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ICARUS T600: the first large liquid Argon TPC (760 t of LAr)

® TCARUS-T600 is an ideal detector for v physics and search for rare
events. It is a uniform, self-triggering detector, with high granularity
(~mm), 3D imaging and calorimetric capabilities. It allows to accurately

reconstruct a wide variety of ionizing events with complex Topologles
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® 2 TPCs per module, with a common
central cathode: Ep= 0.5 kV/cm,
vp~1.6 mm/us, 1.5 m drift length;

® 3 "non-destructive” readout wire
planes per TPC, 254000 wires at
0, +60° wrt horizontal: Induct.l,
Induct. 2 and Collect. views

® Ionization charge continuously read
(0.4 us sampling time):

® 8" PMTs arrays, sensitive at 128 nm

Abundant 2=128 nm Vvia TPB wls on glass window, are used

| light (~10%y/ Mev):  for to signal, timing and triggering of

) e 6 nsand 1.5 us fast events.

3-dimensional images | and slow component et
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~2 10% ionization
electrons per MeV



The LAr-TPC technology and ICARUS-T600

® Exposed to CNGS beam, ICARUS concluded in 2013 a very successful 3
years run at Gran Sasso INFN underground lab,collecting 8.6x10%° pot
event statistics with a detector live time >93% and c-rays to study
atmospheric v's (0.73 kt y exposure).

® Several physics/technical results achieved during the run at LNGS:

> An exceptionally low level ~20 p.p.t. [O-] eq. of electronegative
impurities in LAr, the measured e- lifetime 1., >15 ms ensured few m
long drift path of ionization e- signal without attenuation;

» Demonstrated the detector performance, especially in v, identification
and nt° background rejection in v,-v, study to unprecedented level;

» Performed a sensitive search for LSND-Ilike anomaly with CNGS beam,
constraining the LSND window to a narrow region at Am? < 1 eV2,

® These results marked a milestone for LAr-TPC technology with a large
impact on future neutrino and astro-particle physics projects, i.e. the
current SBN short base-line neutrino program at FNAL with 3 LAr-TPC's
(SBND, MicroBooNE and ICARUS) and the multi-kt DUNE LAr-TPC.

® T600 detector underwent an overhauling at CERN before being exposed
to ~0.8 GeV Booster v beam, 600 m from target to definitely test the
LSND claim searching for v,-v, oscillations in the framework of SBN

program. Slide#: 3



ICARUS LAr-TPC performance (CNGS v’s and cosmics)

> Tracking device: precise 3D event fopology
with ~1 mm3 resolution for any ionizing

particle; . * Data

» Global calorimeter: full sampling - |
homogeneous calorimeter; total energy S | |i [ | DepositedE distrib.
reconstructed by charge integration with §2° for vu CCevents

excellent accuracy for contained events;
momentum of non contained u by Multiple 1°
Scattering with Ap/p ~15%.

> Measurement of local energy deposition 0 10 20 30 a0 =0
dE/dx: remarkable e/y separation N
(0.02 X, sampling, X, =14 cm and a powerful ) dE/dx (MeV/cm)vs.

particle identification by dE/dx vs range): ;iff”c‘g,f,f,';ﬁ%)g’;"ﬁqe_

L | Bloch curves

N
o

Low energy electrons:
o(E)/E = 11%/J E(MeV)+2%
Electromagnetic showers:
o(E)/E = 3%/ E(GeV) ° o Il
H a dr' on Sh owers: R I B
o(E)/E = 30%/J E(GeV) CU T wammeem T T

dE/dx [MeV/cm]
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® Essential for escaping u's, MCS also used
to complement the range measurement
for stopping u's;

® RMS of u deflection angle 6xys, depends
on p, spatial resolution and segmentation;

® Method validated comparing pycs with
corresponding calorimetric measured pca.
for ~103 stopping us (track length > 5 m,
used 4 m, ~4-5 int. lengths in LAr) from
CNGS v, inferacting in upstream rock;

® A Ap/p ~ 15% resolution on average has
_been determined in 0.4 - 4 GeV /c range
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u momentum measurement by multiple scattering (MCS)

136MeV/c | L, w,
Oics =
Bp. X, cos0 coso

()i§

Xo0=14 cm radiation length in LAr

Lseq: Segment length

P;: momentum in the i -segment

d : projection angle from 3D to2D
wo "averaging” factor ~0.74 = 1%

2 F I
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Unique feature of ICARUS: e/y separation, &t® reconstruction

.‘ S 7% reconstruction:
i “"}"Q‘LE =102 + 10 MeV — 912 + 26 MeV/c
[Hth i o =127 £ 19 MeV/c*
o \’, HIHEs b i g ot e
| L st R 0.:(“"- ..................................
i I e 10 =280 2,57 L T e _'
Three "handles” to separatee/y: . €—
* invariant mass of a° E, = 685 + 25 MeV

« dE/dx: single vs. double m.i.p.

* photon conversion separated from =QlgEan

primary vertex
Myy: 133.81+4.4+4 "
W Me V/CZ Entries bl mass 22 -
& RS et s 10 S
e L 221 ndf 8544147 4
wor Constant 1713 0.447 8 ve -

2'55_ %"i?m"a o "C olle Cflon
o ) Inductiona
1.53— 2 - [

1~ %

0.5—

- | e | e c;E/d [M1\§/ m /.' )
: Crucial for NC rejection # "" Conversion distances:
00T 6 200D In 4% -phys‘,cs

mass [MeVic*2] Slide# : 6




v, CC identification in CNGS beam

® The unique detection properties of the LAr-TPC allow to identify
unambiguously individual e-events with high efficiency in Collection and

Induction2
_ Eye= 2411 GeV e.m. shower
T‘ v lipE15407GeYie  Collection buildup | 3
o A LR ROTE B el single mip t .
' L S 2 :\"’"{:r. TR e W oLt
g I ’"M-*. . ": ~ '.k' L & \ .' f “;' } '.' " ol "_.‘I\,',l I 6.2
L] w " incoming
N ",’r r;.‘;‘.;-“.' %ﬂr i neutri
B e i Bt T
Induction2
Single electron at interaction vertex | S| = |
well identified also in Induction view | = : s
. . . . 20 >20 MeV/cm ——> Single wire signal 20
Evolution in Collection view | * R
from single m.i.p. toem. | “- ¢ J e
- e : %
shower evident from el 2 ﬁ*J -es
dE/dx on individual wires. k" ettt b L5
Single M.IP. - 1+t ol fus aned ; ; f‘}‘i—r_#_?_;m e
0 . . . LI . T T T 1 |7".|.| 0

Wire number along track direction —>

(0]
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Beware, horizontal wire-coordinate axes are going into opposite directions!




Atmosphericv, CC: low energy events

: : : Priofon
Downward-going, quasi elastic v, g Collection . 23 cm 4
event: deposited energy 240 MeV ! | view
® dE/dx ~ 2.1 MeV/cm measured on gl e G
first wires corresponds to a m.ip. | iy . ¥ A8
® Short proton track recognized.  Fleciron o, ‘< e ik
<

!

60 cm™

i 4

Proton

Collection
View,

0 ol

>

Downward-going v, CC interaction

® Deposited energy ~420 MeV

90 cm I”d“CT"’” c @240 MeV electron, c/ear/y
View .
- visible also in Induction view,

__Electron ¥ a pion (Ey,~120 MeV)and a

\ short proton (Eg4.,~60 Mel)
(il N also produced at the

\ /‘_.~' e o o
L /« interaction vertex

> @ Preliminary reconstr. of v

Proton direction :zenith angle ~108°.
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ICARUS T600 Overhaulingat CERN (WA104/NPO1)

® To face the new experimental situation at FNAL ICARUS T600
underwent an intensive overhauling at CERN in the framework of CERN
Neutrino Platform (WA104/NPO1 project) before being shipped to FNAL

® ITn 2015, T600 detector was moved from LNGS to CERN to introduce
some technology developments while maintaining the already achieved
performance:

> New cold vessels, purely passive insulation;

> Renovated cryogenic/ LAr purification
equipment;

> Flattening of TPC cathode: the punched
stainless-steel panels, 58% transparency,
underwent a thermal treatment improving
planarity to few mm;

> Upgrade of light collection system;

> New higher performance TPC read-out
electronics

o V. 4
.':; '} =
| PMT ‘
\l—f_ % 4l |
’ [ \ | — 7 ST ‘
|\ (F —amll | ¥ ;
| | ‘
e 4 \'R -

/

3 Wire Planes: b
Inductionl, Induction2 §

and Collection
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The light collection system 1/2

Currently, in ICARUS, light has simply been integrated over all the
PMTSs. Fine, but light collection can do more than just the generation of
a trigger signal. It can also be used to: N T e T —

Prob

1
3438 = 0.2
Morm-1  51.05+ 3.
Sigma-1 2.928 = 0.156
Bkgnd 3088 : 0.370

® Tdentify the time of occurrence (Ty) of each

interaction with high temporal precision;

® Identify the event fopology for fast selection
purposes.

In order to achieve these goals, there are some requirements to fulfil:

1. High detection coverage, in order to be sensitive to the lowest-
expected neutrino energy deposition in the TPC (approximately 100
MeV), also using the light fast-component only;

2. High detection granularity in order to localize the events with
sufficient precision to associate unambiguously the collected light to
the deposited charge;

3. Fast response time/ high time resolution (#1 ns), to be sensitive to the
time of occurrence and evolution of each event in the T600 acquisition
windows (order of ms), and to exploit bunched beam structure!™”



The light collection system 2/2

® Different geometries and cathode coverage area (fraction of the wire
plane surface covered by PMT windows) have been tested.

® The following 90 PMT's per TPC layout (with 5% cathode coverage area)
configuration has been chosen. Gray blocks represent PMT's positions.

Vo m o /0] ) :'m, ’ K | ;_ v . e ) o ofle . < o] ) If_m" ‘ 'f‘ i P M 7-'. H R5 9 ] 2 -

\ mmrmm mmﬁ'zl o] X | CIUPAN I AN |
@ ) £ e S {3 0} () (R ke ‘ §
- g w \/7

0 £ ] i i O ) ) 3 @ D £ ) (0
A8 | K ‘ | 9 <=
L. NN N ) 0 W}WZ e "
/mQ AQ /mm\ Q/m& /mm\{/
' (Y O | i
: : ; A L] ; :

vertical direction

 miifielin iiFieiio | oiifieiio nifisio oifieio ety oalifiaiin

L] L] il 1

® Longitudinal resolution is better than 0.5 m (effective QE. = 5%). A

total of 4 modules (so 400 PMT's including 10% of spares) has been used
for ICARUS.

® This geometry addresses main requirements 1 and 2.

A clear cosmic u's identificationwill be provided by genetic algorithms
(~27% expected residual misidentification).

® The achievement of ~1 ns timing resolution (main requirement 3) implies
a PMT timing calibration system to compensate individual channel delays
and transit-time drifts.

Slide# : 11



Characterization of the PMT'’s

® Hamamatsu R5912-MOD series (8", 10 dynodes) are rated for cryogenic
temperature, as they feature a cathode with platinum under-layer.

® PMT sand blasted glass windows coated by ~200 ug/cm? of Tetra-Phenyl-
Butadiene (TPB) wavelength shifter to detect the A = 128 nm scintillation
light in LAr;

® Each PMT is enclosed in a wire screening cage to prevent induction of
PMT pulses on the facing TPC wires. PMT timing/calibration will be
provided by LASER light system.

Characterization of all 400 such devices

. F exp const 3885 + 544.5
focused on these points: sk ot 006ERH 0005107
. . . . 00:_ Peak o f the gaus1 const 355.4 + 1.845
> galn Gn.d llnear'”'y, . . . ! : Single Electron gaust mu 1948 + 0.4849
> effZCTlve Quanfum Eff|Cl€nCY (l.e. WlTh 600;— Response gaustsigma 74,87 = 0.5124
Tetra Phenyl Butadiene WLS on window); s e
> response uniformity on photocathode -
surface; ool
» peak-to-Valley ratio of SER distribution. F|l
Measurements done both at room and 0]
Cryogenlc Temper‘a-l-ur.e' 00_I 100 200 300 400 500 00 \

Channel

360 PMTs installed in ICARUS T600



The new TPC read-out electronics

® Architecture of ICARUS electronics at LNGS based on analogue low
noise "warm" front-end amplifier, a multiplexed 10-bit 2.5 MHz AD
converter and a digital VME module for local storage, data compression,
trigger information:

> S/N ~9 in Collection, ~0.7 mm single hit resolution, resulting in a
precise spatial event reconstr. and u momentum measurement by MCS.

® Improvements concern: PR
» Serial 12 bits ADC, one per ch, i 4
400 ns sampling synchronous | Disital B

on the whole detector(previous i“ ey
i LAl i

boards aligned within 400 ns); _
> Serial bus architecture with  Banglogue Wl TR

Gbit/s optical links to increase 'crate |

the bandwidth (10 MHZz); A 8

» New compact design to host Cqua argon
both analogue/digital Sonscios |
electronics (single high = e—
performance FPGA) directly el | |
on ad-hoc signal feedthrough v Feed-through ont-end 12bit serial AD(
flanges acting as electronics (1g432ch) 9" amplifiers 400 ns sampling

backplane. (64/board) Slide# : 13



Improved front-end electronics for T600

® Adopted improvements in the analogue front-end for a better event
reconstruction concern:

> A faster shaping time ~1.5 us of analogue signals o match electron
transit time in wire plane spacing;

> A drastic reduction of undershoot in the preamp response as well as
of the low frequency noise while maintaining a same or better S/N;

> A same preamp for both Induction and Collection wires.

Collection

N
Q

Collection signal (on a single wire)

Q

| Induction signal (on a single wire)

| A A -
A { N A n A /
- A A A ! ‘ AR A nf P AN A JAAYAN /] n
N AV AN A T [ N a VA F W ALy ad Y AVAR O TN IR T A T T A
ARV \ J IRV \/ o HASY VY WY, L/l

&

Induction

128 induction wires (325 mm)

® Tn addition the full 400 ns synchronous signhal sampling on the whole

detector will allow to slightly improving the resolution on u momentum
by MCS.

180 us (280 mm)
Drift velocity 1.5mm/us
Pulse-height ~750 e/#

>

Drift time (180 s, 4us/#)

Slide# : 14



From CERN to FNAL the ICARUS journey

® 7600 leaving from CER ® 7600 in Antwerp
June 12t JunelIs' : unloading from
the barge from Base/ and
== 4l loading into ship to Burns
I : N4 - Arbors, in the Michigan

® /600 arrivingat SBN Far
site building at FermiLab,
July 26™

Slide: 15



SBN 0.8 GeV v FNAL Booster: 3 shallow-depth |
LAr-TPCs as definitive answer to sterilev puzzle -=’l'l'l~'-lt,rﬁ
L/EV 600 m / 800 MeV ~ 1m/MeV

\‘\

By .

- JICARUS T600
¥l 476 t active
N mass

B

MmlBooNF

x & "
MicroBooNE (470m) %,

/ .

Primary p energy

Booster -
8 GeV Neu*rino

vu energy peak
~800 MeV

vV

9 ISBND
BNB.2 ~ ) 82 tactive
ICARUS T600 WI// co//ecf a/so ~2 GeV ve NuMI Off—AX/s mass
an asset for next LBL LBNF-DUNE (v cross-section in LAr) 5




Taking data @ shallow depth: Cosmic Ray Tagger is mandatory

®TICARUS at FNAL will face a more challenging experimental condition than at
LNGS, requiring the recognition of v interactions amongst 11 KHz of cosmic's.

® A 3 m concrete overburdenwill remove contribution from charged hadrons/y's.

® Moreover ~11 u tracks will occur per triggering event in 1 ms TPC drift
readout: associated y's represent a serious background source for v, search
since e’s produced via Compton scatt./ pair prod. can mimic a genuine v, CC.

®Rejecting cosmic background, i.e. reconstructing the triggering event, would
require to precisely know timing of each track in the TPC image, exploiting:
» A much improved light detection system, high granularity/~ns time
resolution, Mandatory /
» An external cosmic ray tagger (CRT) to detect incoming particles and
»...1heir direction of propagation by time-of-flight measurements:
mi v Scintillating bars surrounding T600 (aim: 98% coverage)

_‘ equipped with optical fibers to convey light to SiPM arrays.
%

> v Top coverage under INFN/ CERN responsibility. FNAL is i 1
recovering modules by MINOS/Double Chooz for side/bottom.

% 1250 m?




“Sterile neutrino puzzle” 1/2

® Anomalies have been collected in last years in neutrino sector despite the
well-established 3-flavour mixing picture within Standard Model:

» appearance of v, from v, beams in accelerator experiments (LSND +
MiniBooNE, combined evidence > 30);

> disappearance of anti-v,, hinted by near-by nuclear reactor experiments
(ratio observed/predicted event rates R = 0.9384 + 0.024),

> disappearance of v,, hinted by solar v experiments during their
calibration with Mega-Curie sources (SAGE, GALLEX, R=0.84 + 0.05).

® Results hint fo a new “sterile” flavor, described by
Amé~ eV? and small mixing angle, driving oscillations [,
at short distance:
» ICARUS constrained Am?,, < 1 eV?, and small mixing;
> Planck data and Big Bang cosmology point to at most

1/5_

Vsy

one further flavor with m,,, < 0.27 eV; Z T :
> No evidence of v, disappearance in MINOS and Amsg +—2 1eV
IceCube in 0.32-20 TeV; B a2k 10

> Recent reactor data (especially NEOS) are intriguing | »»
but inconclusive.. New results are expected from |u
ongoing/new experiments at reactor/radioactive phe B
source,..SOX at LNGS. s

THE EXPERIMENTAL SCENARIO CALLS FOR A DEFINITIVE CLARIFICATION!

Amd, — <+— ~T4x1075eV?




“Sterile neutrino puzzle” 2/2

® TCARUS searched for v.-excess related to LSND-like anomaly with
CNGS v beam (~ 1% intrinsic v, contamination) despite the larger L/E,
~36.5 m/MeV when compared to L/E, ~ 1 m/MeV for LSND/ MiniBooNE:
»LSND-like oscillation signal would average to sin?(1.27Am? L/E) ~ 1/2;
compared to MINOS and T2K, ICARUS operated in a L/E, range where
contributions from standard oscillations are not yet too relevant.

® No excess observed in 7.93 x 109 pot sample: ' - T B s
7 v, CC events compared to 8.5+1.1 expected - éj d 1 meeone |
in absence of effect, providing the limits: 04 % A0h

P(v,~>v.) £ 3.85 x 10-3 (90% C.L.)
P(v,>v.) < 7.60 x 10-3 (99% C.L.)

® ICARUS restricted the allowed LSND jor | ICARUS

parameters to a narrow region Amé < 1 el?, 3 ssvcL
sin?20~ 0.005 where all positive/ negative .

experimental results can be coherently LT

accommodated at 907 C.L. Confirmed by OPER /7 (20)

Best Fit (MiniBooNE) E

L
"'
e &)

waf _'-':'rii' o

¥
L
¥
J -.-.-.——4————-—————-
. s
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Taa, ~
.
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® SBN experiment will likely clarify both LSND and reactor anomalies by
precisely and independently measuring bo‘rh Ve {JP?GPGHCQ cmd vy

(29,.)< 20 (20,
disappearance, mutually related through sin’ Sin Jsin’ D o



SBN sensitivity

ve appearance: LSND 997% CL region
covered at 5 o level

’-,& v, — Vv, appearance
-
= -3 [ LsnD 0%
’ [ ] LsND 99%
10 Sos [] clobal 2017 10
- - [ clobal 2017 2c
K
= I Giobal 2017 30
[ 4 Global 2017 best fit
SBN 30
(<]
~— 1 ===« SBN 5o
= 8
<] . N
- TN
-1 oy
10 —— SBN sensitivities assume exposures of: T~ el
- 6.60x107°° protons on target in ICARUS and SBND ~ ~__"~~__
- 13.2x10% protons on target in MicroBooNE TS T e[
— s
|- Gilobal 2017: S. Gariazzo et al., arXiv:1703.00860 [hep-ph] g
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Conclusions

® LAr-TPC detection technique taken to full maturity with ICARUS-T600,
a result of many years of R&D with continuous support of INFN.

® TCARUS completed in 2013 a successful continuous 3- year run at LNGS
exposed to CNGS neutrinos and cosmic rays, obtaining remarkable
physics and technical achievements, proving the effectiveness of the
single phase LAr-TPC technology for v physics.

® The ability in reconstructing v interactions with complex topologies in a
broad energy range, combined with an efficient identification of primary

electrons and a unique e/y separation, allows rejecting backgrounds in
the search for v v, transitions at an unprecedented level.

® TCARUS performed a sensitive search for a potential v, excess related
to the LSND-like anomaly with CNGS beam defining a narrow region at
(Am2, sin? 20) ~ (1 eV?,0.005) which has to be investigated to
definitively settle the LNSD hint of sterile v. Afmospheric neutrinos
have been identified in the ongoing data analysis.

® TCARUS underwent a major overhauling at CERN and has been
transported to FNAL to be exposed to Booster and NuMi neutrinos.

® The SBN experiment will provide a clarification of the sterile neutrino

issue, both in appearance and disappearance modes. st 21
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Algorithm of angle of deflection measurement via MCS

A track-by-track estimation of the muon momentum p can be provided by
measuring genuine RMS multiple scattering angle yy,cs over a length L, roughly
described in LAr within ~ 1% percent accuracy at L ~ X, by (6.R.Lynch and
O.I.Dahl, 1991). Approximates gaussian part of scattering distribution
Muon track divided into segments, grouping hits 13.6 MeV/c | L
belonging to two consecutive electronic boards Yues = Bp X, (1
« Compromise: longer segments allow enhancing .
physical MCS deflections, that grow as L2, while
reducing impact of measurement errors on single |
wires. On the other hand, adequate segment
statistics (> 10) is required to correctly estimate

average deflections, even for shortest muon o _136MeV/c L w,
/X

lengths (2.5 m). MCS = Bp; 0 COS 8 COS &
Muon trajectory within a segment described by position

of hits barycenter and by its slope defined on the 2D
Collection plane. Deflection angle 6,,.s between
consecutive segments defined as angle between two
consecutive pieces of polygonal line connecting
consecutive barycenters.

Yucs expresses local deflection at a point along the muon
track, in 8y¢s the deflection is averaged over the finite
segment length, resulting in a reduction of the MCS
effect quantified by the factor wg ~0.74 = 1%




The LSND anomaly (appearance of vu -> ve events)

g 17.5
w
§
Qﬂev proton beam from S
LANSCE accelerator ‘
‘ Water target
Qer beamstop
A LSND Detector
04 06 08 1 12 14
L/E, (meters/MeV)
Tt = uv,
L,etv 17 i = Saw an excess of v, :
|_. - 87.9 +22.4 + 6.0 events.
With an oscillation probability of
Signal: V, — e*n (0264 £ 0.067 £ 0.045)%.
L, np— dy(2.2MeV) 3.8 o evidence for oscillation.
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Cryogenic Upgrades

® A purely passive insulation coupled to First cold vesselreadyfo
standard two-phase N2 cooling shield, - = ~house TPC
redesigned/ tested at CERN.
> New cold vessels, made of extruded

aluminum profiles welded together at
CERN containing TPC's and PMT 's.

Leak tightness checked to <107 mbar I/s.
Structural test on the vessel by pumping
down to 20 mbar. All measurements agree
with calculation: 11 mm max. deformation.

Expected heat loss

through insulation: )
6.6 kW (~10 W/m?) i

> Warm vessel will host two cold vessels, §
N2 cooling shield and the plywood + |
thermal insulating foam panels 4o
produced in Europe/assembledat FNALA fAS




PMT coating with TPB and installation in T600

® PMT glass windows coated by ~200ug/cm? of Tetra-
Phenyl-Butadiene (TPB) wls to detect A = 128 nm
scintillationlightin LAr;

® Each PMT is enclosed in a wire screening cage to
prevent inductionof PMT pulses on facing TPC
wires. PMT timing/calibration will be provided
with Hamamatsu PLPIO LASER (405 nm)

Optical Fibers N
ﬁ g W -1

e =

£ | P
¥ 4 0 |
':;/gnal‘;:) %
,'ab/e\ k. T &4
=y ] | = Scr oAl -Gage

<0.5 m event localization & an initial classification of different topologies,
u-tracks vs. e.m. showers, exploiting arrival time of prompt ys and light intensity

A clear cosmic us identificationwill be provided by the combineduse of

different Neural Nets (~27% expected residual misidentification). _ . .



Trigger system layout
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v, CC identification/ 3D- reconstruction in CNGS beam

single mip electron (12.1 cm)

Run 11319 Ev. 2862 E, =64+ 03GeV
P =1.2+0.2GeV/c

e.m. shower

£ N
v =
= 2 ( incoming
v o
""'\ - : & N neutrino
\ e B
\\ Collection : '
330 cm
< incoming Induction2
-« (
’ Ne— T P. neutrino

e p ; -~
3-D reconstruction hadronic jet i p=proton c__-
pv PR e — ——
3D reconstructionalgorithm exploiting the : - »
Collectionand Induction1,2 views allows :

to fglly r'econs‘rr't:lc‘r events identifying Tnduction2 view: essential to solve
the involved particles complex /crowded events  sjige:2s



Atmospheric n, CC event

S - ion
\ EAED : 5
Collection View [ e \/l\ _
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! 0.75m, |, 1.9 m
Upward-going vu C'C' event with a depositedenergy ~ 1.7 GeV:

® 4m escaping muon: p = 1.8+ 0.3 GeV/c from multiple scattering,

® Three hadrons produced in the v interaction vertex, two of which
identified as a pion (Edep ~80 MeV)and a proton (Edep ~ 250 MeV).

® Preliminarly reconstructedv energy ~2 GeV with a zenith ang/eSZZ#BEzy.



Atmospheric v, CC: “high” energy events

A quasi elastic electron-like atmospheric neutrino event candidate with
deposited energy Eg., ~0.9 GeV (left, collection view). The hadronic
track is identified as a proton by its dE/dx vs range. The plot on the
right shows the evolution of the dE/dx from a single track to an e.m.
shower for the primary electron: the green and red lines indicate the
expected dE/dx for single m.i.p. and double m.i.p. respectively.
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A beautiful muon neutrino interaction from CNGS run 11689, event 1486

Detailed description of next figure

To give you a feeling of what a neutrino event in ICARUS looks like, in the next slide T
show a real event, not a MC.

This event is an interaction of a muon neutrino coming from the accelerator of the
?NGS e>§>per|menf at CERN, that was active in the period 2010-2014. How do we know
or sure:

First, the trigger is tagged as coming from CNGS.

Second, the total moment 3D direction points in the direction of CERN, and points as
coming from there.

What about the nature of the primary particle? We see a long straight track, typical of
a muon, that has been produced inside the fiducial volume. This means that the primary
particle must be neutral, otherwise we would see the ionization it would produce.

The e.m. cascade start point is very near the entry point and fully contained in the
fiducial volume (intuitively, look at The yellow horizontal lines as limits of such volume). A
cascade coming from a muon would be superimposed on the muon frack, so something
else must have started it. In this case, detailed considerations tell us it was a positron.

Incidentally, we can also see a pair production, but the responsible photon does not come
from the, let's say, main interaction vertex. We can ignore it for the identification of
the primary particle.

Putting together all the clues, the primary particle is 1) neutral, 2) able to give leptons,
in particulara muon, in the final state, and , 3) coming from the CNGS accelerator, so we
can exclude many neutral particle candidates, leaving only a muon neutrino. I have chosen
This]Par"ricular' event for illustration purposes because it is a very rare case of a well
identified neutrino event where we can also see what many things look like: indeed, we
can see a muon track (an extremely common occurrence), an e.m. cascade, a pair
Er‘oduc’r.ion a muon interactionand scattering. That is, almost everything that could
appen in the chamber is there Slidet: 31



A beautiful muon neutrino interaction from CNGS run 11689, event 1486

I’rime

X! RawDataT600_2008 - Ind1_right_| -- Run 11689 Event 1486

Signals from “induction 1" wire plane

|

Position and Links | Type

wire: 1928.00

O O

drift: 1330.00
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Muon appearing inside the fiducial volume event trigger tagged as originated from CNGS
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muoh neutrino interaction

total momentum (3D) direction considerations




