﬁﬂ€nce/3§&rll3020

o

' With all elements under control:

far(grew) IG(E )¢far(E )Pfar( erecolE )P (E )dE + Bkgnear( erem)

evts osc

Ng‘i‘ar( 9 lcem) IU(Eb)d)near(Ey)Pnem( 0 Levo | Eb) + Bkgfar( 9 rem) I

We do our OA studies:

'I'H[ MIRR“R BRI  Constraint on the matter-antimatter symmetry-
\ ® o S violating phase in neutrino oscillations
R Nature 580, 339-344(2020)

Anindication of matter-antimatter
- symimetry,violationin néutrinos +

R 4 After >10 years,
- fi- what is the future of T2K?
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T2K-lI

flux after subtraction

Beam power increase ~x2.6! Another near . —
1400 (3) RF system upgrade detector at n; 3502_ ¢— Viys IFdgn
o different off- % z:z: qbo.scev= $280—ady

- o 1 ] . § E 0.9GeV= d) _bd)z
] _ axis o v
5 () 2% harmonic RF g_

g 000 | cayities \ @139 1168 cycle ] :

E 600 |- 502" 04 06 08

£

-

8

baby MIND

Wagésci Iron magnet
modules spectromete

200 - : 4 4 -

%Mev

-
AT~30ps, Vertices within 50cm
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T2K-lI

Influence in 6.-p

o . 0 0] .
CI?D- 15_— | 8cp=—T,sin %65 = 0.5,N0] Sensitivity
> [ c2020result || 7 statonly
= - < improved
o 10| -
() Sys.
©
= 2016 sys.
&)
>
o 5
=
T2K-II
< 0 L L L I L L L |l l L AL L AL l L L L L @
0 5 10 15 20

Protons-on-Target (x10%"

This does not include Hyper Kamiokande! (first T2K-Il, then T2HK)
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The ND280 upgrade project
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Limitations of current ND280 detector

To validate models (reduce

’;‘ ]80 -------- (] l
3 1 . 8 160:: Total MC Expectation
_50 . ~+- TOTAL ND280 _6:;0 140; ® v IR edike Sanple
3 ! 3 40P .
Efficiency E ' %)0 120; ........ TQK RL!H]—7C prellmmaryg
is low in 06 g il -~ SK
important 04 803 .......
phase- ' on
space 0.2# 1.
—— 1
205; .........
Ok - : : : : y : |
-1 0 Ca it ettt - ] ()
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2 500 ™ T T T T T 4~ Data Momentum [MCV]
g [ . .
I — Py Bad purity for
- CClm ceomer topologies
£ 00 Lo different CCOM
Z r ther

lllllllllll

P, (MeV/e)

systematics) we need better
target tracking and improved
angular efficiency
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ND280 upgrade improved angular eff.

To improve the efficiency we will add a complementary sandwich

TPC | TPC .FG°’ TR/
Py
il === ]
‘ " l I T
T SR
>, 09 Muons in TPC or Sttt
2 Rk stopping in SuperFGD i
0 Fra— T T —
O e A 4 4 e
£ osE : : : —_—
T o.eE S
osE- o ——
0.45— —o——'—_‘_ -
iR -+ Muonsin __
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W S i il
Y& " Current efficiency
-1‘ : ‘-OSI i I—06I ‘ I—04I I ‘—02| ' IOI ; I0.2I ; IOAI l ‘0.6| ‘ IO.BI : “I
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5l

o \\[fk/ H “TeC |8 TRC | "°| TRC//
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S b INnTPC only

10?
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The ND280 upgrade

arXiv: 1901.08750 \ 0060 v2.0

2N v
- ~
Ney o
....

6 ToF panels b

= /" .
A lot of R&D going on! ToF bars

{1 SuperFGD e 150 ps resolution

— 1
N
L

@
0
>
-}

Q
CD —
_|
T
@)
w

Scintillator cube

1cm3

WLS fibers
Module Frame

New read-out concept _ New detector concept
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A new tracker concept (SuperFGD)

To improve granularity the new target will be a new 3D technology

A fully-active fine-grained detector with three readout
views JINST 13, P02006 (2018).

Scintillator cube

WLS fibers
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A new tracker concept (SuperFGD)

To improve granularity the new target will be a new 3D technology

Efficiency for muons
stopping in SuperFGD

> F - |
2 E g
o O09fF —
o E E
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1 -08 -06 -04 -0.2 0 02 04 0.6 0.8 1
True Muon cos 6
Efficiency for protons
& [ stopping in SuperFGD ]
¢ | stopping pe E
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3D concept
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The ND280 upgrade

Estimated improvement in systematics:

Parameter Current ND280 (%) | Upgrade ND280 (%)
SK flux normalisation 3.1 2.4
(0.6 <E, <0.7 GeV)

MAgE (GeV/c?) 2.6 1.8

vy 2p2h normalisation 9.5 5.9

2p2h shape on Carbon 15.6 9.4

MAggs (GeV/c?) 1.8 1.2

Final State Interaction (7 absorption) 6.5 34

Estimated improvement on statistics (x2):

Selection Current-like Upgrade-like This does not include
possible future analysis
Vu (vbeam) | 100632 199605 developments or model
o refinements based on
analysis!
Vi (v beam) 16537 29593
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SuperFGD R&D and final design
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The SuperFGD: ini

PTP + POPOV +
chemical edging +
drilling

tial tests

WLS Kuraray Y11 S-type

S13360-1325PE

(1.3x1.3mm?)
2668 pixels
dark rate 70kHz
PDE=25%(500nm)
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The SuperFGD: initial tests

beamtest
configuration

o
o
o
o

=
|

crosstalk MIP light yield ~50p.e.
J"Y' in ch0 (hit point) #point 114 mm: ADC #ch0
3.8% §'6°: Entries 7414
CH5 ’ PP Constant 133+24 - -
"oE Mean 41324019 time resolution
- Sigma 10.95 +0.24
CH4 |32% | @ —|» 32% oo using fast (56GHz) sampling
80—
— s0l + 0, ~ 0.92ns (1 fiber)
CH3 3.5% - + 0, ~ 0.68ns (2 fiber)
20~
I I I ot=§ 20 30 80 80 100 120 740
CHo CH1 CH2 il
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The SuperFGD: prototype-li

The SuperFGD Prototype Charged Particle Beam Tests

arXiv: 2008.08861, submitted to JINST

X-axis

10, -
; 20
10 5|
L. 1 | PN P T | 1 | Loaaliaal 1 sl 1 |
% 2 4 8 8 10 12 14 16 18 20 22 24 24 8 8 10 12 14 16 18 20 22 24

X-axis
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prototype-Il: MPPCs

24x8x48 cubes |

3 different MPPCs where tested

Type I
+ Final SuperFGD will use Type |
Description Type I Type II Type III
Manufacturer ref. S13360-1325CS  S13081-050CS  S12571-025C
No. in Prototype 1152 384 192
Pixel pitch [pm] 25 50 25
Number of pixels 2668 667 1600
Active area [mm?] 1.3x 1.3 1.3x 1.3 1.0 x 1.0
Operating voltage [V] 56-58 53-55 67-68
Photon detection eff. [%] 25 35 35
; Dark count rate [kHz] 70 90 100
em y Gain 7 x 10° 1.5 x 106 5.15 x 10°
z Crosstalk probability (%] 1 1 10
< 24cm > x
FEB Number
[ 1 2 3 4 19 20 24 25 26 27

D MPPC Type 1

|
|
|
|
|
— 1
i MPPC Type 2
Q | D ype
- . | - |
Qo . i MPPC Type 3
d 3 } ype
o il b )
3! } ) h + 48cm Fibres
- I {
il ! |
(l ¥, o + 24cmFibres
2 . L. 3 o ]
1% ot 4| B g
+Lisy A ‘ g RARORANAH * 8cmFibres
1 } } .
= ] | *  Mean and std dev
" L L " 1 n 1 1 al L1 A " N | L
200 400 600 800 1000 1200 1400 1600

Entries

- - N N
o @ =3 Q
S =) S =}

53
o

=l

Channels

L Typel
- Entries 1152 _ Type |
N Mean 29.98 T I
L | Std Dev 1.99 ype
H Typelll - Type lll
r Entries 384
L Mean 29.65
[|  Std Dev2.21
r Type lll
C Entries 192
— Mean 26.73
N Std Dev 2.14
P RN & o SN S ST PN Lt
5 20 25 30 35 40 45
GAIN[ADC/p.e.]
15
F — Type |
40 ;7 Type Il
352_ === Type Ill
F Type |
30 Entries 200
F Mean 1.07 ns
25 Std Dev 0.24 ns
= Type ll
20— Entries 158
F Mean 1.10 ns
150 Std Dev 0.06 ns
10 ;
E Mean 1.15 ns
5 Std Dev 0.07 ns
EL t'l | ] \
0.

=

©

1
1.2 13 14 15

Time Resolution [ns]

{

l Channel

~1.1 ns channel resolution (or better)

~1p.e thresholds for MPPC type |
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prototype-ll: electronics (CITIROC)

Each CITIROC reads

32 channels | ctrROC EPGA
One LG multiplexed output :
SSH Peak detector P s ADC LG
x32 channels : 12-bit
SiPM E E
One HG multiplexed output ADC
SSH Peak detect ’ - HG
cak detector x32 channels H @__

.

x32 individual outputs : Trigger SiPM_31

.

. H IRd
‘ ' . ToT

FSH Discri.

e > Each MPPC measurement provides
’ three different reads:

HG: high gain (a.k.a high precision low
dynamic range).

LG: low gain (a.k.a high dynamic range
but lower precision).

ai ToT: lower precision than LG but

Trigger SiPM_D

‘limitless’ dynamic range.

If one channel above the threshold all 32
channels begin to be read during time T1

1 REI IFE 1
1

ToT = FE-RE

If several Rising Edges are recorded
during the same T1, individual hit
amplitudes are reconstructed using ToT

FAVAV-N

otherwise we use either HG or LG
depending on ADC counts.

After T1, there is a dead time of

~10us where only ToT is available.

+ Fine for ND280 event rate and
channel occupancy.
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prototype-ll: calibration

Convert LG and ToT to HG

For each electronic
channel do finger plot

o 000~ 10° 4000 -
(] esooi () ool - ) Chamet 37 |
F E— " Tires | 2920%0
; 000 LG to HG 2 3000 ToT to HG o 3 S Doy _,_‘EJ
= b conversion T g mep  COMVErsion =
F . F- H [=R
20005 from flt I 2000f- — - from flt W
15001 1500 ; 10 b
F 10 F r
1000~ 1000[— 1oo0f—
[ o cmemm s - s 1
0 500 1000 1500 2000 2500 3000 3500 4000 | K R S T HG ADC
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prototype-ll: attenuation

MIPs have high light yield >50p.e and > 30p.e at
maximum fiber length

= 65 o 0.1399 +0.0276
= T —m— X-fibers Ly  63.06+18.65
o)
> 60; L 4000+ O
£ °C .
e T - Yfibers LY, 50.66 +2.209
55—
r P
r 174
50— 3 []
45| —d —a
- y(d) = LY, (aeLS +(1- a)e’-L)
g0l v | M BT T B

20 25
Distance to MPPC [cm]

Measured with tracks, can be done with cosmics
with installed SuperFGD

12% channel uniformity (MPPC type 1)

» = Entries 2291
£ 007 Mean 57.79
=z 0071
u o Std Dev 7.201
5 0.06F 2/ ndf 68.31/46
- Constant  0.05675 + 0.00162
2 005 Mean 57.67 £ 0.15
2 : Sigma 6.82+0.13
£ 004
[} -
z -
0.03
0.02|—
0.01—
ob o Lo ! .
0 20 40 60 80 100 120

Corrected Light Yield from Horizontal Fibers [p.e.]

This might improve doing inter-calibration
using cosmics.

Important for stand-alone SuperFGD dE/dx
measurements
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prototype-ll: crosstalk

real display ‘track hits’ ‘crosstalk hits’
B S owb S F b
ril: S e F oS 9 F 500
% 4o ) % 40f- & x 4of
E © F @© F
A 35;_ 400 S A 35;_ 400 5 N 35;_ I 400
302— 305— 302—
25 z_ ol 300 2 i_ 300 25 i_ ! 300
20F 20F 20F u
F 200 E 200 E - 200
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E 100 E 100 E 100
5;— 5;— 5;— I
Ob bl T N N P T T | [T o [ P N T | [T P o
0 2 4 6 8 10 12 14 |16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24 0 4 8 10 2 14 16 18 20 22 24
l X axis [cm] X axis [cm] X axis [cm]
R crosstalk computed with tracks
Vo i T
* 035
Mmain Mxtalk -
0.3 —— k=294 £0.05
B -
) e 0.25[—
rwA v :
I H E 0.2
: photosensor s K = Mxtalk
0.15F- M inain + 2M i1k
B o EJ 0 0.1
optical 0.051—
crosstalk . . . . -
dade important input for simulations | & .. ... ... T
0 6 8 10 12 14
K [%]
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Prototype (CERN 2018) dE/dx

data event display

Mean deposited energy [p.e.]

Top View Side View Front View
= [ Lord — 8 Lord — 8 Lord
E of : 5 w3 E g
o F 500 o o 7 o =
N b ] > 0 3 > o ]
*F 400 © 3 35005
30f- 400 sk 3000
25F 300 = 2500
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E | 1 | | 1 1 1 1 1 o £ 1 1 | 1 1 1 | | 1 0 L | | | [l 1 1 1 1 | 1 L )
6 8 10 12 14 16 18 20 22 24 5 10 15 20 25 30 35 40 45 4 6 8 10 12 14 16 18 20 22 24
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S0 E [ £ F
- —— MC Sample = [ = 26
s - g soor - proton 3 °F
a0~ e e &t P - comparable (or
r 3t C Wn g #E
F S 4001 20 better) to TPCs
300(— r e
- r § 201
F 3001 ‘ c o "
200~ r 8-,
g . H I
100l 200 H , E
5 L 5 mmmth“” |
or pilpetet 100_—H{HH“]H” 2 .
E | | ‘ | | | | | | [ HH]HH]HHHHHHHHHHHHH[HIHHHH o e
50 40 30 20 0 .0 10 20 30 40 50 PN i I R ER R R I Eeeorloivoboeantennibonsiloeniluooslonioboneilseed
Z position relative to peak [cm] 0 10 20 30 40 0 5 10 15 20 25 30 35 40 45
l Z-layer l Number of Z-layers

Stopping protons
agreement with simulations,

Large p-Proton separation
at 0.8 GeV/c

very high dE/dx resolution if
ionization is ~stable (MIPs
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The SuperFGD: cube production

2M cubes are necessary

C Surface Opacity .
_ilnjectlon | (Chemical Etching) - Drilling

Cube size: Cube size: Hole alignment <50pm
10,025mm + 6um 10,25mm + 48um

PTP + POPOV /

cost-effective choices with good performance.

Production by UNIPLAST (Russia)
~100k month — ~2M in 2years!

Quality Check

Removing of bad cubes

+ Form (x,y) plane of 15x15
cubes using 1.4 mm diameter
stainless steel needles

+ Remove bad cubes

Rotate by 90 deg each cube

+ Insert needles, remove bad
cubes

~5% of cubes rejected

+
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The SuperFGD: cubes assembly

Use 1.4mm Remove needles and insert Remove remaining pins to form
metallic needles fishing lines (1.3mm flexible) 1D arrays of 192 cubes

Align 1D arrays in 2D e Form 2D planes Check 3D alignment with metallic
planes (194x184) (194x184) pins (194x184x56) (ongoing)
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The SuperFGD: box and read-out

7) Prepare Mount SFGD stacking inside the 9
mechanical box e nesanen \ 8 ) DOX layer after layer and inserting eplace fishing lines
; - fishing lines in box's holes by WLS fibers

Add connector on

‘ ‘ At one end
‘ = ” single
Y ! connector xsec
11 12 )
— Clip 64 connector 13) Add MPPC cables and
Cut fiber's other end boards to MPPCs electronics
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The SuperFGD: calibration system

working principle

calibration placement |-=

II Bottom panel II

Front panel

Left panel
Left panel

Front panel

Light Calibration
MPPC read-out

Sending light to

many channels/
at once

LGP

30th notch
’{ from LED

//
----- HGSO /
- G55 //
[ HG60 /
C /
/
// L
L / o
Y.
e ol
- /8

il Lo 4% ) | I | | [
8 6 4 -2 0 2 4 6 8 10
Peak number
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Towards reconstruction
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3D reconstruction and signal classification

We start with 3 orthogonal 2D projections We match 2D hits into 3D hits

T e \ ¥

Ve

L ad

X % X g
crosstalk also thickens the
) T tracks reducing granularit
Geometrical ambiguities generate 99 y
fake 3D hits (‘ghosts’) \ 0] ]
jo
Track or
crosstalk \
z voxel
(x,y,2")
' Track or
, crosstalk
7 voxel
: (x',y,2) 8
/ J
r > - 183
X - .
7 00 . track
'-‘“ _/ 50 7. @ crosstalk
X e - O ghost

191 «
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3D reconstruction and signal classification

Graph neural network for 3D classification of ambiguities and optical crosstalk in
scintillator-based neutrino detectors arXiv: 2009.00688, submitted to PRD

' AR §

Is there a way to ~ fo
classify 3D hits such ,, \
that we can remove

ghosts and even

crosstalk? -

@ uack

For each event:

(a) Sample neighborhood. (b) Aggregate feature information (c) Use aggregated information as
from neighbors. input for the fully connected layers
and predict the label.
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3D reconstruction and signal classification

We generated MC samples with realistic detector behaviour using isotropic
particle guns (P-Bomb) and GENIE neutrino interaction generator

GENIE Training P-Bomb Training

Per Track Crosstalk Ghost Track Crosstalk Ghost

Voxel Efficiency 93% 90% 84% |Efficiency 93% 89% 80%

GENIE Purity 93% 87% 91% |Purity 91% 86% 89%

Testing Per Track Crosstalk Ghost Track Crosstalk Ghost

Event Efficiency 94% 94% 88% |Efficiency 94% 93% 88%

Purity 96% 91% 92% |Purity 95% 91% 91%

Per Track Crosstalk Ghost Track Crosstalk Ghost

Voxel Efficiency 94% 93% 87% |Efficiency 95% 93% 88%

P-Bomb Purity 95% 90% 92% |Purity 95% 91% 92%

Testing Per Track Crosstalk Ghost Track Crosstalk Ghost

Event Efficiency 94% 94% 87% |Efficiency 95% 93% 88%

Purity 96% 90% 92% |Purity 96% 91% 92%

Performance comparison vs a simple charge cut GNN robustness to crosstalk miss-modeling

Nominal Track Crosstalk Ghost
GNN Charge Cut Crosstalk |Efficiency 93%  90% 84%
Track Other Track Other 2.7% |Purity  92%  87%  91%
Efficiency 94% 96% |Efficiency 93% 80% Crosstalk Track Crosstalk Ghost
Purity 96% 95% |Purity 80% 91% 2% Efficiency 92%  89%  81%

Purity 94%  83% 89%

Track Crosstalk Ghost
Efficiency 94%  89% 88%
Purity 86%  91% 93%

Crosstalk
5%
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3D reconstruction and signal classification

EXAMPLE 1
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classified

]
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3D reconstruction and signal classification

EXAMPLE 2
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truth

track
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3D reconstruction and signal classification

EXAMPLE 3
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Pattern recognition

Make 3D Hits | EEEEEEEE B>
Colored Cyl. pion ‘

TSFGRecon Event Analysis
(Make Reco and
Objects) HighLAND

show clusters

Daisies

Interior
Vertices

Grow Simple
Clusters
(Build “trunks™)

decay elec.

“Cluster”

(time and xyz)

‘
‘ Spanning
Tree

|(order hits along
branchs

Time Slice

' uaEET
( Build Hits
proton

' P
_ / ‘ electron =
Blue lines g

show tracks

Build
Tracks
(with fits)

O
Find Kinks
(split bendy
branches)

Compose
Showers
(from tracks)

and optimization is under development

Well defined strategy, but implementation

Future plans

+ Optimize kink finding, clustering and vertex finding algorithms.
<+ Based on vertex resolution, tracking efficiency and angular and momentum
resolution for reco tracks.
+ From tracking develop SuperFGD stand-alone PID tools.

A lot of work in front of us!

C. Jesus-Valls | SuperFGD A new 3D plastic scintillator technology for the near detector ND280 upgrade of the T2K experiment

52



New possibilities: Neutron tagging

New method for an improved antineutrino energy reconstruction with
charged-current interactions in next-generation detectors

& 3D Projection

~V

dpr = |pr + 7l

antineutrino CCQE:
v, +p—p+n

very low Jp_is a signature of v

interacting with hydrogen in
plastic molecules

v Transverse Plane 1y
z T

Arbitary units

[cm? Nucleon' GeV]

do

diSpT

Lol o b b b b L |

PRD 101 (2020) 9, 092003

Identifying low 5PT events can
improve neutrino energy

reconstruction

100

920
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=—— Al CCOr on Cay

bon (RM

— <

00 MeV

RMS=0.

e

40 MeV (i

MS=0.0'

LAY AR LY L LA L s i

-

02 04 06 08

e /E:,rue_1

In order to measure Jp,_in

antineutrino interactions we
need to measure the outgoing

Impossible for current ND280

C. JesUs-Valls | SuperFGD A new 3D plastic scintillator technology for the near detector ND280 upgrade of the T2K experiment

T

vl bl n b b

-



New possibilities: Neutron tagging

But possible with SuperFGD

Fraction of hydrogen
. . Efficiency in 2x0.6x2m3 SuperFGD . : . .
We can identify neutrons as . y o perr" interactions and dp_including
isolated delaved clusters like detector Using isotropic particle detect T
y gun placed @ detector's center etector smearing
ARASSARERARRE RARRS RARRS RARRS RARRS RARRE RARRE RARRS
200 250~ —— Carbon E
- —— Hydrogen :
B N 700 5 200} — Total -
L 600 %
) S 500 g 150
. g 400 <
R - > s £ 100
* ................ n [-‘% 300 E
p\ 200 50
w lever arm > 10cm
0 L 1 1 L L [ 1 N
Neutron energy is reconstructed from time-of- 00 208 06 04 02 00 02 04 06 08 10 050 100150 200 250 300 350 400 450 500

3
flight kinematics (No-Relativistic) [tz-ti] Py [MeV]

Coseneumn

Average efficiency ~50%

All other results are discussed for an
hypothetic detector of 2x2x2m3 with
average efficiency ~71%
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New possibilities: Neutron tagging

Neutron momentum resolution
improves with lever-arm cuts:

10—y

Better neutron momentum resolution translates in better 5Pr’
allowing to have better hydrogen selection purity

= T 3 F T T e T ! LA 4
E E = : : : : im0 cm: =
09 20em E 7SE G em 3
0.8 E = 70cm = — 70 E 20. rrﬁ =
E Neutron spectrum E 3 E — 30::m 3
0TE = > 65F S G E
é 0.6 ; E n‘::, 60 ; i 50.6M...........L. _;
3 0E E s 55F =
& 0.4 ; I é g,.)’ 50 E ! ._E.
W3 TR RN s F
N giit 'E RS E £ 45F =
O'Iiiizz:g:cnﬁu-ﬁ E 40; ................................................ \_;
00 L L i - 3 8 e
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neutron V1€ . .
Hydrogen Efficiency [%]
Results
2000: 1.0 D000 — -+ - 1.0
1800 | 0.9 E
g _ 18005, <40 MeV 09
180 No Jp. selection 08 teop- 7 08
1400 |- T 07 100 leverarm > 10cmy 07
E 1200 |- 06 3 1200 06
= 1000 05 = 10001 0s
W 800 04 o} soof 0.4
600 | 0.3 600 0.3
2 _m2 —m? 400 [~ : 0.2 =
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Neutron Beam Test (ongoing analysis)

Same prototype tested at Neutron energy is
CERN was send to LANL and reconstructed using time of
used in neutron beam flight

ZY view

ZY view 200
combination of three views — 3D image

I I . 120

122 MeV neutron candidate || »

¥ position [cm)

“ N W A ® N ®
L UL ARAS LA

T[T

°
o
o,
3
&
»
8
»
b
@
&
a

ZY view

Y position [cm)]

10 MeV neutron candidate "

L T T
Y
3

The goal is to understand neutron capabilities in this type of detector and to measure neutron
cross section in hydrocarbon using extinction method.

analysis ongoing
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Summary & Conclusions

SuperFGD will be installed during ND280 upgrade activities along 2022

The ND280 upgrade, and SuperFGD, will decrease the systematic errors for the oscillation analysis,
helping T2K to further measure neutrino oscillation properties and neutrino-nucleus interactions.

Since proposed in 2018, the fundamental concepts have been demonstrated:
+ Assembly technique is working.
+ High light yield for MIPS with controlled fiber attenuation.
+ Working read-out and calibration methods.
+ Fine granularity and good dE/dx resolution.

The final design is almost complete, but final tasks are ongoing:
+ Electronic boards design and production
+ 60k MPPCs test bench.
+ Final box design and cooling.
+ 80% detector cubes assembled in 2D planes
+ We still need to put everything together: box + cubes + WLS fibers + MPPCs + electronics

Massive efforts have started on the software end

+ Slow control
+ Reconstruction
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Back Up
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T2K beam (flux)

beam alignment and stability:

Event rate stability
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Neutrino Interactions

Look to the simplest neutrino interactions for the OA

, CCQE , CCRES . ., CCDIS
W w 9%
dy ol N
d d

(n) uy ( ) ol (p) hadrons
: , |:25000 | T
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g o = NS000 - |~ Other
S CC Multi-pi N - : : Sy — CCQE
. — CCDIS P B
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Neutrino Interactions

We work with CCOm topology for OA:

, ccom

=
w

R @)i=0

Vi

CC1m

] i

w

CCOther-

Interaction modes in CCOx
topology: (NEUT, T2K Yy flux)

Other
0.38%

CCRES
6.91%

2p2h
12.11%

v

hadrons

We measure data vs MC for all topologies to constrain model
parameters (shape) and flux
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Cross Section Models

How do we validate neutrino interaction models?

First combined measurement of the muon neutrino and antineutrino
charged-current cross section without pions in the final state at T2K

PHYSICAL REVIEW D 101, 112001 (2020)

Measurement of the muon neutrino charged-current single 7+ production
on hydrocarbon using the T2K off-axis near detector ND280

PHYSICAL REVIEW D 101, 012007 (2020)

First measurement of the charged current 7, double differential cross section
on a water target without pions in the final state

PHYSICAL REVIEW D 102, 012007 (2020)

Simultaneous measurement of the muon neutrino charged-current cross section on
oxygen and carbon without pions in the final state at T2K

Accepted in PRD (2020), arxiv; 2004.05434
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Cross Section Models

How do we validate neutrino interaction models using ND280?

FGD1 FGD2
| | N
1. Define selection samples: Water
| -uTPC Il - uTPC+pTPC | Il - uTPC+pFGD IV - uFGD+pTPC V - uFGD
ECAL+SMRD ECAL+SMRD ECAL+SMRD ECAL4SMRD ECALySMRD
Signal FGD
TPC FGD L7 TPC FGD PC FG TPC FG TPC
sample //l’l el 4/7II é X:
ECAL+SMRD ECAL+SMRD ECAL+SMRD ECAL+SMRD ECAL+SMRD
Single Both uw and u tracked in u tracked in FGD/Ecal and: Weep ONly
candidate p candiates |the TPCand: | * 1 p tracked in the TPC reconstructed
Description | tracked in are tracked |+ Iptracked | *+ or 1 p tracked in the in the FGD/
TPC in the TPC in the FGD TPC + multi p Ecal
« ormullip « ormultip
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Cross Section Models

How do we validate neutrino interaction models using ND280?

2. Compute
MC vs data for
each sample
for different
reconstructed
variables
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Events per bin

Events per bin

sample | - FGD1 —— Data

2500 F v, CCOrnon Oxygen 4.41%

E u CC-other on Oxygen 0.25 %

2000 Other on Oxygen 0.05 %

F 777/} v, CCon on Carbon 84.05 %

1500 - 7777y, CC-other on Carbon  4.74 %

Other on Carbon 0.84 %

1000 % Other Material  3.43 %

500 Y4 OOFV 223 %

o 2z Y A_;ﬁ
00 05 1.0 15 20 25 3.0 3.5 40 45 5.0
Reconstructed P, [GeVI/c]
sample | - FGD2X —— Data
2200 v, CCOr on Oxygen 48.92 %
fggg u CC-other on Oxygen 4.15 %
1600 Other on Oxygen 0.73 %
1400 77 V,CCOmonCarbon 3544 %
1200 & * . /v, CC-other on Carbon  3.55 %
1000 Other on Carbon  0.59 %
800 Other Material 1.86 %
600 OOFV 4.78 %
400
200

;;;%r 4 ///ﬂla-vw. (o0 ., 7=

0 - 329, 9, e
0.0 05 1.0 1.5 20 25 3.0 3.5 40 45 50
Reconstructed P, [GeV/c]

Events per bin

Events per bin

2200
2000
1800
1600
1400
1200
1000
800
600
400
200
0

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

2000
1800
1600
1400
1200
1000
800
600
400
200

LR RN LA Ly LR RRN LA LAY KA RALERARI AR

las ol 1 loo-ol AL =

04 06 08 1.0
Reconstructed cos6,

0 B by zzz
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 04 06 08 1.0

Reconstructed cos,

64



Cross Section Models

How do we validate neutrino interaction models using ND280?
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The High-Angle TPCs
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The ToF system

* Time-of-Flight detector with time resolution ~ 150 ps

(arXiv:1901.07785)

+ 2.3m x 12cm bars of EJ-200 cast plastic

scintillator: no WLS fibers, high light output, long

attenuation length (4m), fast timing

+ Signal summed from arrays of eight 6x6 mm?2
MPPCs (S13360-6050PE). Double-end readout
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