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The T2K Near Detector Upgrade
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The Off-Axis Near Detector ND280

» Original geometry: > Replacing the ¥ detector
with 3 new sub-detectors

» Super Fine-Grain-Detector
(SuperFGD)

> High-Angle TPCs (HA-TPCs)
» Time of Flight planes (ToF)
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SuperFGD and High Angle TPCs

> Polystyrene cubes (1cm?) » Ar + CF4 + iC4H;y gas mix

» Three WLS fibres through » ERAM! readout (1.1cm?/pad)
each cube = 3D readout = less channels at higher
resolution, spark protection

ERAM_ g [JpmmY

» High angle & short tracks

i 36 pads
£ per ERAM|
s

pads
2 tons
target mass

182 cubes

See also D. T. Nguyen's talk

'Encapsulated Resistive Anode Micromegas
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https://indico.cern.ch/event/1216905/contributions/5456595/

Simulation




Simulation of Neutrino Interactions

v-mode beam

> Generate (anti-)v with NEUT TG G
. . K Osc. (x10° CC-DIS

generator version 5.4.0 using the
Benhar spectral function model

» Include quasi elastic scattering, 2p2h,
pion production, shallow and deep
inelastic scattering

> Nuclear effects, final state int.
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T~ ccin
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v, Flux (10 /em?/GeV/10°'POT)

Extra Nuclear
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https://indico.cern.ch/event/1216905/contributions/5450531/
https://indico.cern.ch/event/1216905/contributions/5451839/

Detector Simulation - Overview

» GEANT4: Trajectory in surrounding 0.2 T B-field
> Physics list: QGSP_BERT [4]

> Geometry:
2000 — [Magnet Yoke
E US Barrel ECal
1000 — ST AHEET G
- i | Y o | Y
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-1000— | ===
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SuperFGD Response Simulation

> Energy deposit (Bethe-Bloch) = scintillation (Birks law)
dL 1 dFE

dz ™ 1Y cp-dE/dz  dz
> Optical cross-talk to adjacent cubes at 3.7% per surface
» WLS fibres, attenuation (463 cm long f. 77%, 33 cm short)
> Collection at SiPMs — el. response — O-suppr. (3 p.e.)
> Tuned with test beam data [5], cosmics in progress

Charged particle
Converted photon \ travelling through cube  Wavelength shifting fiber  Fiber connector

blue to green \ \

[ |

i  E—
K
Photosensor
7
— Photosensor PCB
- Reflected photon
Reflector coating ~ Plastic \Grosstalk Photons from
{50 um) scintiliator photon scintillation process
in plastic [6]
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HA-TPC Response Simulation

» Charge drift in F field following Langevin equation

4 [ . Ex B ,(E-B)-B
Va= E+wr—— 4+ (wr) —=F——
T (wr)? < B 2 |BJ?
> Simulate charge spreading at ERAM readout
(7 1) = B oxp (TEC
PO = et P\ e
~128um Amplification gap 7TE TB

and corresponding waveform (as I
conv. with electronics response)

Insulmr‘ 150 pm

N

WE(t) = ( /A (7, 1) d:cdy) ® dRej:l(t) N NN
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Reconstruction
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SuperFGD Reconstruction

SuperFGD Reconstruction

3x 2D Views From Single Hits Relating Tracks Global Recon,
to fo to Physics Analyses
1 x 3D Image Track-like Objects Underlying Physics 4 ¢

Shower
. . . Track vs. -t o
Time slicing Clustering showe g
BDT* (cone)] o AR L=

Matching of
3D hits

Momentum

BDT* (x,dE@

Particle
identification

BDT* (x,dE/dx)

Max. Entropy,
Likelyhood fit

Find kinks,
track fitting

SIRP Filter

Charge
sharing

T
n
sy

“Boosted Decision Tree
[list of input: see backup]
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SuperFGD - Muons (PGun)

Muon momentum resolution for escaping and stopping muons:

Escaping Muons (PGun)

Stopping Muons (PGun)
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> Resolution: 6% (escaping) and 3% (stopping)
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SuperFGD - Protons (PGun)

Momentum (left) and PID (right) for contained protons:
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> Excellent resolution at low momenta down to 300 MeV
» Momentum threshold for protons in FGDs: 450 MeV [8]
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SuperFGD - PID

Confusion matrix for performance of SuperFGD PGun PID:

100

T2K Work in Progress

Pred. EM-like 2.08 14.28 1.24 90
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SuperFGD - Shower Identification

(1/N) dN/ dx

Muon vs Electron Proton vs Electron [ signal
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> Excellent separation of e~ vs. v-induced showers
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HA-TPC Reconstruction

Hit Preparation .

Waveform fit

Multi-peak

Position,

TO Finder

HA-TPC Reconstruction

From SLI;g/e Hits Re/atln;gonaCkS Global Recon,

Track-like Objects Underlying Physics

T
Pattern Track vs.
Recognition showe
| A-sTaR | BDT* (cone
)
Momentum

Particle
identification

Physics Analyses

7]

Track fitting
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HA-TPC Reconstruction Performance

» PGun events with e~ and p~ (50 MeV-2.1 GeV)

» PID: pull in dE/dx between measured and expected value
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> dE/dx resolution 7.5+1% (current TPCs 7.9+0.2%)
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Selections and New Variables for Physics Analyses



Selection of v/,CCOT Events

0000 R A A RAAAY Ana) R R B RARAE T
=) o T2K Work I v, CCOx (83.41%) 2 v, CCor (33
21800~ in Progress = | v, CCtx* (8.11%) 2] I v, CCir* (3.
S 1 GOOi v, CCother (4.79%) S v, CCother (2.31%)
3 E M background (1.35%) 3 E M background (0.95%)
..61400:_ I OO SFGD FV (2.34%) ™~ = I OO SFGD FV (0.16%)
51200F 4 5, F
E1000- v CCOx E e vy, (670704 §
Z 800} 1z E z

600F ] 3

400 3

2005 E

00 05 1 15 2 25 3 35 4 45 02 04 06 08 1 1.2
Muon reconstructed momentum P, [GeV] Proton reconstructed momentum P, [GeV]

> 1,CCOm purity 90.8% (using SuperFGD+vertical TPC)
» 1,CCOnlp purity 99.6% down to 300 MeV protons
> v, selection: ongoing work, currently being validated
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Delayed Coincidences in the SuperFGD

> Neutron reconstruction > Pion identification and
from v via time of flight kinematics reconstruction via
> Expected kin. energy tagging of delayed Michel e~
resolution around 20% > Without reconstructed 7 track
with 70.cm lever arm > Improved pion selection
[9] efficiency at low momentum
- ,‘,‘ : 1] Kinetic Energy Resolution By /t # =
& Enires . agse0 & 1 T2KWork A /[ =
N Lo, el € | inFrogress i A%
Fresolution with Mean —0030a+00013 | - 0.8 . t 3
a000-{ ever-arm > 70 cm Siama 0.2158 +0.0012 = Sngai e E
o T2K Work 06 = Sionar s 84
2000 in Progress »—% Total Entries 3058 _ 3
g 04 [y, E
i,
o \ 02 1[ {?ﬁ' ] 3
?J_A_L, 1 I I I 4oy ) 0 Hﬂi‘ ##‘L-M:g
Shooes 08 0402002 o408 08 0 50 100 150 200 250 300 350 400
(Ekin_true - Ekin_reco)/Ekin_true IB“I (MeV/c)
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Calorimetric Variables

» Precise calorimetry for individual SuperFGD tracks in
reconstruction of visible and hadronic energy, vertex activity

> Motivation: good handle on ) T}, in Or samples
Overall resolution on total energy deposit: 1.1% (w.o. syst)
Developing tools to improve calorimetry for single tracks
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Summary

» Multiple tools for reconstruction of muon- and electron
(anti-) neutrinos implemented for SuperFGD&HA-TPCs

» Work in progress for Time of Flight planes

» Low momentum proton momentum reconstruction and PID
works excellent down to 300 MeV

> Selections for v, CC are being finalised, v, also on the way

> Exciting new analyses in preparation, including first
neutron analysis made possible by the fine granularity

» ND280 upgrade is getting ready for first data this winter!

Thank you for your attention!
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Backup - Simulation



Modelling Nuclear Effects and FSI
> Nuclear ground state: Benhar Spectral Function model

> Interaction models:
» Multi-Nucleon Interactions: Valencia 2p2h
> Single meson production: Rein-Sehgal with lepton
mass corrections for RES and COH
> Shallow and Deep Inelastic Scattering: GRV98 PDF
with Bodek-Yang corrections
> Final state interactions (FSI): cascade models for pion FSI
from Salcedo et al., for Nucleon FSI from Bertini et al.

DR D R

Final State
Interactions (FSI)

Figure by S. Dolan

Extra Nuclear
Effects

Inmal Nuclear
State

Free
Nucleon
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Bethe-Bloch Equation

Stopping power in units of energy per density:

dE Z 1 [1, 2m.2B*? W, 5(57)
__:KQ__ | e maz 52 O\P7Y)
dz P Ap |zt 2 b 2

Where:
> K =47 Nyrim,c?

» Wiae ... Mmax. energy transfer to e~

lem?)

(~dEdx) MeV &

> [ ... mean excitation energy !

100 1000 10000

10
Br=pMec
| I

> 0(57y) ... density correction [

|
0.1 10 10 100 1000
GeV,

1000 10000
fe)

[10]
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Density Correction Term §((7)

Density correction is calculated using Sternheimer
parametrisation [11] with constants for polystyrene from [12]:

2In(10)z + ¢ if x>m
6(Bvy) =< 2In(10)z + c+ a(m —2)* ifxp <z <my
0 if © < xp (nonconductors)
Where:
>z =log;,(57) > ¢ = —3.2999
> 79 = 0.1647 > a=0.16454
> 1 = 2.5031 > k=3.2224
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Scintillation in the SuperFGD

Apply Birks quenching on each SuperFGD hit-segment’s dF/dz:

Eisllp.e] = corrpims (dil?n, E.[MeV] - ceap ) X (E,[MeV] -ceanp )

...for light yield E,, in p.e. along distance dz,, = 10 mm (one
cube), with the following corrections:

1
1+ Cg E/dz

cg = 8.98-107%cm/MeV [13]
» Empirical calibration constant c.up = 320 p.e./MeV from
CERN testbeam data (to be updated when SFGD runs)

> corrpyks(dz, E) = , with Birk's constant
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SuperFGD Electronics Response

Apply the effect of the detector (i.e. .
translate EDepSim output to into hits) EDepSim:
> Output as calibrated hits Energy Deposition [
> “Raw” data produced internally, but not L Input ) Energy Response
saved (e.g. Scintillation)
> Can be saved once SFG electronics/daq jLiansooriiofsensors
is settled
Structure of simulation
* Response to Energy — P
> Scintillation, saturation, attenuation, ElecSim ‘ Sensor Response
transport to sensor, &c For Each (e.g. Electric Current)
> Response of Sensors Subdetector J Input to Digitization

J

> Dark noise, baseline offsets, &c
> Performance of Electronics
> Amplification, thresholds, resolutions,

& ( Electronics and DAQ |
Electronics and DA
> Structure of DAQ Apply Digitization

> Zero supression, event building, &c

> Apply calibration to internally Hits or Digits
digitized hits. )

Work by C. McGrew
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SuperFGD Test Beam — Sim. Constants

Simulation constants from test beam results:

wévv

o

I I | I I Liiuuls I

g sof 2 Enties 7414
s f — M Sample 5 Mean 3692
g a00f 10° —

3 F Mean = 3.7% oHs

g 300[- 7 e

° [ el i
§ F —

3 200 ofis

CHO  CHI  CHe

iy LA gy e

L ”
10 20 30 40 50 60

10 20 30 40 50
Z position relative to peak [cm] Crosstalk (%)

Bragg peak (0.75 GeV protons), Optical cross-talk (6 GeV protons)

[5, 14]
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ERAM Gain Simulation

Accounting for fluctuations from the calibration result for the
gain G (measured per-pad in 55Fe X-Ray scan):

» Each pad's gain is smeared following an exponential
distribution

» Corrections for fluctuations in avalanche processes,
non-uniformity in the surface etc. are applied

» In particular, each arriving ionisation charge is assigned an
effective gain picked from a Polya distribution
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ERAM Charge Spreading

Charge in leading vs. neighbouring pad by track position:

0.35

Cluster:
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i | . 0
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Backup - Reconstruction



SuperFGD Reconstruction

>

3D matching and charge sharing with likelihood fit and
entropy maximation

Reject “ghosts” (shadow tracks) with charge cut and
re-apply charge sharing

> Apply clustering algorithm (DBScan)

> Pattern recognition: order hits with minimal spanning tree

Track fitting with sequential importance re-sampling
particle filter

Boosted Decision Tree (BDT) for track mom. and PID:
dE/dx per cube position

BDT for showers: clusters in cone shape from vertex
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SuperFGD 3D Matching, Charge Sharing

» 3D matching
» 3D hit created for every combination of 3 intersecting
active fibres within 100 ns
» Charge sharing
» Likelihood fit for charge sharing: all hit charges have
to add up to readout (after attenuation correction)
> Entropy maximisation (> Q1In @) to avoid
degeneracies (priority on higher charges and shorter
distances)
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SuperFGD Track Fitting

» A sequential importance re-sampling particle filter is used
for track fitting (very similar to Kalman filter)

1. High number of random priors °*
2. Sequentially update prior with
new points (cubes) Joo

3. Weigh samples (likelihood)
4. Average sample and repeat

5. Re-sample posteriors at
convergence at weight zero

» BDT for track mom. and PID: dE/dx per cube position
» BDT for showers: clusters in cone shape from vertex
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BDT for SuperFGD tracks

22 Input parameters:

R
o
3
S

. T2K Work
in Progress

units.

(1) Node local dE/dx [9]: 3 nodes at the track
beginning (after vertex cut) and 6 nodes at the
track end.

@
2
S

Y

Y
3 3
S S

de
®
8
S

dedx / arbitrar

Local
3
8
S

(2) Node distance [7]: Distance between two
neighboring nodes.

(3) dE/dx fluctuation [2]: (Only for PID) Mean and
standard deviation of dE/dx drop along the track.

PR * ondort |J,160h Jast nod
[ [ rderfrom the last node
L il ,

E i HK : .: T I (4) Total track length [1]: Computed from the first

NN HEH /dk o used node (without vertex cut).

i +

Sl Bl T () Track energy deposition [1]: Computed from the
sTelefelola] !

4t node (with vertex cut).

ol

ifaty vertex

Work by X. Y. Zhao
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Muon momentum resolution for SuperFGD

Distribution across full momentum range (backup to slide 13)
for escaping (left) and contained tracks (right):

_ x1e : _ xie —
£ E ] £ E ]
% 30[- Overall: n i : - % 7t Overall: Il ]
t [ Mean =-0.25% T2K Work £ gl Mean=0.02 [ T2K Work
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k] F Peak fit: B 5 Peakfit:
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£ 4
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BDT for showers I/l

11 Input variables

™ Number of connected tracks base ecks ..=...
™ Number of matched tracks
@ Number of matched clusters
A Length of the primary track
M dE/dx of the primary track
A Total energy deposit in cone
[ Axis Max Ratio vertex
™ Truncated Max Ratio
M Q Root Mean Square
MFront Back Ratio Newly introduced PID variables.

™ Maximum Hit Position They describe:
eCone shape
e Hit charge distribution

distant tracks

Trained with particle gun samples.

Work by A. Eguchi
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BDT for showers I1/Il

Axis Max Ratio (AMR)
eDescribes cone shape,

Truncated Max Ratio (TMR)
eCharge distribution along the cone *'

Normalised count

axis.

oosft’

6732703 04 05 05 07

T2K Work [Delectron

in Progress

Normaliseg count

electron

2 proton
= \gamma

3

Truncated Max
Ratio

Q Root Mean Square (QRMS)
*RMS of hit charge.

Front Back Ratio (FBR)
eEnergy deposit ratio at the front and
back of the cone.

Maximum Hit Position (MHP)
eRelative position of the largest charge
hit.

Work by A. Eguchi
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Neutrons out of FV

Out of FV background for neutron selection:

True Parent Particle Created In or Out of SFGD oofv_1d
E Entries 895
= Mean 0.952
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HA-TPC Reconstruction

>

>

vV vyvyy

Preparation of hits from fitted
waveforms

Pattern recognition with A-STAR
based algorithm

Position reconstruction per cluster
Selected path:
17 + 2.2 =19.2
Alternative path:
+1=18

Track fitting: circular or parabola fit

Obtain momentum from helix fit
PID based on momentum & 8

comparison of measured and
expected dF/ dx for particle
hypothesis
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HA-TPC Spatial resolution

Using logQ vs. Pad-Response-Fit (PRF) track fit
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HA-TPC Reconstruction: PID

Pull distributions for e~ vs. = by momentum:

— Muons

T2K Work
in Progress

~— Electrons

200 400 600 800 100012001400160018002000

p [MeV/c]

where d5(7)

T2K Work
in Progress

— Muons

— Electrons.

= 6.60 (1) separation power for muon hypothesis
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HA-TPC dE/dx Reconstruction

For vertical electrons and muons, 0.05 GeV/c to 2.1 GeV/c:
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HA-TPC Momentum Reconstruction

Example: muons at 800 MeV:
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Global Reconstruction

Track matching between sub-detectors = combined

momentum:
31000* T T T T T T ]z T T T T T T
2 Overall: _T2K Work %1500 pros vy T2K Work
‘QE) '_Mcln::.ﬂe% in Progress §1400 Mean =0.17% in Progress |
2 800 mms = 17.11% | ] 400, AMS = 11.42% E
5 s
8 600 $1000 3
€ [ Muon g/obaJ omentum E a0 Proton E
Z ook reconstruction 600 momentum
[ recon E
20 0; ) 400 -
200 1 —
o~
I | I [ SN R | L Il L. ,nf 1 .H‘r‘—m Il I

> Global reconstruction for SuperFGD and (vertical) TPC
» Combination with High-Angle TPCs is work in progress
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v,,CC-inclusive Selection Purity
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