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ICARUS-T600 in Hall B of  
INFN Gran Sasso Laboratories (2010-2013) 

ICARUS-T600 (Imaging Cosmic And Rare Underground Signals) - T600	   is a 
neutrino detector based on Liquid Argon Time Projection Chambers (Lar-TPC) 
technology: electrons  produced at the passage of ionizing particles are carried out 
by an electric field towards reading wires spacing 3 mm. In this way we have a 3D 
tracks reconstruction and the measure of the particles’ energy: 
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ICARUS	  T600:	  the	  first	  large	  Liquid	  Argon	  TPC	  
•  ICARUS-T600 LAr TPC is a high granularity uniform self-triggering detector with 3D 

imaging and calorimetric capabilities, ideal for ν physics. It allows to accurately 
reconstruct a wide variety of ionizing events with complex topology. 

•  Exposed to CNGS beam, ICARUS concluded in 2013 a very successful 3 years run at Gran 
Sasso INFN underground lab, collecting 8.6x1019 pot event statistics, with a detector live 
time >93%, and cosmic ray events. 

•  2 TPC’s per module, with a common 
central cathode: EDrift= 0.5 kV/cm,         
vDrift~1.6 mm/µs, 1.5 m drift length; 

•  3 ‘’non-destructive’’ readout wire 
planes per TPC, ≈54000 wires at  
0°, ±60° w.r.t. horizontal: Induction 
1, Induction 2 and Collection views; 

•  Ionization charge continuously read 
(0.4 µs sampling time); 

•   74 8” PMT’s, coated with TPB wls, 
for t0, timing and triggering. 

Two identical modules: 760t total LAr mass / 476t active 

© 2015-2017 
CERN  

PMTs	  Field	  cage	  Cathode	  

Wire	  planes	  (anode)	  
1	  T600	  module	  
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ICARUS	  story	  

A first step: ICARUS 3 ton  

50 l LAr at CERN 

ICARUS 10 m3 @ LNGS  
Semi-module T300 in INFN Laboratories  
@ Pavia, Via Ferrata (2001) 
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30 m
3

 LN2 Vessels 

N2 liquefiers: 10 units, 40 kW 
total cryo-power 

N2 Phase separator 

ICARUS T600 at LNGS (2010-2013) 
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Muon neutrino interaction from CERN beam to Gran Sasso in ICARUS: 

Electron neutrino interaction from CERN beam to Gran Sasso in ICARUS: 

Atmospheric electron neutrino interaction in ICARUS: 

ICARUS was employed for neutrino oscillation research: 

2.5 m 

14 m 
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ParKcle	  idenKficaKon	  in	  LAr	  TPC	  

Shower	  
starts	  

dE/dx	  (MeV/cm)	  on	  a	  
wire	  

Collection view 

Proton 
Electron 
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From signal of each wire we can measure charge density,  
proportional to ionization density, depending on particle type 



ICARUS	  LAr-‐TPC	  technology	  achievements	  
ICARUS run at LNGS allowed reaching several physics/technical 
results demonstrating the maturity of the LAr-TPC technology: 

Success of LAr-TPC technology with large impact on neutrino and astro-
particle physics projects: SBN (Short Base-line Neutrino) program at 

FNAL with 3 LAr-TPC’s. 

•  An exceptionally low level ~20 p.p.t. [O2]  
eq. of electronegative impurities in LAr; 
the measured e- lifetime τele >15 ms 
ensured few m long drift path of 
ionization e- signal without attenuation; 

•  Demonstrated detector performance, 
especially in νe identification and πo bkg 
rejection in  νµ→νe	  study to 
unprecedented level; 

•  Performed a sensitive search for LSND-
like anomaly with CNGS beam, constraining 
the LSND window to narrow region at: 

	   	   	  	  	  Δm2	  <	  1	  eV2, sin22θ ~ 0.005  
where all positive/ negative experimental  
results can be coherently accommodated  
at 90% C.L., confirmed	  by	  OPERA.	  

Eur. Phys. J. C (2013) 73:2599	  
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Sterile	  neutrino	  puzzle	  -‐	  I 
Anomalies have been collected in last years in neutrino sector, despite the 

well-established 3-flavour mixing picture within Standard Model: 
•  appearance of νe from νµ beams in accelerator experiments (LSND + 

MiniBooNE, combined evidence from new MiniBoonE results > 6σ); 
•  disappearance of anti-νe, hinted by near-by nuclear reactor 

experiments (ratio observed/predicted event rates R = 0.938 ± 0.024); 
•  disappearance of νe, hinted by solar ν experiments during their 

calibration with Mega-Curie sources (SAGE, GALLEX,  R = 0.84 ± 0.05). 

LSND 
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

ν < 1250 MeV neutrino energy range from all
of the backgrounds in the νe and ν̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode

νµ & ν̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC π0
501.5 ± 65.4 112.3 ± 11.5

NC ∆ → Nγ 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8

Other νµ & ν̄µ 89.6 ± 22.9 22.3 ± 3.5

νe & ν̄e from µ±
Decay 425.3 ± 100.2 91.4 ± 27.6

νe & ν̄e from K±
Decay 192.2 ± 41.9 51.2 ± 11.0

νe & ν̄e from K0
L Decay 54.5 ± 20.5 51.4 ± 18.0

Other νe & ν̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2

Constrained Bkgd. 1577.8± 85.2 398.7± 28.6
Total Data 1959 478

Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) νµ → νe 463.1 100.0

energy range for the total 12.84× 1020 POT data. Each

bin of reconstructed EQE
ν corresponds to a distribution

of “true” generated neutrino energies, which can overlap

adjacent bins. In neutrino mode, a total of 1959 data

events pass the νe CCQE event selection requirements

with 200 < EQE
ν < 1250 MeV, compared to a back-

ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a

4.5σ effect. Note that the 162.0 event excess in the

first 6.46 × 1020 POT data is approximately 1σ lower

than the average excess, while the 219.2 event excess in

the second 6.38 × 1020 POT data is approximately 1σ
higher than the average excess. Combining the Mini-

BooNE neutrino and antineutrino data, there are a to-

tal of 2437 events in the 200 < EQE
ν < 1250 MeV en-

ergy region, compared to a background expectation of

1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total νe plus ν̄e CCQE excess of 460.5± 95.8 events

with respect to expectation or a 4.8σ excess. The signif-

icance of the combined LSND (3.8σ) [1] and MiniBooNE

(4.8σ) excesses is 6.1σ. Fig. 2 shows the total event ex-

cesses as a function of EQE
ν in both neutrino mode and

antineutrino mode. The dashed curves show the best fits

to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
ν distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino

mode to the L/E distribution from LSND [1]. The er-

ror bars show statistical uncertainties only. As shown

in the figure, there is agreement among all three data

sets. Fitting these data to standard two-neutrino oscil-

lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
ν distributions,

corresponding to the total 12.84 × 10
20

POT data, for νe
CCQE data (points with statistical errors) and background

(histogram with systematic errors). The dashed curve shows

the best fit to the neutrino-mode data assuming standard two-

neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function

of EQE
ν in both neutrino mode and antineutrino mode, cor-

responding to 12.84 × 10
20

POT and 11.27 × 10
20

POT, re-

spectively. (Error bars include both statistical and correlated

systematic uncertainties.) The dashed curves show the best

fits to the neutrino-mode and antineutrino-mode data assum-

ing standard two-neutrino oscillations.

curs at ∆m2 = 0.040 eV2 and sin
2
2θ = 0.894 with

a χ2/ndf = 35.2/28, corresponding to a probability of

16.4%. This best fit agrees with the MiniBooNE only

best fit described below. The MiniBooNE excess of

events in both oscillation probability and L/E spectrum

is, therefore, consistent with the LSND excess of events,

even though the two experiments have completely dif-

ferent neutrino energies, neutrino fluxes, reconstruction,

backgrounds, and systematic uncertainties.

MiniBooNE  
low-energy excess 	  
381.2 ± 85.2 νe events  
(4.5 σ evidence)	  

1805.12028	  [hep/ex]	  

(total νe	  +	  νe	  excess: 	  
460.5 ± 95.8 ev.,4.8 σ)	  
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Sterile	  neutrino	  puzzle	  -‐	  II	  
Results hint to a new “sterile” flavor, described by Δm2~ eV2 and small 
mixing angle, driving oscillations  at short distance: 

•  ICARUS constrained Δm2
new ≤ 1 eV2, small mixing; 

•  Planck data and Big Bang cosmology point to at most one further 
flavor with mnew < 0.24 eV; 

•  No evidence of νµ disappearance in MINOS and IceCube in     
0.32-20 TeV; 

THE EXPERIMENTAL SCENARIO 
CALLS FOR A DEFINITIVE 

CLARIFICATION!!
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the average primary element fission fractions of 0.655, 0.072,
0.235, and 0.038 for 235U, 238U, 239Pu, and 241Pu, respec-
tively, are used. The differences between the fission fractions
for the NEOS data and the ones for Daya Bay are taken into
account and small corrections are made using the HM flux
model as instructed in Ref. [31].

The excess around 5 MeV versus S3ν
hmv is clearly seen, as

shown in Figs. 3(a) and 3(b), for the first time at this short
baseline whereas previous short-baseline measurements [10,
32] did not show a clear excess. The excess does not com-
pletely disappear even when the data are divided by S3ν

dyb, as
shown in Fig. 3(c). This can be explained as that the excess
can be contributed differently from each fission element [33].
It is, however, difficult to conclude with the current level of
uncertainties. Another large discrepancy other than the 5 MeV
excess for the S3ν

hmv case is found at the lowest energy range.
The disagreement is as large as 8% at 1 MeV and drops rapidly
as the energy increases. For the incident antineutrino flux be-
low 2 MeV and above 8 MeV, where tabulated data do not
exist, we used the exponential functions in Refs. [11, 33] for
an extrapolation. For the comparison with Sdyb, the fluctua-
tion shown in the lowest energy range is mainly due to the
convolution of the spectrum from the original one with large
neutrino energy bin sizes to one with finer prompt energy bin
sizes for this work. Other small fluctuations at several energies
also seem to have some small structures which are common
for both reference spectra but, regarding the uncertainties, are
not so significant.

The following systematic uncertainties are taken into ac-
count. Errors in the reference antineutrino spectra are the
main contributors to the total uncertainties. The 0.5% un-
certainty in the reconstructed energy scale is another large
contributor to the total uncertainty. Other sources of uncer-
tainty, such as the inaccuracy of the effective baseline, fuel-
related uncertainties from burn-up and fission fractions, spill-
in from inactive volumes, events generated by antineutrinos
from neighbor reactors, and other detector-related uncertain-
ties have negligible effects on the spectral shape.

Probing an oscillation in a spectrum measured with a sin-
gle detector at one fixed distance from the reactor core de-
pends on the accuracy and precision of the reference spec-
trum. Among the available references, the flux calculation by
Huber and Mueller provides tabulated uncertainties with their
correlations between the neutrino energy bins and isotopes
and, even though their uncertainties are underestimated [18],
their spectral shapes (not their absolute rates) are generally
in good agreement with existing experimental results except
for the region of the 5 MeV excess. A recent high-resolution
ab initio calculation by Dwyer and Langford [17] better de-
scribes the observed 5 MeV excess, but its large uncertainties
and their correlations, which are yet to be exactly quantified,
make a comparison with our data impractical. Experimen-
tally, only the Daya Bay unfolded spectrum [31] is based on
a direct measurement and, therefore, the uncertainties in the
antineutrino spectrum are relatively small. The correlation of
uncertainties among the energy bins can be dealt with by the

provided covariance matrix.
In the present work, the measured prompt energy spectrum

is compared with Sdyb for testing the oscillation. A χ2 is con-
structed with 61 data points in 1–10 MeV prompt energy spec-
trum and a covariance matrix Vij that accounts for correlations
between uncertainties:

χ2 =
N�

i=1

N�

j=1

(Mi−
ton

toff
Bi−Ti)V

−1
ij (Mj−

ton

toff
Bj−Tj) , (3)

where M (B) is the number of measured IBD candidate events
accumulated during the reactor-on (-off) period, T is the pre-
diction from a reference spectrum that accounts for oscillation
parameters, and the subscripts i and j denote the prompt en-
ergy bin. To construct Vij , the elements for the errors in the
reference antineutrino spectrum are calculated from the matrix
in Table 13 of Ref. [31], by convolving them with the detec-
tor response shown in the inset in Fig. 3(a). Then the other
elements from statistical and detector systematic uncertainties
are added.

The χ2 values are calculated on a fine grid in the sensitive
∆m2

41 range from 0.06 to 6 eV2. The χ2 value with the 3ν
hypothesis is χ2

3ν/NDF = 64.0/61, where NDF denotes the
number of degrees of freedom. The minimum χ2 value with
the 3+1 ν hypothesis, χ2

4ν/NDF = 57.5/59, is obtained at
(sin2 2θ14, ∆m2

41) = (0.05, 1.73 eV2), and the second mini-
mum at (0.04, 1.30 eV2) has a similar χ2 value to the first one.

14!22sin
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FIG. 4. Exclusion curves for 3+1 neutrino oscillations in the
sin2 2θ14 − ∆m2

41 parameter space. The solid blue curve is 90%
C.L. exclusion contours based on the comparison with the Daya Bay
spectrum, and the dashed gray curve is the Bugey-3 90% C.L. re-
sult [10]. The dotted curve shows the Daya Bay 90% CLs result [34].
The shaded area is the allowed region from the reactor antineutrino
anomaly fit, and the star is its optimum point [12].

Reactor	  AnKneutrino	  Anomaly	  

1610.05134	  hep/ex	  

•  Recent reactor data (NEOS, 
DANSS) can be inserted in 3+1 
frameworks supporting one sterile 
neutrino, but they are not 
conclusive. 

•  νe appearance results of 
accelerator-based experiments 
are in tension with mentioned νµ 
disappearance data.  
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From	  Gran	  Sasso	  to	  Fermilab	  	  
(passing	  through	  CERN…)	  

Together with two similar detectors, ICARUS T600 will take part in the Short-
Baseline Neutrino project at the Booster Neutrino Beam at Fermilab, that has the 
goal to provide a definitive answer to the sterile neutrino puzzle by measuring both 
νe appearance and νµ disappearance. 

End 2014 

Fermilab: summer 2017!!! 

Upgrade at CERN (2015-2017) 
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13/03/2017	  

L/Eν ~ 600 m / 700 MeV ~ O(1 m/MeV) 

TARGET 
110 m 

600 m 470 m 

FAR DETECTOR: 
T600 – 476 ton NEAR 

DETECTOR: 
SBND – 82 ton 

MicroBooNE 
89 ton 

BNB 
spectrum  

T600 also off-axis on NUMI 
beam: 
Asset for DUNE  

3D 
MODEL 12	  



June	  -‐	  July	  2017	  	  
from	  CERN	  to	  Fermilab	  
Buon	  viaggio!	  

#IcarusTrip	  
IcarusTrip.fnal.gov	  
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•  90 PMT’s per TPC layout: 5% cathode coverage area, allowing to collect 15 
phe/MeV deposited energy.  

A clear cosmic µ‘s  identification will be provided by neural networks 
(~2% expected residual misidentification). 

Screening 
Cage	  HV	  

Signal	  
Cable	  

PMT	  Base	  

Optical Fiber	  

Optical	  
Fiber	  
Exit	  P	  

M	  
T	  

•  Hamamatsu R5912-MOD (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 µg/cm2 of Tetra-Phenyl-
Butadiene (TPB) wavelength shifter to detect the λ = 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	  

ve
rt

ic
al
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ire

ct
io

n 

PMT	  

New	  PMTs	  –	  Pavia	  responsibility	  	  
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Progress	  of	  installaKon	  

•  Warm vessel bottom and 
side installed in 2017  

•  Cold shield bottom and side 
assembled in May 2018 

•  Detector installation August 
2018 

•  Top shield and vessel 
installation early fall 2018 

•  Electronic installation in fall 
2018 

•  Cryogenic installation fall – 
winter 2018 
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Cosa facciamo a  
Pavia per ICARUS? 

-  Completamento dell’analisi dei dati presi al Gran Sasso. 

-  Sviluppo del software per la simulazione e l’analisi dei dati al Fermilab. 

-  Realizzazione e installazione del sistema di rivelazione della luce di 
scintillazione mediante PMTs. 

-  Realizzazione e gestione del sistema di acquisizione dei segnali dei 
PMTs e del trigger. 

-  R&D di nuovi tipi di foto-rivelatori per applicazioni in criogenia. 

ICARUS	  –	  PAVIA:	  F.	  Boffelli,	  T.	  Cervi,	  A.	  Falcone,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
A.	  Menegolli,	  C.	  Montanari,	  P.	  Picchi,	  A.	  Rappoldi,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
G.	  Raselli,	  M.	  Rossella,	  A.	  Scaramelli	  

-‐  C.	  Montanari:	  	  ICARUS	  Technical	  coordinator.	  
-‐  G.L.	  Raselli:	  	  lead	  ICARUS	  PMT	  and	  trigger	  working	  group.	  
-‐  A.	  Menegolli:	  	  co-‐lead	  ICARUS	  Editorial	  Board.	  
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DiparKmento	  di	  Fisica	  
Università	  di	  Pavia	  



Present	  ICARUS	  CollaboraKon	  
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Brookhaven	  Na,onal	  Laboratory	  (BNL),	  USA	  
Colorado	  State	  University,	  USA	  

Fermi	  Na,onal	  Laboratory	  	  (FNAL),	  USA	  
University	  of	  Houston	  ,	  USA	  

INFN	  Sez.	  di	  Catania	  and	  University,	  Catania,	  Italy	  
INFN	  GSSI,	  L’Aquila,	  Italy	  

INFN	  LNGS,	  Assergi	  (AQ),	  Italy	  
INFN	  Sez.	  di	  Milano	  Bicocca,	  Milano,	  Italy	  

INFN	  Sez.	  di	  Napoli,	  Napoli,	  Italy	  
INFN	  Sez.	  di	  Padova	  and	  University,	  Padova,	  Italy	  
INFN	  Sez.	  di	  Pavia	  and	  University,	  Pavia,	  Italy	  
Los	  Alamos	  Na,onal	  Laboratory	  (LANL),	  USA	  

University	  of	  PiMsburgh	  ,	  USA	  
University	  of	  Rochester	  ,	  USA	  

SLAC,	  Stanford,	  CA,	  USA	  
University	  of	  Texas	  (Arlington),	  USA	  

+CERN and others INFN groups involved in the 
SBN program 

Spokesman:	  	  C.	  Rubbia	  ,	  GSSI	  

http://icarus.lngs.infn.it/ (sito web di ICARUS con descrizione e referenze alle pubblicazioni). 

http://icarus.fnal.gov/ (sito web del progetto ICARUS al Fermilab). 

http://www.nu.to.infn.it/ (sito sempre aggiornato sulla fisica del neutrino). 



Thank you !	  


