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The need of visual detectors of high target density

• The success of the bubble chamber as a main tool in high energy fixed target physics is due 
to two main characteristics:
 It provides a massive target, of substantial density
 It provides complete imaging and reconstruction of the events in it

• This technology has permitted in the past very substantial advances based on :
 Single events with complete reconstruction (e.g. discovery of Ω-)
 Surprise events, i.e. topologies not a priori expected (e.g. Gargamelle neutral currents)

• Technology is costly and complicated 
 It requires high pressures and mechanical expansion
 Its sensitivity is limited to about a few milliseconds
 Optics limits viewing of large volumes

• These limitations make the bubble chamber technology inapplicable to modern needs (e.g.  
neutrino physics) 
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Early attempts to produce an “electronic image”

o The possibility to extract an “electronic image” of a noble liquid (Xenon) has been 
explored by Luis Alvarez in Berkley in  the seventies, drifting the electrons to a collecting 
structure 

 This provide an “image” only in one view 

 Drift can be fairly long, due to small capture probability in a sufficiently pure liquid.

o His technique failed because of the tiny signal, which he tried to multiply at the 
collection point in a liquid with a very high local electric field.

o Further developments have been based on methods with no multiplication, using very 
low noise, charge sensitive amplifiers.

Take for instance a minimum ionizing track in Liquid Argon (LAr):  about 8800 ionization 
pairs (electron + ion) for each millimeter are  produced. Local recombination reduces 
typically this number to about 5500/mm



The LAr Time Projection 
Chamber was born with 
this CERN internal note by 
C. Rubbia
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http://goo.gl/P0uBdO
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Why Liquid Argon?

• Perfect dielectric medium

• High electron mobility (~ 500 cm2V-1s-1)

• Possibility of high purification (<0.1 ppb O2 equivalent)
Long electron lifetimes (›msec) and drift paths (›m)

• High electron-ion pairs yield (~ 10000 e- for 2 mm of m.i.p track)

• Reasonably cheap and available in large quantities (GAr ~ 0.9% of air) 

Other Lar characteristics:
Density =                   1.4 g/cm3

Radiation length =      14.0 cm 
Collision length =        54.8 cm 
dE/dx =                     2.1 MeV/cm
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Principle of signal recording

• The collected charge is sensed by a ultra low noise, FET charge 
sensitive pre amplifier

• The signal waveform from individual wires, after being further 
amplified, filtered and digitized, is continuously stored on a circular 
memory buffer.
The chamber is continuously sensitive.
The event is contained in a time window, equal to the maximum 
drift time
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Principle of signal recording II

400 ns sampling

Time -- drift

Real event fromA 15Ton 
LAr detector

Raw Data



Ionization electron attachment
• The main limitation for a full collection of the free electron charge in LAr is due to the 

residual concentration of electro-negative molecules

• The free electron concentration decreases as:

• Where the electron lifetime te is:

• Where the reaction rate ke = 1.9 ppm−1 μs−1

• To reach drift lengths of 1 m, that corresponds to drift time of 1 msec => [O2] < 1 ppb
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Scintillation light in Liquid Argon (I)

• The interactions of ionizing particles in LAr cause the  formation of both 
electron-hole (ion) pairs e--Ar+ and excited atoms Ar+ (Ar*/Ar+ ~ 0.21).

• Both states lead to the formation (with times of the order of tens of 
picoseconds) of the excited dimer Ar2

* (1u singlet state and 3u triplet 
state) 

• The de-excitation of the excited dimer: Ar2
* 2Ar + produces a Vacuum 

Ultra Violet (VUV) photon with 128 nm      (~ 3 nm) .

• The absolute photon yield  depends on the type of ionizing radiation and 
on its Liner Energy Transfer (LET). For minimum ionizing particles (mip) the 
photon yield has been measured to be ~ 4x104 /MeV. 
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• Time dependence of the scintillation light emission of pure LAr:
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∫l(t)dt = AS+At=1

AS /AT depends on ionizing radiation => Used to discriminate different particles 

Scintillation light in Liquid Argon (II)

• LAr scintillation photons are in the Vacuum Ultra Violet and need to be shifted to 
be detected by common photo-sensitive devices

• Scintillation light is shifted by TetraPhenyl Butadiene (TPB) that absorbs VUV 
scintillation light and re-emits it around 430 nm

• It can be used for triggering and T0 determination purposes

• It can significantly improve the performance of the TPC in terms of energy 
resolution and particle discrimination
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A neutrino event
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Continued Progress…
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DUNE experiment: science program

Fundamental open questions in particle and astroparticle
physics: 
• Neutrino oscillation physics

 CP violation in the leptonic sector
 Mass hierarchy
 Precision oscillation physics to test the 3-flavour paradigm

• Nucleon decay 
 Predicted in beyond the Standard Model theories [but not 

yet seen]
 e.g. the SUSY favored mode: 

• Supernova burst physics and astrophysics 
 Galactic core collapse Supernova, unique sensitivity to ne

p®K+n
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• Sterile neutrinos are a hypothetical type of neutrino that does not 
interact via any of the fundamental interactions of the Standard 
Model except gravity.

• Since per se they may not interact directly, they are extremely 
difficult to detect. If they are heavy enough, they may also contribute 
to dark matter.

• Sterile neutrinos may mix with ordinary neutrinos via a mass term. 
Evidence may be building up by “anomalies” observed by several 
neutrino experiments:

 sterile neutrino(s) with ∆m2 ≈ 10-2 — 1 eV2 from νe observation 
in νμ accelerator experiments (LNSD anomaly).

Neutrino disappearance may have been observed in nuclear 
reactors and very intense (megacurie) electron conversion 
neutrino sources with maybe comparable mass differences

“Sterile” neutrinos ?
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Short Baseline Neutrino Program @ FNAL

• The future short-baseline experimental configuration is proposed to include three Liquid 
Argon Time Projection Chamber detectors (LAr-TPCs) located on-axis in the Booster 
Neutrino Beam (BNB)

• The near detector (SBND – formerly LAr1-ND) will be located in a new building directly 
downstream of the existing SciBooNE enclosure 110 m from the BNB target,

• The MicroBooNE detector, which is actually already in operation, is located in the Liquid 
Argon Test Facility (LArTF) at 470 m

• The far detector (the improved ICARUS- T600) will be located in a new building 600 m from 
the BNB target and between MiniBooNE and the NOvA near detector surface building

• The detector locations were chosen to optimize sensitivity to neutrino oscillations and 
minimize the impact of flux systematic uncertainties

SBN Physics Program I-7

Detector Distance from BNB Target LAr Total Mass LAr Act ive Mass

LAr1-ND 110 m 220 t 112 t

MicroBooNE 470 m 170 t 89 t

ICARUS-T600 600 m 760 t 476 t

TA BL E I : Summary of the SBN detector locations and masses.

A . T he B oost er N eut r ino B eam

The Booster Neutrino Beam is created by extract ing protons from the Booster accelerator
at 8 GeV kinet ic energy (8.89 GeV/ c momentum) and impact ing them on a 1.7λ beryllium
(Be) target to produce a secondary beam of hadrons, mainly pions. Charged secondaries are
focused by a single toroidal aluminum alloy focusing horn that surrounds the target . The
horn is supplied with 174 kA in 143 µs pulses coincident with proton delivery. The horn can
be pulsed with either polarity, thus focusing either posit ives or negat ives and de-focusing the
other. Focused mesons are allowed to propagate down a 50 m long, 0.91 m radius air-filled
tunnel where the majority will decay to produce muon and electron neutrinos. The remainder
are absorbed into a concrete and steel absorber at the end of the 50 m decay region. Suspended
above the decay region at 25 m are concrete and steel plates which can be deployed to reduce
the available decay length, thus systematically altering the neutrino fluxes. A schematic of the
BNB target stat ion and decay region is shown in Figure 2. See Refs. [11, 12] for technical
design reports on the 8 GeV extract ion line and the Booster Neutrino Beam.

FI G. 2: Schematic drawings of the Booster Neutrino Beamline including the 8 GeV extraction line,

target hall and decay region.

The t iming structure of the delivered proton beam is an important aspect for the physics
program. TheBooster spill length is1.6 µs with nominally ∼ 5× 1012 protonsper spill delivered
to the beryllium target . The main Booster RF is operated at 52.8 MHz, with some 81 buckets
filled out of 84. The beam is extracted into the BNB using a fast-rising kicker that extracts all
of the part icles in a single turn. The result ing structure is a series of 81 bunches of protons each
∼2 ns wide and 19 ns apart . While the operat ing rate of the Booster is 15 Hz, the maximum
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48 

" Detector parameters: 

" 2.5 m x 2.3 m x 10.2 m TPC 

" 2.5 m drift length 

" 170 (60) tons total (fiducial) mass 

" 3 wire planes, 0,±60° from vertical, 

3 mm wire separation 

" 8256 wires 

" 32 PMT’s for t0, drift coordinate, and  

triggering for empty beam spill rejection 

!  beam 

cryostat interior 
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TPC (inside field cage) 

 Cross section of detector: 

MicroBooNE 

E 
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" Investigate the nature of 

the MiniBooNE low  

energy excess  

" Is the excess due to e or )? 

e 

# ! e+e- 

50 

MiniBooNE unexplained “low energy excess” 

[PRL 102, 101802 (2009)] 

               3.0%  

MicroBooNE 

Primary physics goal 

Single e and single )  

are indistinguishable in 

a cherenkov detector… 

…but not in a LArTPC! 

Energy loss in first 24mm of track:  

250 MeV electron vs. 250 MeV photon 
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• The active TPC volume is 4.0 m (width) ×

4.0 m (height) × 5.0 m (length, beam 
direction), containing 112 tons of liquid 
argon

• LAr TPC exploiting as many design 
elements developed for DUNE

• High statistics measurement of intrinsic 
BNB content: sensitive oscillation searches
in combination with downstream 
detectors

• With MicroBooNE and ICARUS, provide full 
interpretation of the MiniBooNE excess. 

• Side results: reconstruction development 
and GeV ν,Ar cross sections
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LArIAT
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LAr program @ UNICAMP
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TPB is still a bit unknown object
• The TetraPhenyl Butadiene (TPB) is the most common wavelength 

shifter used in combination with LAr

• The conversion efficiency and the spectral properties have been 
recently measured very precisely

• But there is not an exact knowledge of its response function in time 

• It is usually assumed as good the one measured with near UV 
radiation (~ 350 nm), that is a fast decaying exponential. It is 
compatible with the photo-excitation of highly excited singlet states 
of the TPB molecule (Sn). They decay very fast (< 1 ns) non-
radiatively to the lowest lying singlet state (S1) whose de-excitation 
to the ground state produces the shifted light - around 430 ns

• Does it hold at any wavelength?
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TPB ionization

• Probably, a less known information is that the ionization potential of TPB is quite low. It 
should be between 5 and 6 eV

• This is higher than the energy of LAr scintillation photons – 9.7 eV

• TPB molecules are ionized and electrons have enough energy to excite some of the 
surrounding molecules 

• Both singlet and triplet states are formed (also in the electron-ion recombination)

• Singlet states decay very fast to the ground state emitting a prompt shifted photon

• Triplet states are responsible of a delayed scintillation through the triplet-triplet 
interaction: T1+T1 ->  S1+S0 and a photon is emitted with the same wavelength of the 
prompt component

• We should expect a delayed scintillation in TPB excited by VUV photons – as already 
observed for sodium-salycilate and  p-terphenyl
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TPB response function to 127 nm 
photons
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Wavelength-shifter program

• Precision measurements of TPB time characteristics. Same measurements for 
other shifters 

• Measurements  performed in Campinas (Brazil) at the Brazilian Synchrotron 
Light Laboratory (LNLS)

• The  Brazilian Synchrotron Light Laboratory (LNLS) in operation since 1997  is a 
second generation electron storage ring with a synchrotron source of 1.37 GeV. 
Actually there are 15 beam-lines in operation. 

• The Toroidal Grating Monochromator (TGM) beamline provides 
monochromatic photons with energy tunable between 3eV up to  330eV. 127 
nm photons (9.7 eV) are easily available with a resolution of  ~0.1 eV. 

• The synchrotron can produce also pulsed light with sub-nanosecond width. 
Ideal to study the time response of shifters
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Current status
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• Photo-emission and photo-luminescence spectra of many different commonly used 
wavelength  shifters ( TPB, p-therphenyl - pTP, p-bis-(o-methylstyryl)-benzene - bis-
MSB,  2,5-diphenyloxazole – PPO) measured with multi-bunch beam (continuous 
flux of light)
 Data analysis ongoing

• Time response of the same sample of shifters measured with the single bunch beam 
(pulsed beam – pulse duration ~ hundreds of picoseconds)
 Data analysis ongoing
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ARAPUCA

• We want to develop a new concept of photo-
sensitive device for LAr time projection chambers

• The idea is to combine an high efficiency light 
collector with silicon devices (SiPM) to obtain 
good detection efficiency on large areas even
with a limited use of photo-sensitive devices

• The total efficiency of the device can be tuned, 
depending on the application, changing the 
active photo sensitive coverage   
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Idea

• ARAPUCA (Argon R&D Advanced Program @ UniCAmp) in the 
language of native Brazilian means trap to catch birds

• The idea at the basis of the 
ARAPUCA is to trap photons
inside a box with highly 
reflective internal surfaces, so 
that the detection efficiency 
of trapped photons is high 
even with a limited active 
coverage of its internal 
surface 
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The dichroic filter I
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• The core of the device is a dichroic filter. It is a multilayer acrylic film - same technology 
used to produce reflective plastic foils like 3M VIKUITI or VM2000.

• It has the property of being highly transparent for wavelength below a cutoff and highly 
reflective above it.   

Transmittance

cutoff
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The dichroic filter II
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cutoff
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Operating principle I
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• The ARAPUCA is a flattened box with highly 
reflective internal surfaces (teflon or 
anything covered by VIKUITI, ...) and with an 
open side. 

• The open side hosts the dichroic filter that 
represents the entrance window of the 
device

• The filter is deposited with TWO SHIFTERS –
one on each side

• The shifter on the external side, S1, 
converts LAr scintillation light to a 
wavelength L1, with L1 < cutoff

• The shifter on the internal side, S2, converts 
S1 shifted photons to a wavelength L2, with 
L2 > cutoff

• The internal surface of the ARAPUCA is 
observed by one or more SiPM
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The first Prototype

• We realized a small prototype of 
ARAPUCA with a window of 3.5 cm x 
2.3 cm

• The box is made of teflon and has an 
internal height of  1 cm

• The dichroic filter has a cutoff of 400 
nm 

• We used as shifters P-Terphenyl (~ 
350 nm) for the external side and TPB
( ~ 430 nm) for the internal one.

• A 3x3 mm2 SiPM for detecting trapped 
light.

• We expect a total detection efficiency 
for 127 nm photons around 2%
(evaluated with analytical calculation)
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Test Chamber @ CTI - Campinas 

chamber

Turbo pump

Mass spectrometer

Feed through

GAr line

Thanks to Vinicius do Lago Pimentel
65



Test in LAr @ FERMILAB (I)
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• Arapuca with 5x5 cm2 acceptance window;

• Box with dimensions 5x5x0.6 cm3

• Read-out by 2 SiPM 0.6cm X 0.6cm active area each 
SensL MicroFC-60035-SMT (courtesy of Cormac Campbell - SensL Technologies 
Ltd.)

• Dichroic filter (Quantum Design- cutoff @ 400 nm – substrate fused silica)



• The device has been installed inside a 
liquid argon cryostat and exposed to 
an alpha source.

• Alpha source is 241Am that produces 
5.4 MeV monochromatic particles

• Two different runs have been 
performed and two different read-out 
electronics have been tested
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Test in LAr @ FERMILAB (II)

a source
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Test in LAr @ FERMILAB (III)
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• Encouraging results: we measured an efficiency of ~1% (Seq ~ 0.25 cm2) in this first test
• It can be significantly improved considering that:

 Low quality of the evaporations 
 Thicknesses of the films non-optimized 
 Internal reflectivity probably not at its maximum (cleanliness, quality of the 

material, thickness of the box walls)

Single electron spectrum 
Source spectrum



ARAPUCA current status
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• ARAPUCA approved for being installed inside protoDUNE

• ARAPUCA approved for being installed inside SBND and LArIAT

• Small prototype (3.5 cm x 2.3 cm) tested in LAr at the LNLS (first LAr measurement 
performed in South America) 

• An array of 7 ARAPUCAs is being tested at Fermilab in order to optimize the design of the 
devices which will be installed in protoDUNE.

• The ARAPUCA and wavelength shifter programs is funded by FAPESP under the project 
number: 2016/01106-5 



Conclusions

• LAr technology resulted to be extremely powerful and has become the paradigm detector 
for next generation neutrino experiment

• A strong short baseline program is being developed in the US 

• A mega-science program is being prepared, actually involving 800 researchers

• Brazilian experimental physicists should profit of the chance of joining this experimental 
effort from the beginning, to have a significant role in future developments

• Experimental activity related to LAr at UNICAMP has started

• Precision measurements of TPB time emission features

• ARAPUCA development as a new concept for scintillation light detection in big LAr TPC 
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WIMP Detection in LAr

• Three simultaneous criteria to discriminate 
potential WIMP recoils from backgrounds:

1 Simultaneous detection of prompt scintillation 
and drift time-delayed ionisation in Liquid Argon:

pulse height ratio strongly dependent from 
columnar recombination of ionizing tracks.

3D reconstruction of event position.

2 Pulse shape discrimination of primary 
scintillation: 

wide separation in rise times between fast (≈ 
10 ns) and slow (≈ 1.6 µs) components of the 
emitted UV light.

3 Precise 3D reconstruction of event position:

Precise definition of fiducial volume; 
additional rejection of multiple neutron recoils 
and gamma background
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Double Phase Argon Chamber
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Milestones: 
LAr imaging



Non destructive charge read-out: imaging

• A non destructive read-out can be done by replacing the anodic plane with a 
sequence of wire planes, that are highly transparent to the ionization charge of 
the event

• To reach the total transparency the electric field in front of the plane and 
behind it, need to satisfy:

Where r = 2pr/p with r -> radius of the wire and p -> distance between wires 
(pitch)

• This condition has to be balanced with the condition that each wire plane 
needs to act as an electric shield for the wire planes behind it:

 is the screening power and d the distance between planes
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Non destructive charge read-out: imaging
• Typical values for a TPC are: pitch = 3 mm, wire radius 0.15 mm, distance between planes = 

3 mmm, ratio between electric fields E2/E1 = 2

• Drifting electrons can cross a succession of wire planes, when the above conditions are 
matched

• The electrons induce a signal on the wire towards which they are drifting. When drifting 
away they induce a current of opposite sign.

• Integrating the signal give an almost triangular signal in shape, with a limited duration 
given the shielding effect of the other planes.

• Each wire plane gives a 2D representation of the event: one coordinate is the wire position, 
the other coordinate is the drift (drift time proportional to distance travelled, assuming to 
know t0 of the event – the start time)

• The combination of 2 or more 2D view of the same event, with a common coordinate – the 
drift- allows for complete 3D reconstruction

• The spatial resolution is given by the wire pitch and by the resolution in the measurement 
of the drift time => typical ‘bubble size’ 1.5 x 1.5 x 0.1 mm3Ettore Segreto - 4th INFIERI school - São 

Paulo
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Detector’s performances

• Self triggering
• Continuously sensitive
• High granularity: wire pich 3 mm:

Space resolution: xy≈1mm; along the drift coordinate: z≈150m 
Highly accurate measurement of range, angles, multiplicity …

• Measurement of local energy deposition
Electron/gamma separation (3mm)
Particle id by means dE/dx vs range measurement 

• Total energy reconstruction of the event from charge integration. 
Excellent calorimeter with high accuracy for contained events

RESOLUTIONS:
Low energy electrons: (E)/E = 7 % / (E[MeV])1/2

Electromagnetic showers: (E)/E = 3% / (E[GeV])1/2

Hadronic showers: (E)/E = 16% / (E[GeV])1/2 + 1%



Signals in a non-multiplying medium

The “work” performed by the power supply which 
puts electrons and ions in movement is given by:

dW=eE(v++v-)dt=Vi0dt

from wich the current and charge are:

i0=e (v++v-)/d
since v- » v+ , electron current is dominant.

Q- = e (d-x)/d

• Signals are very small: for 10000 electrons  i0=0.24/d[cm] nA (v-= 1.5*103 m/sec  @ E ≈ 
500 V/cm)

• LAr must be ultra pure – better than 1 ppb of electronegative impurities   Ettore Segreto - 4th INFIERI school - São 
Paulo
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Non destructive charge read-out: imaging

• A non destructive read-out can be done by replacing the anodic plane with a 
sequence of wire planes, that are highly transparent to the ionization charge of 
the event

• For a typical TPC: distance between wires = 3 mm, wire radius 0.15 mm, 
distance between planes = 3 mmm – the total transparency is obtained  for  
E2/E1 > 2

• Drifting electrons can cross a succession of wire planes

• Each wire plane gives a 2D representation of the event: one coordinate is the 
wire position, the other coordinate is the drift (drift time proportional to 
distance travelled, assuming to know t0 of the event – the start time)

• The combination of 2 or more 2D view of the same event, with a common 
coordinate – the drift- allows for complete 3D reconstruction

Ettore Segreto - 4th INFIERI school - São 
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T=0 time mark

For fully contained events, the longitudinal position measurement requires the 
time of arrival of the event. This is called t=0. It can be determined by collecting 
the scintillation light naturally occurring in LAr

Field strength (kV/cm)
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Phys. Rev. D81, 092005 (2010) 

E.g. ! m CCQE scattering on 12C  

  measure neutrino cross sections around 1 GeV 

MicroBooNE 

Additional physics goal 

Incident ! ²

Outgoing  

   lepton²
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The relevance of drift length 
The complexity of the detector is strictly linked to the number of wire planes. For 
this reason the distance over which electrons are made to drift should be as long 
as possible. Several limitations come into play:

• The value of high voltage.  For a drift field of 500 V/cm, in order to drift 
over 3 meters, it requires 150 kVolt. The drift time over this distance is 1.85 
msec.

•The diffusion of electrons, which slightly blur the image, transforming a 
delta function into an approximately gaussian distribution:
(t) = (2Dt)1/2 D=4.8±0.2 cm2sec-1

•The electron attachment probability. In order to drift over macroscopic 
distances (meters) LAr must be extremely pure, because free electrons can 
attach electronegative impurities like O2.



3rd event
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4th event
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ICARUS T600 @ LNGS

• ICARUS T600 has been continuously operating at Gran Sasso National Laboratory 
from 2010 to 2013

• Major milestone towards multi-kton high performance LAr detectors

• Many relevant technical achievements, mainly in the field of LAr purity. An electron 
lifetime of 15 msec has been reached at the end of the Run with a new concept of 
LAr recirculation

• It has been exposed to the CNGS beam (CERN Neutrino to Gran Sass and a total 
sample of 2650 n interactions, corresponding  to 7.93 1019 over 8.6 1019 pot 
collected 

• Performed studies on the neutrino velocity after the OPERA claim

• Searches for sterile neutrinos
Ettore Segreto - 4th INFIERI school - São 

Paulo
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ICARUS T600 @ LNGS – e- lifetime

Exceptionally high electron lifetime
Ettore Segreto - 4th INFIERI school - São 

Paulo
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• Four CC events in the data

• Compatible with the 
expected background of 6.4 
± 0.9 events due to: 
intrinsic beam 
contamination, νμ → νe

oscillations from sin2(θ13), 
ντ with τ → e events from 
the three neutrino mixing 
standard model 
predictions,

Events in the data

Ettore Segreto - 4th INFIERI school - São 
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ICARUS result
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The ICARUS T600 detector!
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The ICARUS T600 Detector
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ICARUS T600 @ LNGS

LN2 vessels

readout electronics

T300 T300

cryogenics
(behind)

cathode

readout wire arrays

E E

1.5m
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DUNE EXPERIMENT

Key DUNE features:

High-intensity wide-band neutrino beam originating at FNAL

– 1.2 MW proton beam upgradable to 2.4 MW

A ~40 kt

– Located 1300 km baseline at SURF’s 4850 ft level (2,300 mwe)

– Staged construction of four ~10 kt detector modules. First module installation 

starting in 2021.

1300 km 

09/18/15 Jim Stewart | DUNE experiment11
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LBNF/DUNE Neutrino Beam

60 – 120 GeV Proton beam energy

Initial power 1.2 MW upgradable to 2.4 MW

– PIP II complete before start of data taking

1021 protons on target per year

Large GeV 

09/18/15 Jim Stewart | DUNE experiment13
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Far Detector – Cryostat / Cryogenic Systems Layout

09/18/15 Jim Stewart | DUNE experiment22 Ettore Segreto - 4th INFIERI school - São 
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LArTPC Development Path
Fermilab SBN and CERN neutrino platform provide a 
strong LArTPC development and prototyping program  

DUNE Alternative Design

WA105: 1x1x3 m3

2016 2018

WA105

Dual-Phase

35-t prototype

ICARUS

MicroBooNE

DUNE Reference Design

2015

SBND

LBL

SBL

Single-Phase

2018

09/18/15 Jim Stewart | DUNE experiment30
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n>ne appearance sensitivity 
SBN Physics Program I-44

FI G. 22: Sensitivi ty of the SBN Program to νµ → νe osci l lation signals. All backgrounds and sys-

tematic uncertainties described in this proposal (except detector systematics, see text) are included.

The sensitivi ty shown corresponds to the event distr ibutions on the right in Figure 21, which in-

cludes the topological cuts on cosmic backgrounds and an additional 95% rejection factor coming

from an external cosmic tagging system and internal light collection system to reject cosmic rays ar-

r iving at the detector in time with the beam.

In Figure 23, we present the sensit ivity in a different way that facilitates easier comparison
between different results. Rather than displaying fixed confidence level contours (90%, 3σ, 5σ)
in the (∆ m2, sin2 2θ) plane, we plot the significance with which the experiment covers the 99%
C.L. allowed region of the LSND experiment as a funct ion of ∆ m2. The curves are extracted
by asking what χ2 value the analysis produces at each point along the left edge of the 99%
C.L. LSND region. The gray bands correspond to ∆ m2 ranges where LSND reports no allowed
regions at 99% C.L.

Two versions of this plot are shown in Figure 23. The top presents the significance at which
the LSND region would be covered for the different possible combinat ions of SBN detectors:
LAr1-ND + MicroBooNE only (blue), LAr1-ND + ICARUSonly (black), and all threedetectors
in combinat ion (red). This presentat ion makes clear the contribut ions of the MicroBooNE and
ICARUS-T600 detectors as far detectors in the oscillat ion search. The presence of the large
mass added by the ICARUS-T600 detector is imperat ive to achieving 5σ coverage. In addit ion,

Ettore Segreto - 4th INFIERI school - São 
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Preliminary results
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Single electron calibration

decay time ~ 500 nsec

Estimated efficiency ~ 4-5 % !!!
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