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Standard 3 neutrinos framework

Three neutrino flavors mixing: favorite parametrization of U: in terms of 3 mixing angles 6,, 6,;6,3; and

one Dirac-like CP phase 6:

In the case of two flavors
o and B the oscillation
probability is
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How to measure CP-violation

Direct evidence for CP violation sin? 2644 Matter effect
must be searched in sub-leading P(r, — 1) = sin? Pz si112() Leading term
oscillation v v, at the Am? of @
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a = Amgl/ﬁmﬂl, A = &m% 4—————— E, dependence
A =2VE/Am2, ~ (E,/GeV)/11 For Earth’s crust.

To study this channel itis crucial to use a detector capable of
providing a very good measurement of electrons (electron
identification, background rejection and energy resolution) 4




Typical neutrino interactions events
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Matter effects and CP violation effects degeneracy

Matter effects on the
oscillation probability at
L=2300 km for v and
anti-v in the case of
Normal (NH) or Inverted
(IH) hierarchy
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Since CP violation is also measured

by comparing v and anti-v 0.13 T T ] 0 T T
oscillation probabilities matter L_= 735 km L_= 735 km
effects mimic CP violation if the ~ 040 sm2(2613) =0.15 1 010 §|n2(2913) =015 ]
mass hierarchy is not known ” 1 atter effect 0
11 —Amg,>0

* |t need to accurately measure & 00 1 o005 —Am,<0

and subtract the matter effects

in order to look for CP
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Asymmetry as a function of L/E

CP violation is measured by comparing v and anti-v oscillation probabilities in an asymmetry variable
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The amplitude of the pure CP term increases with L/E - this effect is stronger at the second

oscillation maximum.
The measurement at the second oscillation maximum is very important and it is possible only with a

detector with very good energy resolution 7



Effects on oscillation probabilities as a function of 6 CP

Once the mass hierarchy is
determined, it is possible
to study the CP-violation
and determine the value of
o by measuring the v and
anti-v oscillation
probabilities

CERN-Pyhasalmi: spectral information vy—ve
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What is observed in the detector, relevance of spectral informations
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Outline

* Liquid Argon Time Projection Chamber
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The Liquid Argon Time Projection Chamber (C. Rubbia 1977)

Homogeneous massive target
and ionization detector
—>electronic bubble chamber

3D event reconstruction with
~1mm resolution, surface
readout

High resolution calorimetry

lonization in LAr
1m.i.p~20000e on 3 mm

Detection of UV scintillation
lightin Argon (5000
photons/mm @128 nm) to
provide t=0 signal for the event

—

Focussing optics.

ionizing track

e
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Scintillation Light
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z=drift time

drift field: 0.5-1 kV
drift time: 0.5ms/m @ 1
kV/icm

Drift requiring<0.1ppb O,
equiv. impurities
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lonization yield

* lonization and recombination W, =23.6 eV "
Energy dE/dx = 2.096 MeV/cm for 1 m.i.p
q=R—p—e e"in 3 mm for 1 m.i.p~ 26000
on
R is the fraction of the
produced ionization charges ffg%gges“'ts
which do not rjcombine: k = 0.0486 kV/cm *(glcm2)/MeV
R = Y dE @ E,g =1 kVicm, (dE/dx)m.i.p
1+ o dx R=0.747
fleld e after recombination on 3 mm
~ 20000
« Recombined charges 2> Light .
production @128 nm (5000 , | ICARUS 3t Greater
photons/mm) ] Ere
* Drift and impurity losses )
tg E. 4 ‘:'v
14 — — L
¢ =q-eT
3
o 0.6 kV/cm Larger E field - less recombination
ty= F’r'ft time ? . 0.58/om - increase of R
typical 1 ~ 3 ms for 0.1 ppb | . 02W/em
uﬂl.II!-IIIIlll'.'.III1I5I..IELIIII2;.IIIH 12

dE/dx (MeV,/{g/cm’))



The LAr TPC as an electronic bubble chamber

Large mass,
homogeneous detector,
low threshold, exclusive
final states by particle
identification with dE/dx

Tracking + calorimetry
(electromagnetic and
hadronic),
reconstruction of event
kinematics

Electron identification
and energy
measurement, r,
rejection

Run 9927 Event 572: v -CC CNGS event

Total visible energy |

4.5 GeV

Iy

Primary vertex
(A)

very long u (1),
e.m.cascades(?2),

7 (3)
Secondary |\

vertex (B): fll Indlll.lcTiOHZ
the longest oy
track B)isap : b 0
coming from g iy \E
stopping k (6). - |

EP 9 _ (6) " Conversion distances

L aecay Is 69cm, 2.3cm

observed '

1{w)

3P

Sec. vix.

5 (W
6 (K)

0.069
0.054
-0.001

0.009
0.000

0.414
-0.613

-0.649

-0.239
0.793
0.150
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Double-phase readout

The double-phase readout allows for some gain in

the detector which increases the number of Anode 0 V GAr
collected electrons - longer drifts, bigger e
detectors 2 mm Collection field: 0.5-1 kV/cm

The electrons are extracted from the liquid and 2.5-3.5 kV

drifted in the gas phase 1cm Extraction field: 2 kV/cm

In the LEM (Large Electron Multiplier) there is a
strong electric field in order to generate a

Townsend avalanche and increase the signal
Gain ~ 20-100

oUX5U cm= LEM

dc/dl ~ 150 pF/m




Advantages of double-phase readout

| View 0: Event display (run 14456, event 8044) | | View 1: Event display (run 14456, event 8044) |
Typical T600 m.i.p. signals 7 sp "z Tmp
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Example of event in single phase LAr TPC (ICARUS) Example of event in double phase LAr TPC
S/N ~ 10 collection S/N~100

S/IN ~ 5 induction P

amplitude (ADC counts)



Advantages of double-phase on detector design

Anode with 2 collection (X, Y) views (no induction
views), no ambiguities

Strips pitch 3 mm, 3 m length

Tunable gain in gas phase (20-100), high S/N ratio
for m.i.p. > 100, <100 KeV threshold, min. purity
requirement 3ms electrons lifetime—-> operative
margins vs purity, noise

Long drift projective geometry: reduced number of

readout channels
No materials in the active volume

Accessible and replaceable cryogenic FE
electronics

Signal feed-
thraugh Hanging feed-
: through faor field
) shaping rings
support

Vessel wall and

finor hanging feed-

- through for
charge readout
plane levelling

cathode

LBNO 50 kton detector developed
in the Laguna-LBNO design study

Drift 20 m

Cathode span 47 m
573444 channels
Active mass 51.3 kton
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Double-phase and single-phase 10 kton modules for DUNE

Double-phase 10 kton module Single-phase 10 kton module

] I
/\L ’

DUNE =40 kton LAr splitin4 & 14 I | R
10 kton modules in the e sk 2 |8
Homestake mine at 1300 km g‘m%%o 2 |
from Fermilab v E 3
Drift length: 12 m Drift length: 3.6 m, 2 cathodes, 3 anodes
Number of channels: 1563600, pitch: 3 mm Number of channels: 384000, pitch: 5 mm
Two collection views One collection view, two induction views (on1e7

wrapped view)



The LBNO-DEMO/WA105 experiment at CERN

WA 05— Full scale demonstrator for DUNE 10 kton double-phase
. 6x6x6m?3 active volume, 300 ton , 7680 readout channels, LAr TPC
St (double phase+2-D collection anode): DLAr
Exposure to charged hadrons, muons and electrons beams (0.5-20(10)
GeVic)

HV e cupply
|- 3000 -GO0RNY - LMV

Top mulstion cap .

Full-scale demonstrator of all innovative LAGUNA-LBNO technologies
for a large LAr detector:
* LNG tank construction technique (with non evacuated vessel)
» Purification system
* Long drift
s * HV system 300-600 KV, large hanging field cage
 Large area double-phase charge readout
 Accessible FE and cheap readout electronics
* Long term stability of UV light readout

Eeinforced concrete

outer vessel - Charged pa

-
——
g

GEPF- Phywomd
1.2m paisive Insulation ™

ind bamar

Liquid argon density 7w 1 Assess performance in reconstructing hadronic showers (most

Liguid argon volume heigh m 75 . . . o o

ekbie N e ma ol | .w  demanding task in neutrino interactions):

hdrostatic presure ot e boton | by | ——— = Measurements in hadronic and electromagnetic calorimetry and
Inner '-.'t';q-'f~| .IHL"\.-I.'I.'-l.Ir.tIiI-l:'I.' . m* i E;T-.l'- - PlD performance

Total liguid argon volume u SO . . .
i :LL:.{ o i F C‘i‘b = Full-scale software development, simulation and reconstruction to
Active LAr area me I i i

Charge readout module (0.5 x0.5 m?) (:b be vahdated and 'mproved

N of signal feedthrough (/I__:'_‘

: f-"f :;‘;:;_’-[_'"' channels J*'{]‘f_) Installation ongoing in the CERN NA EHN1 extension, data taking in 20185
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 Charge reconstruction and its physics impact
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Charge readout

The LAr TPC charge readout is crucial for:

Neutrino energy reconstruction (electromagnetic and hadronic calorimetry, measurement
of total ionization of ranging out particles)

- 1% rejection, most dangerous background to v, CC sample (dE/dx discrimination between
single electrons and e*e- pairs from photon conversion)

. Particle identification, essential for identification of exclusive final states and search for
proton decay (dE/dx measurements for passing through particles and near stopping point
for ranging out particles)

The goals of my thesis in WA105 (the 6x6x6 m3 double phase demonstrator of DUNE at CERN) are:

Development of a complete charge readout analysis in WA105 integrated in the QSCAN
reconstruction program

Correlated studies of systematic effects in the dE/dx measurement and energy reconstruction
(effects related to Birk’s law, diffusion, charge attenuation along the drift, electronics response,
pitch, 5-rays identification, tracks reconstruction)

Development of the dE/dx and particle ID algorithms (WA105 will be exposed to a charged particles
beam e, u, 7, K, p and collect many millions of interactions on which we can apply particle ID to
primary particles and particles from secondary vertices in order to test the particle ID for proton
decay etc.)



Neutrino energy reconstruction

- Example of neutrino energy reconstruction:

Itis p.oss.lble to eyaluate the. neutrino energy by measuring _ Ve cc spectrum for neutrino run
the kinetic energies of the final state particles after ranging .
outin LAr g " LAr TPC detector + f";‘;‘:““"“ events
?j 100~ LBNO simulation at = 1. O alad O
Bv=Ky~ K+ ) Ky 4 2300kmNHs=0 W UIETE

v,.CCs 1 — @

-

where K,and K, are the lepton’s and hadrons’ kinetic

energies. Typical E, resolution ~10% 50.

200 MeV /

In the LAr TPC, there are three methods to measure a
particle's kinetic energy
* Electromagnetic calorimetry (electrons, photons) T e

AE 0.33 | | _ |
+ 0.01 . . Reco v energy (GeV)

E JEMev) R e

« Hadronic calorimetry (interacting hadrons)
AE  30%

E  [E(GeV)

» Track reconstruction (muons, charged hadrons not
producing hadronic showers as low energy protons)
Resolution 1-3%

- entnes /

Resolution for
em calorimetry

i | i
T0 BO
\E (Vi) 21



10 rejection

e  (top) and y from =°

(bottom) showers look very

similar

View 0: MC Event display (e )
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Looking at the energy deposition at the beginning of
the track originating the shower it is possible to

distinguish a single particle (electron) from a double
particle (pair from gamma conversion from n° decay)

Tracking resolution provides
another way to identify the
e.m. shower generated by a
photon: -
1 (e pctionZ.

: Conversion distances
:6.9cm, 2.3 cm

—>presence of agap in
between primary and
conversion vertices

v beam 0 75 X 30E+21 POT

- ST PO o S T
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- The dE/dx+gap criteria suppress the gamma conversions background by a factor 50 with 90% signal effucnency

Otherwise this background would be as large as the signal from v, CC from oscillations.



ely separation and 7° reconstruction (ICARUS data: dE/dx for converted y)

L

=

e/y separation and n° reconstr

L]
- L . EII .

E,. =102 + 10 MeV

B,
________
.......

Sl e g

_-—

uction

72 reconstruction:
p.. =812 + 26 MeV/c

m_, =127 + 19 MeV/c:
6=280 = 2.5°

+ MC single electrons (Compton)
+ MC: e e pairs (y conversions)

data: EM cascades (from n° decays)

E, =685 = 25'MeV

Coflection

s
o e
H epke

T

T
-191.4 -
it
) B 10
ek [Pdedliom]

m‘mf
1".I"JIZIE
zl:n;
EEDE
4:.;.5

200 |

L] M paie prociuction
| M compion
a
I ll.'lpl W par producion
[ Emrie ARG |
- Mean S5
2L, s o
[ W comptan |
—l Entries 1301 |
Mean
RS

2.538
1.258 |

My

| 133.8+ 4. 4{stat)+ dfsyst) Me /e’

2
i 3
E

5

1

[ 1]

n el .
. 5::....3!!HJ.::!L_L:1;=JJJIEL___ 1=
4 ] B F) ] L]

s

180

i Li i
60 B2 100 1M D 0 1M M0 IN N
miass [Meile®

r ik BES
o

1137

1

23



Particles identification

Using the Bethe-Block formula

_4dE _

6(8
LY = _52_ (2’}’)]

It is possible to identify different particles measuring
their dE/dx.

This can be done for passing through particles by
sampling their trajectory or for stopping particles by
measuring the ionization losses in proximity of the
stopping point (this is the mostly used technique for
LAr TPC events)

A giant liquid argon TPC, on top of the study of
the neutrino oscillations, can naturally search
for proton decay, in particular in some decay
channels such as the p > K + v decay

Two bodies decay >monochromatic > K at 340
MeV/c + effect of Fermi momentum smearing

K range in LAr for 340 Mev/ic =14 cm

K 2 u - e decay chain observed

dt/dx (MeV/em)

=

N B o o] o
CrrTTTTTT[TTTT]

=]

d % ‘
DB

\\\i;‘_l\ - {,;—_g;:ﬂ??” '

|
L1l

10! 107 10°
Energy LME?VJ

dE/dx signature by measuring
energy losses since the stopping
point
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Simulated proton decay event

daughter neutrinos in the final state not detectable

. neutrino
J neutrino

/e

muon

electron

neutrino

s B .< o—0

— ./ proton
< >
50cm

neutrino
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K decax identification in a real neutrino event

o® g4
R RN I B

10
residual range [ormy]
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Systematic and reconstruction effects on charge readout

4) Events reconstruction

- Study of the charge readout and knowledge of the
detector response.

/A 3) Gain, Charge sharing, Digitization

For this study, it is needed a precise knowledge of
several basic aspects:

 How the simulation software (GEANT3,4) handles
the energy losses and their fluctuations

T

e o ——————— -

 The recombination effects (Birk’s law)

 The effects related to electrons drift (diffusion,
impurity losses)

 The simulation of the detector response and analog
and digital readout electronics

 Reconstruction effects related to hits and tracks
reconstructions (angles w.r.t. the strips),
identification of 5-rays
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Work in progress and perspectives

« Complete for my thesis the charge readout analysis, systematic studies and writing of related tools
(algorithms for dE/dx measurement, particles ID at end of range)

« Evaluate performance for n° rejection and proton decay, evaluate enhancements of performances
related to double-phase detector (S/N, pitch, two collection views)

* Preparation of analysis tools for WA105 which will collect a few millions of hadrons/muons/electrons
with particles pre-tagged on the beam line with TOF and Cerenkov counters (0.5-12 GeV/c)

—> ideal environment to apply dE/dx measurements and particle ID for hadrons from beam and

secondary vertices of hadronic interactions (check particles ID and =° rejection)

O prVEW
ol |

Beam layout - H2-VLEext

Side View
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Conclusions

Neutrino oscillations provide hints of new physics beyond Standard Model, we entered in a new era of
precision measurements and search for CP violation

Giant Liquid Argon TPCs are ideal detectors for these studies (excellent electron identification and
reconstruction, 3D tracking/imaging, high resolution calorimetry, particles identification)

Double phase Liquid Argon TPCs allow to extend this concept in a convenient way on very large target
masses (many 10ktons needed for CP search): signal amplification, long drift, better SIN~100, lower
thresholds, less readout channels

Charge readout analysis is crucial for neutrino energy reconstruction, =° rejection, particle
identification

The knowledge of the charge readout and the detector response needs a precise knowledge of several
basic aspects (how the simulation software handles the energy losses, the recombination effects, the
effects related to electrons drift, the simulation of the detector response and analog and digital readout
electronics and reconstruction effects related to hits and tracks reconstructions (angles w.r.t. the
strips), identification of 5-rays)

The developments on the dE/dx reconstruction and particle identification for WA105 will be used to
analyze a few millions of hadronic interaction events which will allow to get to a very precise
understanding of this matter
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