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|[CARUS Detector
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2 modules,
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- LAr:4/6 tons active
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|[CARUS Detector Module
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|[CARUS Detector Module
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\CARUS Detector Module
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|[CARUS Detector Module
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|[CARUS at Gran Sasso

® v, from CERN to Gran Sasso (CNGS): 730 km

® Average Vyenergy. 20 GeV. L/Ey ~ 36.5 m/MeV
® Underground detector (1400 m deep)
Operated 2010-201 3, collected 8.6x10'7 POT
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Neutrino Identification

Demonstrated detector

performance, tracking and I
calorimetry 1
|dentified Ve-Ar charged-

current (CC) interactions )
from CNGS beams :
® Reconstructed T mass

® Separated e and y 3
Validated automatic selection 8
of atmospheric vV and Ve it
events (0.48kton-y exposure)

® Deposited Ey > 200MeV
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Sterile Neutrino Search

Vyu—Ve appearance 102 7+ 7 =
H e PP 7 21 /58 ! [Eisnoeo%cLf
measurement 183 18| LSND 99 % CL [
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selection - -
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Results compatible with no Sin%(26)
additional anomalous ICARUS publication list
contributions http://icarus.Ings.infn.it/publications.php



http://icarus.lngs.infn.it/publications.php

[CARUS at SBN

,,,,,,,,,,

® SBN:Address anomalies from LSND, MiniBooNE: sterile V!

® BNB vy from Fermilab accelerator and 3 LArTPC detectors

® |CARUS: far detector measuring Vy—*Ve oscillation

® \-Ar cross sections from off-axis NuMiI

® Potential in astroparticle and exotic physics!
9
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|[CARUS Collaboration

Brookhaven National Laboratory, United States
Colorado State University, United States
Fermilab, United States

University of Houston, United States

NFN Sezione di Catania and University, Catania, Italy

NFN GSSI LAquila, taly

NFN LNGS, Assergl, LAquila, [taly

NFN Sezione di Milano Bicocca, Milano, Italy >80 scientists from
NFN Sezione di Napoli, Napoli, Italy | 6 Institutions
NFN

Sezione di Padova and University, Padova, Italy

NFN Sezione di Pavia and University, Pavia, [taly

_os Alamos National Laboratory, United States
University of Pittsburgh, United States

SLAC National Accelerator Laboratory, United States
University of Rochester, United States

University of Texas at Arlington, United States
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SBN Sensitivity

v, = V., appearance

[ LsnD 90%

LSND 99%
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Global 2017 1o

4 Global 2017 best fit
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Am? (eV?)

See SBN (\A 1 0_1 — SBN sensitivities assume exposures of:
Fa\/a ) and 6.60x10%° protons on target in ICARUS and SBND
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https://indico.phys.vt.edu/event/34/contributions/617/
https://indico.phys.vt.edu/event/34/contributions/617/
https://indico.phys.vt.edu/event/34/contributions/617/
https://indico.phys.vt.edu/event/34/contributions/623/
https://indico.phys.vt.edu/event/34/contributions/623/

Challenges on Surface

® Detectors of SBN program located at surface

® [xpect | lkHz of cosmic rays in ICARUS
® Detector upgrade to cope with cosmic rays

® |mproved light collection system

® (Cosmic ray taggers (CRT)

® A 3-meter concrete overburden

Cosmic ray data taken in Pavia overlaid with CNGS v-Ar interactions
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Refurbished
at CERN
2014 - 2017/
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Overhaul and Upgrade

Modified TPCs

® New cathode with improved planarity

New cold vessels and thermal insulation
Renovated cryogenic and LAr purification system
Cosmic ray taggers

Overburden



Upgrade on PM [

® |mprove
® [vent time tp determination

® (Cosmic ray rejection/event
selection

® J[riggering
® 360 8" Hamamatsu PMTs
® High coverage: 5% cathode

BNB beam structure

A.U.

0.4

® Better granularity

® Better time resolution (500MHz)

<+—>
1 9Nns

Ins
® Sensitive to deposited energy \M
down to 100MeV I
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Upgrade on [ PC Readout

Multiplexing (16) 10-bit ADC = Serial 12-bit ADC

® Synchronous sampling time for all the channels
Digitization remains at 2.5MHz (400ns)

mproved module throughput: 64Mb/s = Gb/s

-aster shaping time (~0.6us), improved electronic
response shape; expect to have S/N~ 0
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Upgrade on DAQ & Irigger

® Develop DAQ software

® Fvent assembling rate
|Hz— | 5HZz (expected)

® [Design the self-trigger
based on the PMT data

® [rigger logics combined
with input from CRT

® Plan to design high-level,
software-based triggers 10835 ‘
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http://IcarusTrip.fnal.gov
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INnstallation
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INnstallation

Jop shield and vessel
4 Installation early fall A
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Commissioning Plan

Aug. 201%¥  Jawn, 2019 Mmj 2019 SEP. 2019
b ; ; T

2
® [ests on wire connectivity, noise and grounding, wire biasing.
® |nstallation of readout electronics, DAQ, internal slow control system

® (ryogenics: Assembly, vacuum, cooling, filling with LA,
purification, stabilization

® DAQ, data transferring, trigger
® \Verification on LAr purity and data
® CRT commissioning

® [Data taking!
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Fvent Reconstruction

Common SBN framework for
simulation and reconstruction
peing developed

_earned a lot from previous
CARUS and MicroBooNE

Simulated upgraded TPC
electronic responses, realistic
noise, and upgraded PMT
signals

Improve track and shower
reconstruction

|dentify particles by dE/dx vs
range
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2 ¢ LArpurity/drift
— 0.5 |
g | electron attenuation .- #
g 0.4F
<
0.3

0.1 f# Deconvoluted signal hits
- Work in progress.
";.l | 1 1 | 1 | 1 1 I 1 | I 1 |
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0 0.02 %o&'doé'éos 0.1 0.12 0.14 016 018 0.2

Raw signal hits

}\‘simulated [ ms ]

AB: Angle between
true and
reconstructed EM
showers
800MeV isotropic e

L i e

angle [rad]



Summary

LArIPC:a promising technology of neutrino
detectors

CARUS operation at Gran Sasso demonstrated its
dbhysics capabillities

® | ong baseline Vy—Ve measurement compatible
with no sterile neutrino

The upgraded ICARUS now serves as the far
detector in the SBN program

® Aim to address LSND/MiniBooNE anomaly

Detector being installed, plan to
. Stay tuned!

27



o e

S— ;
r )

A N,

|[CARUS installation video: https://youtu.be/ | Omr/VWEKy-O
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https://youtu.be/1Qmr7WEKy-Q
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How A LArTPC Works

Cathode

J lonization e

< E=500V/cm

30

Anode

Incoming
neutrino

interacting
with LAr

Charged secondary
particles ionize LA,
producing electrons
and



How A LArTPC Works

Cathode

O> Light

collected by

PMT,
Anode determining
event time to

< E=500V/cm
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How A LArTPC Works

Cathode

Flectrons drift
towards anode
(longest drift time

Anode at ICARUS:

0.9ms)

< E=500V/cm
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How A LArTPC Works

2 induction planes

Cathode .
o | collection plane

Flectrons detected
by the wire planes
at anode,
providing the

Drift e-

spatial, kinematic
< E = 500V/cm information.
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How A LArTPC Works

Cathode

Flectrons detected
by the wire planes
at anode,
providing the
spatial, kinematic

< F = 500V/cm information.
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LSND Anomaly

® MicroBooNE: Measure

Vu— Ve osclllation to
address LSND anomaly

SND: V= Ve
/E ~ Im/MeV

_iquid Scintillator
Nleutrino Detector

® best fit (sin220, Am?):

(0.003, | 2eV?)
® hish Am?

® cox|stence of sterile V!

102

10

Am? (eV?)

107

T600, 6.6e+20 POT (600m)
MicroBooNE, 1.32e+21 POT (470m)
LAr1-ND, 6.6e+20 POT (100m)

¥ i

v mode, CC Events
Reconstructed Energy

80% v, Efficiency

Stat., X-Sec., Flux, Cosmics, Dirt
v, Only Fit

—90% CL
—3a CL
Sa CL

@3 LSND 90% CL
] LSND 89% CL
# LSND Best Fa
+ Giobal Best Fit (arXiv:1303.3011)

444 Global Fit 90% CL (arXiv:1303.3011)
¢ Global Best Fit (arXiv:1308.5288)

&= Global Fit 90% CL (arX(iv:1308 5288)
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MiniBooNE Anomaly

® MicroBooNE: Measure V= Ve

oscillation to address Phys. Rev. Lett. 110, 161801
MiniBooNE low energy excess 3 | T Anfneatring
o B _ . g 19E . :'):::o(::hem)
® MiniBooNE: Vy—=Ve & Vy—=Ve  © "1l Sumr
0.8 1 =° misid -
CA—Ny ]
o |/E~ Im/MeV os = i :
® Cherenkov detector with i i |
mineral oll 3 25| |
o . % o ++ Neutrino
® cannot distinguish a7 N |
between e~ and Y | |
® o existence of sterile V? 5
® Y eXO'UC ph>/5|CS7 0%.2 0.4 0.6 0.8 1.0 1.2 1.4 15.5515('36\:’3).0
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1.1

Gallium & Reactor Anomalies

1 GALLEXCrl

SAGE Cr Phys. Rev. C
T /3,045805

©

GALLEX Cr2 SAGE Ar

® Measurements of absolute event rates

Chaoz

7 .7
.

arXiv: 1703.00860

R=0.940%£0.024

L [m]

® Fvent deficit in Gallium experiments with Ve

sources from radioactive Ar and Cr

® Measured absolute reactor Ve flux lower

than expected
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Neutrino Source

e 3 GeV protons from Booster collide with a Be
target

® Secondary particles focused by the magnetic horn

® (harged pions, kaons decays iInto muons and Vy,

® All decay products absorped by earth except vy
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Vy Inclusive Cross Section

4 T2K (Fe) PRD 90, 052010 (2014) 00 CDHS, ZP C35, 443 (1987)

-~ 4= T2K (CH) PRD 90, 052010 (2014)  ®m GGM-SPS, PL 104B, 235 (1981)
> 1.6 ¥ T2K (C), PRD 87, 092003 (2013) m GGM-PS, PL 84B (1979)

Q [ ArgoNeuT PRD 89, 112003 (2014) Y  'HEP-ITEP, SINP 30, 527 (1979)
Q) 14k ArgoNeuT, PRL 108, 161802 (2012) ¢ 'HEP-JINR, ZP C70, 39 (1996)
< 1.4 % ANL PRD 19, 2521 (1979) e MINOS, PRD 81, 072002 (2010)
o [ ! ’ A NOMAD, PLB 660, 19 (2008)

E : O  BEBC, ZP C2, 187 (1979) «  NuTeV, PRD 74, 012008 (2006)

1.2 A BNL, PRD 25, 617 (1982) % SciBooNE, PRD 83, 012005 (2011)

o [ O CCFR (1997 Seligman Thesis) % SKAT, PL 81B, 255 (1979)

o0 I
@ 1

o -

F -

e’ —
~ 0.6}

0 -
DO
0.4
0.2
O-||||||||| ||||||||| |||||||||IIIIIIIIIIIIIIIIIIIIIIIIIII
1 10 100 150 200 250 300 350
A. Schukraft, G. Zeller Chin. Phys. C, 40, 100001 (2016) E, (GeV)

40



