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The Standard Model and the neutrinos

(a) The Standard Model (b) The α� decay of 14C (c) The decay of a ν)

(d) Feynman diagrams of
neutrino and antineutrino
interactions , → ∈e.γ. π{

Figure 1. The elementary particles of the Standard Model, followed by some reactions involving neutrinos’ production and interactions

The Standard Model is the theory that describes the behavior o the most elementary constituents o
the universe: the elementary particles. The ermions (quarks and leptons) interact with each other
by exchanging gauge bosons, responsible or 3 interactions, rom the strongest to the weakest:

1. The strong interaction mediated by gluons %g(, responsible or the cohesion o the atomic nucleus
2. The electromagnetic interaction mediated by photons %β(, responsible or the light, electric and

magnetic elds and electrons orbit around atoms nuclei
3. The weak interaction mediated by W and Z bosons, responsible or some radioactive decays.

Neutrinos are only sensitive to this orce, explaining why they are so barely interacting.

For each particle, it exists an associated antiparticle, which has
the same characteristics but an opposed electric charge. They
annihilate when they interact with each other:

Figure 2. e) � e� annihilation into β rays

Neutrino oscillations and CP violation

(a) µγ oscillations in µe and µπ

(b) First indications of CP violation in
the leptonic sector by T2K [1]

When a neutrino is produced in a given favor µ�, it has a certain
probability �%µ� �± µα( to oscillate in another favor µα. This probability
depends o its energy E and the distance L it traveled.
T2K experiment showed the rst indications o a possible CP violation
(asymmetry between matter and antimatter behavior) in the leptonic
sector by measuring �%µγ �± µe( larger than �%µγ �± µe(.
In order to conrm these rst results, an upgrade o the ND280 is starting
to be installed this Summer 2023 or the phase II o this experiment.

From Tokai to Kamioka: the T2K experiment

(a) Location of T2K (b) Global overview of T2K

µγ (or µγ) are produced at the J-PARC in Tokai. Their fux (number o them
that is produced) and cross-section (the way they interact) are
constrained, beore oscillation, thanks to the Near Detectors (ND280)
located 280 m downstream o the J-PARC’s production target.
The Super Kamioka Neutrino Detection Experiment (Super Kamiokande)
located 295km away aims to measure the µγ (µγ) together with the ones
that oscillated in µe (µe).

The production o neutrinos at the J-PARC

Figure 5. Neutrino beam production at J-PARC

Thanks to the Japan Proton Accelerator Research Complex (J-PARC),
protons are accelerated at an energy o 31GeV (99τ99999999966� o the
speed o light!) and ocused on a graphite target.
The collisions engender ν) and ν� which will respectively engender µγ and
µγ. Thanks to magnetic horns it’s possible to select either the ν) or the ν�,
and thereore to produce a µγ or µγ beam.

The upgrade o the ND280

(a) Sketch of he upgraded ND280,
where neutrinos come from the left

(b) Schematic view of a TPC’s
principle

The downstream part o this upgraded version [2] is the same as the
previous ND280: a succession o 3 Time Projection Chambers (TPC) and 2
Fine Grained Detector (FGD). The upstream part is changed: a Super FGD
and two High Angle TPCs take over the old P0D detector.
The large mass and high granularity o the Super FGD permit to have more
statistics and to better reconstruct hadrons. The HA-TPCs enable better
angular acceptance, and very good spatial and momentum resolution
thanks to the brand new Resistive Anode MicroMegas technology [3].
This upgraded ND280 will reduce a lot the systematic uncertainties or the
CP violation measurement at Super Kamiokande!

The Super Kamiokande

(a) Schematic view of the
Super Kamiokande

(b) µγ (or µγ) and µe (or µe) events
in Super Kamiokande

When a (anti)neutrino o a given favor interacts in the 22.5 kt o water o
Super Kamiokande, the associated lepton (either the e− or the γ−) is aster
than the light in this middle. This generates a characteristic cone o light
called Cherenkov eect.
Since γ− are 200 times heavier than e− they are much less diused than
them, thereore the 2 neutrino favors can be distinguished.
π− are too heavy to do this Cherenkov eect so µπ can’t be detected.
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• Each	Module	Frame	is	equipped	with	8	
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(ERAM)	

• Thanks	to	layers	of	insulator	and	glue,	charge	
deposit	is	spread	on	neighboring	pads	

• Compared	to	bulk	MicroMegas	used	for	
vertical	TPCs,	spatial	resolution	is	reduced	
from 	mm	to	 	mm	(for	similar	pad	size:	

cm )
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Figure 19: A* path-finding algorithm representation.

starting cell to the end cell within its corresponding pattern object. However, the path object does not
encompass all cells belonging to this path. In order to properly assign the unordered cells within each pattern
to the appropriate path object, the connection cost of each cell is computed in relation to the corresponding
path. The unordered cells are then linked to the path object that exhibits the lowest connection cost among
all the available paths.

Furthermore, it is important to identify kinks, which occur when two tracks originating from the same
vertex generate two (or more in the case of a � electron) edges. The path determined by the A* algorithm
between these two edges will exhibit a significant change in direction, resulting in a kink. In such cases, a
junction object is placed instead, and the path object is split into new paths around the junction.

At this stage, the pattern object contains single or multiple path objects that are represented by ordered
groups of cells, paths, and unordered associated cells belonging to the corresponding path. The subsequent
step involves the creation of cluster objects for each path. To accomplish this, the orientation (vertical
or horizontal) or direction in which unordered cells will be added to the path is determined for each cell
constituting the path.

The orientation is determined based on the local angle, which is calculated using the dichotomy technique
(see Fig. 20) over smaller intervals along the path. Subsequently, the angle of each cell in the path is
determined through interpolation between the local angles. Based on the cell angle value, the orientation for
each cell is established. If the angle exceeds 55 degrees, the orientation cluster object is set as horizontal;
otherwise, it is defined as vertical.

Therefore, a cluster object formed for each cell in the path consists of an orientation, a single cell serving
as the seed and associated unordered cells following an orientation defined for each cell constituting the path.

5.4 Preparation for the track reconstruction: ERAM merging and T0 finder

The pattern recognition algorithm described in the previous section is based on the reconstruction of patterns
in one single ERAM. Tracks crossing several ERAMs will produce several patterns (one or more per each
ERAM) that are subsequently merged together. The pattern merging process uses the quality of the fitted
trajectory (details on this fit are given in Sect. 5.6.4) in each pattern and compares it with the quality of
the joint pattern fit. In this algorithm, only the hit’s y- and z-coordinates are used. Also, in order to avoid
spurious hits with small charges, a threshold of 250 ADC is set before performing any fit. The procedure for
pattern merging can be summarized as:

1. Three goodness of fit are evaluated for each possible pattern combination. One obtained from the fit of
each individual pattern (�2

1 and �2
2), and the third one corresponding to the combined pattern �2

J
(see

19

• Pattern	recognition	is	
performed	by	using	A*	
algorithm

CostH(node → end) = fheuristic Δ2
x + Δ2

y + Δ2
z

• Optimal	path	is	found	by	minimizing	the	
heuristic	cost	( )	

• This	value	represents	the	sum	of	the	
individual	costs	to	join	pads	between	them

CostH
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The HA-TPC principle
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• New TPCs equipped with the 
Encapsulated Resistive Anode 
MicroMegas (ERAM) technology 

• Contrary to the bulk MicroMegas which 
equip the vertical TPC, ERAM allow a 
charge spreading on several pads
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Figure 4: A schematic view of a column cluster (left) and the waveforms of each pad
composing this cluster (right) for 412 ns shaping time.
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Figure 5: The number of pads in a cluster versus the DLC high voltage (left) and the
fraction of the cluster charge collected in the pad with largest signal at 360 V (right).
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• Clusters	of	pads	are	done	in	an	orientation	perpendicular	to	track	trajectory	
• Track	position	in	each	cluster	is	reconstructed	thanks	to	the	logarithm	of	the	ratio	of	

waveforms’	amplitudes	in	the	pads:

dx = α10 ln3 ( Q1

Q0 ) + β10 ln ( Q1

Q0 )
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• Spatial	resolution	of	 	has	
been	observed	for	both	cosmics	data	
and	MC	

• Such	accuracy	allows	momentum	
resolution	better	than	10%	for		
vertical	muons	with	momenta	lower	
than	 	and	L	>	600	mm

≈ 500 μm

1.2 GeV . c−1

t2k_logo_large.png (Image PNG, 1280 × 640 pixels) https://t2k.org/news/logo/t2k_logo_large.png

1 sur 1 31/05/2024, 19:39

Ulysse VIRGINET - NuInt 2024 - Friday, April 19th 2024

The T2K experiment: J-PARC
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• Japan Proton Accelerator Research Complex: Acceleration of protons  

• Collisions on a graphite target produce mainly mesons:  
• Thanks to magnetic horns, select: 

•  Either  which decay mainly in  —>  beam 

• Or  which decay mainly in  —>  beam

π±, K±

π+, K+ μ+ + νμ νμ

π−, K− μ− + νμ νμ41.4	m

39.3	m

22.5	kton

Rνℓ
= 𝒫νμ→νℓ

(Eν) × σ(Eν) × Φ(Eν) × ϵ(Eν)
Event 
rate

Oscillation 
probability

  
x-sec

ν  
flux
ν Detector 

efficiency

Constrained	by	
ND280
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Cosmics in the Bottom HA-TPC: Data/MC comparison
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• Cosmics data taken by the Bottom HA-TPC were analyzed  

• Spatial resolution ( ) and dE/dx resolution (<10%) were 
measured for both data and MC

≈ 500μm

dx = α21 ln3 ( Q2

Q1 ) + β21 ln ( Q2

Q1 )
• dE/dx	resolution	better	than	10%	has	

been	measured	for	both	cosmics	data	
and	MC

TōkaiKamioka

ρ( ⃗r, t) =
RC
4πt

e− r2RC
4t

• T2K	is	a	long-baseline	neutrino	oscillation	experiment	
which	has	taken	data	in	Japan	since	2010	

• Measure	the	 	disappearance	and	the	 	
appearance	at	Super-Kamiokande	in	Kamioka,	Gifu,	Japan	in	
an	initial	 	beam	produced	at	the	J-PARC	in	Tōkai,	
Ibaraki,	Japan	

• Both	J-PARC	beam	line	and	ND280	(Near	Detector	located	
280	m	downstream	of	the	graphite	target)	have	recently	
been	upgraded		

• Upgraded	ND280	contains	2	new	HA-TPCs	characterized	at	
several	test	beam	campaigns	[1-4]	

• The	upgrade	was	completed	in	May	2024	and	has	already	
started	to	take	data!
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The hatRecon process : Full WF fit method
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THATTrackFullWaveFormFitter

To be done…

V

U

Δv

V

U

1. Use all the track hits (Qmax values) to define a (u,v) 
working frame 

2. Put point charges (Q value is a free parameter) on 
the v axis, separated by a length  (5~10 mm) 

3. Use the Dixit formula to predict the waveform 
engendered by those point charges in the 
surrounding pads 

4. For a fixed v, move all the points along the u axis to 
minimize the  between observed waveforms and 
dixit-predicted ones: 

, using Runge-

Kutta method ( )

Δv

χ2

χ2 = ∑
i(pad)

∑
j(timebin)

(Qobs
i,j − QDixit

i,j )2

σ2
i,j

u0, du/dv, q/p, t0, dt/dv
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The hatRecon process : Full WF fit method
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THATTrackFullWaveFormFitter

To be done…
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1. Use all the track hits (Qmax values) to define a (u,v) 
working frame 

2. Put point charges (Q value is a free parameter) on 
the v axis, separated by a length  (5~10 mm) 

3. Use the Dixit formula to predict the waveform 
engendered by those point charges in the 
surrounding pads 

4. For a fixed v, move all the points along the u axis to 
minimize the  between observed waveforms and 
dixit-predicted ones: 

, using Runge-

Kutta method ( )

Δv

χ2

χ2 = ∑
i(pad)

∑
j(timebin)

(Qobs
i,j − QDixit

i,j )2

σ2
i,j

u0, du/dv, q/p, t0, dt/dv

• Use	all	the	track	hits	(weighted	by	their	Qmax	values)	to	
deline	a	(u,v)	working	frame	

• Put	point	charges	(all	of	them	are	free	parameters)	on	the	
v	axis,	separated	by	a	length	 	(5~10	mm)	

• 5	other	free	parameters	are	used	to	deline	track	
trajectory:	 	

• Predict	the	waveform	engendered	by	those	point	charges	
in	the	surrounding	pads	

• For	N	points	charges,	adjust	the	5+N	lit	parameters	to	
minimize	the	 	between	observed	waveforms	and	
predicted	ones:	

Δv

u0, du/dv, q/p, t0, dt/dv

χ2

χ2 = ∑
i(pad)

∑
j(timebin)

(QObs
i, j − QPredic

i, j )2

σ2
i, j

• This	new	method,	exploiting	the	full	
waveform	information	improves	a	lot	the	
momentum	resolution	compared	to	the	
currently	used	logQ	method	

T2K

The	ERAM	technology

The	logQ	method Performances

HA-TPC	sketch	view

The	pattern	recognition

The	Full	WF	method
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T2K	work	in	progress
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