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Plan of Talk 

  The Oscillation program and its motivation. 
  How do we address it. 
  The R&D program 
  Detector descriptions. 
  Sensitivities to Sterile Neutrinos. 
  Measurements of ν-Argon cross-sections 
  Status and Conclusions 
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Many	  techniques	  I	  will	  describe	  are	  currently	  being	  developed	  and	  used	  by	  ArgoNeut.	  
	  	  	  	  	  My	  thanks	  to	  ArgoNeut	  for	  allowing	  me	  to	  use	  some	  of	  their	  data	  as	  examples.	  

Leslie	  Camilleri,	  CETUP	  



Why look for Sterile Neutrinos? 
  The LSND, MiniBooNE accelerator anomalies  
  Excess νe signal in νµ beam. νµ  νe  ?  
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 All ~ 3 σ effects 

  The radioactive source anomaly: 
         Rate smaller by ~ 14%         

Δm2
new

 = 2eV2 

sin2 (2θnew)=0.12	


R=0.86±0.05 

      R= 
Measured/ 
predicted 

  The reactor anomaly:Flux ~7% smaller than expectation 

Could be explained by additional neutrino with a mass of ~ 1 eV/c2: Sterile (no Z0 coupling) 
Leslie	  Camilleri,	  CETUP	  
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Motivation or, the Genealogy of the BNB program 
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LSND 

MiniBooNE 

     Liquid Argon: 
      MicroBooNE 
ICARUS +LAr1-ND 

InteresLng	  effect!	  
LSND observed a (~3.8σ) excess  
of νe events in a pure νµ beam 
      If due to oscillations: 
     L/E  High Δm2 ~ 1 eV2 

   Can only be accomodated by 
      a NEW and STERILE neutrino 

MiniBooNE	  Booster	  Neutrino	  Beam	  	  
at	  Fermilab	  

Excess mostly at 
Low energy in 
  ν and ν. 

LSND	  

7

the scanning method. The contribution from a 2.5% un-
certainty on the dE/dx scale would modify this back-
ground estimate by less than 10%.

Table 1 Fraction of Monte Carlo events surviving the auto-
matic selection cuts, defined as follows. C1: Edep < 30 GeV;
C2: no identified muon, at least one shower; C3: one shower
with initial point (conversion point in case of a photon) at a
distance smaller than 1 cm from the neutrino interaction ver-
tex, separated from other tracks; C4: single ionisation in the
first 8 samples. All event categories are reduced to 0.93 after
the cut on fiducial volume. The signal selection e�ciency (af-
ter the fiducial and energy cuts) results to be 0.6/0.81=0.74,
in agreement with the visual scanning method.

Sel. ⌫e CC ⌫e CC ⌫⌧ CC NC ⌫µ CC ⌫e CC
cut beam ✓13 signal

C1 0.47 0.92 0.93 0.89 0.89 0.81
C2 0.47 0.92 0.17 0.66 0.19 0.81
C3 0.33 0.79 0.14 0.10 0.03 0.66
C4 0.30 0.71 0.13 0.0002 0.00005 0.60

The expected number of ⌫e events due to conven-
tional sources in the energy range and fiducial volumes
defined in (a) and (b) are as follows:

– 3.0± 0.4 events due to the estimated ⌫e beam con-
tamination;

– 1.3± 0.3 ⌫e events due to the presence of ✓13 oscil-
lations from sin2(✓13) = 0.0242± 0.0026 [26];

– 0.7 ± 0.05 ⌫⌧ with ⌧ ! e from the three neutrino
mixing standard model predictions [27],

giving a total of 5.0±0.6 expected events, where the un-
certainty on the NC and CC contaminations has been
included. The expected visible background is then 3.7±
0.6 (syst. error only) events after the selection e�ciency
⌘ = 0.74 ± 0.05 reduction has been applied. Given the
smallness of the number of electron like signal expected
in absence of LSND anomaly, the estimated systematic
uncertainty on the predicted number is clearly negligi-
ble w.r.t. its statistical fluctuation.

In the recorded experimental sample, two events in
which a ⌫e signature have been identified, to be com-
pared with the above expectation of 3.7 events for con-
ventional sources. The event in Figure 4A has a total
energy of 11.5 ± 2.0 GeV and an electron of 10 ± 1.8
GeV taking into account a partially missing component
of the e.m. shower. The event in Figure 4B has 17 GeV
of visible energy and an electron of 7.5 ± 0.3 GeV. In
both events the single electron shower in the transverse
plane is opposite to the remaining of the event, with
the electron transverse momentum of 1.8 ± 0.4 GeV/c
and 1.3± 0.18 GeV/c respectively.

Figure 4C displays the actual dE/dx along individ-
ual wires of the electron shower shown in Figure 4A, in
the region (� 4.5 cm from primary vertex), where the
track is well separated from other tracks and heavily
ionising nuclear prongs. As a reference, the expected
dE/dx distribution for single and double minimum ion-
ising tracks (see Figure 1A), are also displayed. The
dE/dx evolution from single ionising electron to shower
is also shown.

4 Results and discussion
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Fig. 5 Two-dimensional plot of �m2 vs sin2 (2✓new) for
the main published experiments sensitive to the ⌫µ !
⌫e anomaly [2,3,29,30,31,32] and the present ICARUS re-
sult. The ICARUS limits to the oscillation probability are⌦
P⌫µ!⌫e

↵
 5.4 ⇥ 10�3 and

⌦
P⌫µ!⌫e

↵
 1.1 ⇥ 10�2 , cor-

responding to sin2 (2✓new)  1.1⇥ 10�2 and sin2 (2✓new) 
2.2 ⇥ 10�2 respectively at 90% and 99% CL. Limits corre-
spond to 3.41 and to 7.13 events.

Within the range of our observations, our result is
compatible with the absence of a LSND anomaly. Fol-
lowing Ref. [28], at statistical confidence levels of 90%
and 99% and taking into account the detection e�-
ciency ⌘, the limits due to the LSND anomaly are re-
spectively 3.4 and 7.1 events. According to the above
described experimental sample and the number of recorded
events, the corresponding limits on the oscillation prob-
ability are

⌦
P⌫µ!⌫e

↵
= 5.4⇥10�3 and

⌦
P⌫µ!⌫e

↵
= 1.1⇥

10�2 respectively. The exclusion area of the ICARUS
experiment is shown in Figure 5 in terms of the two-
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Bands at the Beach Club 
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Argon	  and	  the	  Noble	  Gases	  
Saturday,	  July	  19th	  approx.	  5:30pm	  



Why is Liquid Argon different from MiniBooNE? 
  MiniBooNE searched for  νµ     νe oscillations 
  Looked for excesses of νe in a νµ beam and of νe in a νµ beam. 
  νe  identified by their Charged Current Interactions  e shower in final state 
                                                                                        Fuzzy Cerenkov Ring  
  But MiniBooNE could not distinguish between a photon and an electron 

shower. 
  Is the excess due to  

  Electrons ( oscillations to sterile)? 
  Or Photons ? 

  Liquid Argon is good at  
  Distinguishing between electrons and photons. 
  Reducing photon background 
  Neutrino energy reconstruction. 

                        Nature of MiniBooNE excess  Main MicroBooNE  task 
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What should we be looking for? 
  To reproduce the same conditions as in MiniBooNE 
         Locate MicroBooNE in same beam and at ~ same distance as MiniBooNE.    

         MicroBooNE(170 tons) at 470m (just upstream of MiniBooNE) 

July	  24,	  2014	   7	  

  If the LSND and/or MiniBooNE νµ   νe signals are due to a sterile ν	


  Then:                  νµ                  νs                νe 
  Implies   νe  appearance       AND      νµ disappearance 
  Must look for BOTH. 

  Determine the INTRINSIC νe flux in the ν beam for the νe appearance search 
  Constrain the νµ flux for νµ disappearance search  
  Constrain the νe from µ decay using the νµ flux. 
  Is the MiniBooNE excess intrinsic to the beam or distance dependent? 

What is needed? 

NEAR Detector:        LAr1-ND(150tons) at 110m   
Leslie	  Camilleri,	  CETUP	  



What should we be looking for? 

  To maximize a potential oscillation effect, increase the detector mass and its 
baseline : 

              ICARUS (760 tons) at 600m (downstream of MiniBooNE) 
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  The full capabilities of a 3-detector configuration are currently being evaluated. 

  Presentation at the Fermilab PAC this week. 

  For most of the rest of this talk: Concentrate on MicroBooNE and LAr1-ND. 
  And present what could be achieved with: 
                a 3-year run of MicroBooNE (6.6 x 1020 POTs) 
                                              combined with 
  LAr1-ND taking data during the 3rd year (2.2 x 1020 POTs)   

Leslie	  Camilleri,	  CETUP	  



The	  Short	  Baseline	  Physics	  Program 

  Resolve the cause and origin of the MiniBooNE low energy excess. 
  Search for Oscillations at a high Δm2. 

  νµ- νe appearance. 
  νµ disappearance. 

  Measure Neutrino-Argon interactions with high statistics in a region 
relevant to LBNE 

  SuperNova sensitivity. 
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MicroBooNE Physics: More

• SuperNova 

- ν’s detected from SN1987A 

‣ Characteristic short burst

‣ Novel prize (2002)!

- We can detect νe capture on Ar 

- We cannot trigger on its own 

‣... small volume & too much cosmics!

- But we can analyze SuperNova data upon SNEWS 

‣ That’s why we have dedicated data stream!

SN1987A

Before

During

After
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	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Using	  	  
The	  Fermilab	  Booster	  Neutrino	  Beam	  

And,	  hopefully,	  another	  beam…..	  	  

Leslie	  Camilleri,	  CETUP	  



The	  R&D	  Program 
  MicroBooNE 

  Cold electronics: preamps in cryostat.  
         Shorter wire-preamp cables and lower temperatureDecrease noise. 
  Filling without evacuation. 
  Longer (2.5m) drift length. (ICARUS: 1.5m) 
  TPC field calibration using a Laser. 
  Reconstruction. 
  Continuous readout for SuperNova purposes 
  Background to proton decay studies. 

  LAr1-ND: Closely aligned to the Long Baseline technology 
  More electronics in the cold: including digitization. 
  Membrane Cryostat 
  TPC according to Long Baseline design. 
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Where	  are	  we	  located? 
The Fermilab Booster Neutrino Beam (BNB) (and NUMI beam in off-axis configuration). 
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There’s more! NuMI events 

18 Roxanne Guenette (University of Oxford) 22 May 2014 

LAr1-ND Proposal / 14

NuMI
Beam

Booster
Beam

MicroBooNE
     (470m)

LAr1-FD
 (700m)

LAr1-ND
 (100m)

Figure 3.1: Aerial view of the NuMI and Booster beams and the di↵erent detector locations.

The predicted fluxes at locations beyond MicroBooNE have almost identical shapes,

however some di↵erence is expected when compared to the 100 m location due to its proximity

to the neutrino source. Fig. 3.3 provides the ratios of the absolute fluxes as a function of

neutrino energy in order to highlight di↵erences in the shapes of the neutrino spectra. The

ratio �(MicroBooNE)/�(LAr1-ND) is on the left and shows clearly the e↵ect of LAr1-ND

being only 50 m from the end of the decay region. The e↵ect is more pronounced in the ⌫

µ

spectrum, but note that the ⌫

e

flux does fall o↵ slightly faster than 1/r2 between these two

locations (1002/4702 = 0.045). In contrast, the ratio �(LAr1-FD)/�(MicroBooNE) on the

right indicates that the neutrino flux past MicroBooNE falls o↵ almost exactly as 1/r2 at all

neutrino energies (4702/7002 = 0.45).

3.2 The NuMI Neutrino Beam

Neutrinos in the NuMI beam are produced by impinging 120 GeV protons on a graphite

target. Two magnetic focusing horns are used to steer charged pions and kaons down a 675

NuMI Off-Axis Angles 
 

- To LAr1-ND: ~30° 
- To MicroBooNE: ~8° 

ICARUS	  
(600m)	  

MiniBooNE	  

(110m)	  

	  MicroBooNE:	  L=470m	  
89t	  AcLve	  volume	  TPC	  

	  	  	  	  	  	  LAr1-‐ND:	  L=110m	  
82t	  AcLve	  volume	  TPC	  

	  	  	  	  	  	  	  	  	  	  ICARUS:	  L=600m	  
	  	  	  	  	  	  	  	  476t	  AcLve	  volume	  TPC	  

Leslie	  Camilleri,	  CETUP	  



Where	  are	  we	  located	  rela>ve	  to	  an	  oscilla>on	  paAern? 
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FIG. 22: Top: ICARUS T600 detector schematics showing both modules and the common insula-

tion surrounding the detector. The inner structures and feed-throughs are also shown. Bottom: A

view of the detectors with the wire chambers and the high voltage system including race-tracks and

cathodes.

components with up-to-date technology in view of its future non underground operation. The662

refurbishing will includs the following main activities:663

• Realization of new vessels for LAr containment, based on aluminum extruded profiles;664

• Realization of new thermal insulation, based on similar technology as foresee for LBNE665

and the near detector;666

• Implementation of a new light collection system, that will allow automatic event local-667

ization and disentangling from the background induced by cosmic rays;668

• Implementation of new readout electronics, with new internal cabling. The possibility to669

Leslie	  Camilleri,	  CETUP	  



The	  MicroBooNE	  Detector 
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1st March 2013 1 Leslie 

	  	  June	  23rd	  	  
In	  beam	  line!	  

Leslie	  Camilleri,	  CETUP	  



CollecLon	  plane.	  
VerLcal	  wires	  

 ✓	   ✓	  

 ✓	  

✖	  

U	  

V	  

Y	  

Z	   X,Y	  
Coord.	  

Dric	  Lme	  from	  t0	  gives	  Z	  
t0	  given	  by	  PMT’s	  

The	  MicroBooNE	  Liquid	  Argon	  Time	  Projec>on	  Chamber	  

	  Neutrinos	  interact	  in	  89	  tons	  (acLve	  volume)	  Liquid	  Argon	  	  charged	  parLcles.	  

14	  

	  	  X=	  
10.4m	  

e’s	  

Cathode	  
-‐125	  kV	  

Anode	  at	  
Ground	  

500V/cm	  

	  	  	  InducLon	  planes	  
	  	  	  	  	  	  U	  	  	  	  	  	  	  	  V	  	  ±	  60o	  	  

	  	  Y	  =	  	  
2.3m	  

8256	  wires	  

IonizaLon	  e’s	  dric	  	  
(2.5m	  	  maximum)	  	  
(1.6mm/µsec)-‐>1.6msec.	  

Z	  =	  2.5m	  
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The	  MicroBooNE	  Photodetectors 
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  32	  	  Hamamatsu	  R5912-‐02	  14	  stage	  8	  inch	  pmt’s.	  

  Located	  behind	  collecLon	  plane	  
  Plate	  coated	  with	  Tetraphenyl-‐butadiene	  (TPB)	  
in	  front	  of	  each	  pmt:	  	  to	  shic	  UV	  light	  to	  visible	  

LAr scintillates in the UV at 128nm:  
Use it 
 To trigger on events in time with beam gate. 
 To time and reject cosmic rays within drift time.  

 Installed in 
    Cryostat 

PM
T$M

ount$D
esign$

7/15/14$
2$

M
.$Toups$66$Conrad$G
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Triggered	  and	  SuperNova	  Con>nuous	  readout	  	   
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TPC 

PMT 

Supernova 
Compression, 
  decimation 

Beam events 
Compression 
PMT trigger?  

PMT trigger 
Generation  

          PC 
Cyclic (1 hr) 
 Data storage  

          PC 
  Permanent 
 Data storage  

          PC 
  Permanent 
 Data storage  

  Beam events  
  Triggered by 
 PMT + Beam gates 

50	  MB/s	  
	  	  per	  PC	  

   Beam ν’s: 1/ ~100secs 

1 µs shaping time 
      2 MHz 

60 ns shaping time 
    64 MHZ 

Reduced	  by	  
	  	  	  ~	  80	  

  Continuous readout 
       for SuperNova 
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LAr1-ND 
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          1 CPA 
Cathode Plane Assembly 

2 APA’s  
Anode Plane Assembly 
(wires) 

Membrane cryostat 
       as in LBNE 

Top view Beam 
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FIG. 19: Left: Top view schematic of the LAr1-ND membrane cryostat detector concept. Foam

insulation surrounds the corrugated stainless steel membrane filling the near detector enclosure.

Right: Conceptual design of the LAr1-ND TPC. The total size of the TPC is 4.0 m (width) ⇥ 4.0 m

(height) ⇥ 3.65 m (length) with the longest dimension along the neutrino beam direction. Note: the

field cage panels are removed from view in this schematic.

liquid argon volume to drift 2.56 meters to a three-plane wire chamber. Three readout planes,605

spaced by 3 mm, form the beam-right side of the detector, with 3,456 Y wires arrayed vertically606

and 2,400 U and 2,400 V wires oriented at ±60 degrees with respect to vertical.607

This detector will soon be exposed to an intense low energy neutrino source. MicroBooNE608

is approved to receive an exposure of 6.6 ⇥ 1020 protons on target from the existing on-axis609

Fermilab Booster neutrino beam. It will also record interactions from an o↵-axis component of610

the NuMI neutrino beam. During MicroBooNE running, the BNB will be operated in the same611

configuration that successfully delivered neutrino and antineutrino beam to MiniBooNE for612

more than a decade, thereby significantly reducing systematic uncertainties in the comparison613

of MicroBooNE data with that from MiniBooNE.614

As of the writing of this document, construction of the MicroBooNE TPC has been com-615

pleted and on June 23, 2014, the MicroBooNE vessel was moved to the Liquid Argon Test616

Facility (LArTF), a new Fermilab enclosure just upstream of the MiniBooNE detector hall in617

the Booster neutrino beamline (Figure 21). Final installation and detector commissioning has618

begun. MicroBooNE is on schedule to begin taking neutrino data in early 2014.619

C. Far Detector: ICARUS T600620

The ICARUS T600 detector installed in the underground INFN-LNGS Gran Sasso Labora-621

tory has been the first large-mass Liquid Argon TPC (LAr-TPC) operating as a continuously622
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FIG. 19: Left: Top view schematic of the LAr1-ND membrane cryostat detector concept. Foam

insulation surrounds the corrugated stainless steel membrane filling the near detector enclosure.

Right: Conceptual design of the LAr1-ND TPC. The total size of the TPC is 4.0 m (width) ⇥ 4.0 m

(height) ⇥ 3.65 m (length) with the longest dimension along the neutrino beam direction. Note: the

field cage panels are removed from view in this schematic.

liquid argon volume to drift 2.56 meters to a three-plane wire chamber. Three readout planes,605

spaced by 3 mm, form the beam-right side of the detector, with 3,456 Y wires arrayed vertically606

and 2,400 U and 2,400 V wires oriented at ±60 degrees with respect to vertical.607

This detector will soon be exposed to an intense low energy neutrino source. MicroBooNE608

is approved to receive an exposure of 6.6 ⇥ 1020 protons on target from the existing on-axis609

Fermilab Booster neutrino beam. It will also record interactions from an o↵-axis component of610

the NuMI neutrino beam. During MicroBooNE running, the BNB will be operated in the same611

configuration that successfully delivered neutrino and antineutrino beam to MiniBooNE for612

more than a decade, thereby significantly reducing systematic uncertainties in the comparison613

of MicroBooNE data with that from MiniBooNE.614

As of the writing of this document, construction of the MicroBooNE TPC has been com-615

pleted and on June 23, 2014, the MicroBooNE vessel was moved to the Liquid Argon Test616

Facility (LArTF), a new Fermilab enclosure just upstream of the MiniBooNE detector hall in617

the Booster neutrino beamline (Figure 21). Final installation and detector commissioning has618

begun. MicroBooNE is on schedule to begin taking neutrino data in early 2014.619

C. Far Detector: ICARUS T600620

The ICARUS T600 detector installed in the underground INFN-LNGS Gran Sasso Labora-621

tory has been the first large-mass Liquid Argon TPC (LAr-TPC) operating as a continuously622
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LAr1-ND Cold Electronics 
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Already	  COLD	  in	  	  
MicroBooNE	  

COLD	  in	  LAr1-‐ND	  

LAr1-ND Light Collection 
Compact	  light-‐guide	  collecLon	  system	  to	  detect	  LAr	  scinLllaLon	  light.	  

Leslie	  Camilleri,	  CETUP	  



ICARUS 
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 Gran Sasso: 
     Dismantling and move to 
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FIG. 22: Top: ICARUS T600 detector schematics showing both modules and the common insula-

tion surrounding the detector. The inner structures and feed-throughs are also shown. Bottom: A

view of the detectors with the wire chambers and the high voltage system including race-tracks and

cathodes.

components with up-to-date technology in view of its future non underground operation. The662

refurbishing will includs the following main activities:663

• Realization of new vessels for LAr containment, based on aluminum extruded profiles;664

• Realization of new thermal insulation, based on similar technology as foresee for LBNE665

and the near detector;666

• Implementation of a new light collection system, that will allow automatic event local-667

ization and disentangling from the background induced by cosmic rays;668

• Implementation of new readout electronics, with new internal cabling. The possibility to669

 CERN: Refurbishing 
  New electronics  
  New containment vessel 
  New insulation 
  New light collection. 

 Fermilab: 
 New Building 
 New cryogenics 

19.6m 

7.8m 

3.9m 

 4 anode wire planes 
 Same 3mm wire spacing as  
      MicroBooNE and LAr1-ND 
 2 cathodes 
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	  	  What	  is	  the	  MiniBooNE	  excess	  due	  to?	  Electrons	  or	  Photons? 

July	  24,	  2014	   20	  

 e+e- 

 and doubly ionizing track in first ~ 2.4cm 
  94% rejection of “single γ”. 

~	  14	  cm	  

Electron : Connected to primary vertex 
And singly ionizing track in first ~ 2.4cm 
before shower develops.  

	  	  γγ 	


Photons from π0 rejection:  
  Recognize 2 photons  π0  mass  
Single Photon rejection: 
 Gap between primary vertex and  
    conversion point                                                    

E"

Beautiful images of events to use 
topology to differentiate event classes 

Take advantage of calorimetry to tag 
electrons vs gammas using dE/dx 

before electromagnetic shower evolves 

ArgoNeuT"data" ArgoNeuT"data"

Electron"

Converted γ:"e+e5"
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	  	  ArgoNeut	  validates	  the	  technique 

July	  24,	  2014	  

Average	  dE/dx	  over	  the	  
	  first	  2.4cm	  of	  shower	  

Photon	  showers:	  
Separated	  from	  vertex	  

Electron	  showers:	  
Connected	  to	  vertex	  

Average	  dE/dx	  	  
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	  	  BNB	  Flux	  Spectra	  in	   ν mode 

July	  24,	  2014	  

$$BNB$Flux)Spectra 

05/09/2013(

�48

Neutrino4beams4(I)

NuMI
Beam

Booster
Beam

MicroBooNE
     (470m)

LAr1-FD
 (700m)

LAr1-ND
 (100m)

The Booster Neutrino Beam @ different detector locations

Flux at MicroBooNE vs. "
flux at LAr1-ND     

Ratios of the fluxes at different detector locations."

Flux at MicroBooNE "
vs. flux at LAr1-FD

�48

Neutrino4beams4(I)

NuMI
Beam

Booster
Beam

MicroBooNE
     (470m)

LAr1-FD
 (700m)

LAr1-ND
 (100m)

The Booster Neutrino Beam @ different detector locations

Flux at MicroBooNE vs. "
flux at LAr1-ND     

Ratios of the fluxes at different detector locations."

Flux at MicroBooNE "
vs. flux at LAr1-FD

Anti ν%
 mode 

   ν %
mode 

MicroBooNE 
MicroBooNE 

MicroBooNE/LAr1-ND MicroBooNE/LAr1-ND 

0((((((((1((((((((2((((((((3((((((((4((GeV)(((((((( 0((((((((1((((((((2((((((((3((((((((4((GeV)((((((((

$$BNB$Flux)Spectra 

05/09/2013(

�48

Neutrino4beams4(I)

NuMI
Beam

Booster
Beam

MicroBooNE
     (470m)

LAr1-FD
 (700m)

LAr1-ND
 (100m)

The Booster Neutrino Beam @ different detector locations

Flux at MicroBooNE vs. "
flux at LAr1-ND     

Ratios of the fluxes at different detector locations."

Flux at MicroBooNE "
vs. flux at LAr1-FD

�48

Neutrino4beams4(I)

NuMI
Beam

Booster
Beam

MicroBooNE
     (470m)

LAr1-FD
 (700m)

LAr1-ND
 (100m)

The Booster Neutrino Beam @ different detector locations

Flux at MicroBooNE vs. "
flux at LAr1-ND     

Ratios of the fluxes at different detector locations."

Flux at MicroBooNE "
vs. flux at LAr1-FD

Anti ν%
 mode 

   ν %
mode 

MicroBooNE 
MicroBooNE 

MicroBooNE/LAr1-ND MicroBooNE/LAr1-ND 

0((((((((1((((((((2((((((((3((((((((4((GeV)(((((((( 0((((((((1((((((((2((((((((3((((((((4((GeV)((((((((

0	  	  	  	  	  	  	  1	  	  	  	  	  	  	  	  	  2	  	  	  	  	  	  	  	  	  3	  	  	  	  	  	  	  	  4	  (GeV)	  	  	  	  	  	  	  	  
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Peaks at ~ 600 MeV 
~1% νe content 



	  	  MiniBooNE	  Low	  Energy	  Excess 

July	  24,	  2014	  

$$MiniBooNE)Low)Energy)Excess 

05/09/2013(

Scaling signal from MiniBooNE: Down for Mass, up for Efficiency 
Scaling backgrounds according to better PID and better flux knowledge 

Assuming no  
distance dependence: 
(NOT an oscillation) 

23	  

2.2	  x	  1020	  POTs	  6.6	  x	  1020	  POTs	  

Leslie	  Camilleri,	  CETUP	  



If	  Excess	  due	  to	  Photons.	  	  

July 24, 2014 

 (GeV)QE
iE

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Ev
en

ts
 / 

M
eV

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 misid   0/

a NA 6

dirt

other   

electron-like hypothesis signal

1.5            3.0

Excess IS due to photons 
  4.1σ   

Excess is NOT due to photons  

  Background: γ or π0 

   R. Hill arXiv: 0905.0291 
   Jenkins et al arXiv:0906.0984 
   Serot et al arXiv: 1011.5913 

               OR 

 Radiative ν interaction 
           Examples: 

Different Cuts to Select Photons, 
Reject e’s  

(Estimated from MiniBooNE rates)  

Background	  

24	  

Preliminary	  

Preliminary	  
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	  	  What	  would	  we	  expect	  for	  an	  oscillation	  at	  the	  Global	  best	  Fit?	  	   

July	  24,	  2014	  

  νμ → νe appearance in the context of 3 active + 1 sterile neutrino model (3+1) 

2.2	  x	  1020	  POT	  exposure	  for	  LAr1-‐ND	   6.6	  x	  1020	  POT	  exposure	  for	  MicroBooNE	  	  

Example Signal:Δm2 = 0.43 eV2, sin2 2θµe = 0.013 

Cuts to Select Electrons, Reject γ’s  
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The power of a Three Detector Combination: 
 νµ → νe  sensitivity	


26	  

Sta>s>cal	  Uncertainty	  Limit	  
for	  6.6e20	  POT	  exposure	  
	  	  	  	  	  	  On	  all	  3	  detectors	  

ICARUS	  T600	  

fr
ac
Lo

na
l	  u
nc
er
ta
in
ty
	  

FD	  staLsLcal	  error	  
ND	  staLsLcal	  error	  

4%	  

MicroBooNE	  

uB	  staLsLcal	  error	  
ND	  staLsLcal	  error	  

fr
ac
Lo

na
l	  u
nc
er
ta
in
ty
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νµ Disappearance 
  Testing νµ disappearance with a near detector constraint 

  LAr1-ND: 2.2 x 1020 POTs MicroBooNE: 6.6 x 1020 POTs 

Δm41
2 = 1.2 eV2   sin2 2θµµ= 0.09	
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6.6x1020	  POT	  exposure	  for	  MicroBooNE	  
	  	  +ND	  

νµ Disappearance 

28	  

2.2x1020	  POT	  exposure	  for	  LAr1-‐ND	  

Preliminary	  

νµ	  disappearance	  not	  a	  
staLsLcs	  limited	  search.	  	  
Here	  shown	  with	  a	  4%	  
systemaLc	  uncertainty	  on	  	  	  	  	  
the	  near	  to	  far	  
extrapolaLon.	  

Previous	  limit	  at	  high	  
Δm2	  limited	  by	  near	  and	  
far	  detectors	  being	  
different	  technologies	  	  
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	  	  Exploiting	  the	  full	  correlations	  	   

July	  24,	  2014	  

  The observed electron candidate event rate in LAr1-ND at 110m is used to constrain the 
expected rate in MicroBooNE and ICARUS.  

  The νµ are also used as a constraint as they have the same parent as the µ’s that generate  

  part (75%) of the intrinsic νe background.  

  Simultaneous fit to Near, Far, νµ and νe data sets is used to apply the constraints. 

Using a Flux Correlation Matrix between 
Far (600m) and Near(110m) detectors 
 and between νµ and νe. 

Obtained using ReweightingTechnique 
Vary flux: reweight simulated events 
of BOTH ND and FD detectors.  
                 with each variation 

Strong Correlation between 
Far (600m) and Near(110m) detectors 
                      νe fluxes. 
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Neutrino –Argon Interactions  
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Neutrino-Argon Interactions at low energy (~ 1 GeV). 
  Why are they important? 

  Only measurements on Argon: ArgoNeut. 
  Few measurements in this energy range. 
  Not very consistent. 

  Important  
➢  In their own right. 
➢  For LBNE 2nd max. 
➢  HyperK  

MicroBooNE: 6.6 x 1020 protons on target:   ~ 120k CC + NC 
LAr1-ND:       2.2 x 1020 protons on target (ONE year of data taking): ~1.1M  CC + NC 

    Process    Reaction MicroBooNE 
6.6 x 1020POT 

  LAr1-ND 
2.2 x 1020 POT 

CC QE νµ nµ- p      48,276    470,497 
CC RES νµ Nµ- N      26,852    220,177 
CC DIS νµ Nµ- X      10,527      82,326 
CC Coherent νµ Arµ- Ar+π	
           376        3004 

Expected Data Sample  
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Data presentation. 
Instead of unravelling specific “true at production” final states  
                                                                                taking into account reinteractions 

Present topological final states based on number of protons, number of pions 

    Process    Reaction MicroBooNE 
6.6 x 1020POT 

  LAr1-ND 
2.2 x 1020POT 

CC Inclusive      88,098    787,847 
CC 0π νµ Nµ- + Np      56,580    535,673 

    .νµ Nµ-  + 0p      12,680    119,290 
    .νµ Nµ-  + 1p	
      31,670    305,563 
    .νµ Nµ-  + 2p	
        5,803       54,287 
    .νµ Nµ-  + ≥ 3p	
        6,427      56,533 

CC 1 π± 	
 νµ Nµ + nucleons + 1 π±       21,887    176,361 

CC  ≥ 2π± 	
 νµ Nµ + nucleons + ≥ 2π±         1,953      14,659 

CC  ≥ 1π0 	
 νµ Nµ + nucleons + ≥ 1π0         9,678      76,129  

Similarly for Neutral Current Interactions 
July	  24,	  2014	   Leslie	  Camilleri,	  CETUP	  
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Inclusive cross section 

BNB	  range	  

Will	  measure	  in	  a	  region	  where	  
 	  there	  are	  no	  Argon	  points	  and	  	  
 some	  inconsistent	  results	  
 2nd	  oscillaLon	  maximum	  at	  LBNE	  

	  	  	  ArgoNeut	  (LAr)	  

July	  24,	  2014	   Leslie	  Camilleri,	  CETUP	  



34	  

Charged Current Inclusive in LAr1-ND: Muon measurement. 

 	  Can	  we	  also	  use	  non-‐contained	  muons?	  	  
 IdenLficaLon	  through	  dE/dx	  as	  a	  funcLon	  of	  distance	  from	  exit	  point.	  
 Momentum	  measurement:	  through	  mulLple	  scarering.	  	  
	  	  	  	  	  	  	  	  	  	  	  	  For	  contained	  tracks	  >	  1m	  according	  to	  ICARUS	  data:	  ResoluLon:	  30%.	  

 	  Contained	  muons:	  Momentum	  measured	  through	  range	  and	  dE/dx	  with	  5%	  	  	  ResoluLon	  

Contained: 50%    
Non-contained (Long > 1m): 34%  
Total: 84%. 
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QuasiElastic 

50lt ICARUS LAr-TPC 

•  Single point, first and so far unique measurement with Ar target,  
 in agreement  with NOMAD data 

  (same, high energy ν beam - WANF) 

One of the main uncertainties in the next generation long baseline oscillation 
experiments is given by the neutrino-nucleus interaction cross sections in the 

“few-GeV region”.    !

50lt ICARUS LAr-TPC (preliminary errors) �

Second generation measurements �

30
%�

9

QuesLons:	  	  	  
	  	  	  	  	  	  QE	  is	  an	  easy	  topology:	  1	  muon	  +	  1	  proton	  	  	  	  	  	  	  	  Or	  is	  it?	  

	  	  	  BNB	  range	  

	  	  	  Step	  	  
At	  2	  GeV	  ?	  
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Nuclear Reinteractions 

Nuclear reinteractions  NO proton or MANY  Nucleons in Final State 
How do we know they are treated correctly in the simulation? 

No proton 

In NOMAD, the nuclear formation length was tuned such as to 

equalize the cross sections calculated from the 2 samples: 

 One Muon and No Proton sample  

 One Muon and One Proton sample 
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Two-protons 

Can	  we	  idenLfy	  them?	  

	  ArgoNeut	  
(8	  protons)	  

Build	  likelihoods	  using	  	  
several	  measurements	  
along	  track.	  	  	  
Example:	  SimulaLon	  and	  Truth	  

Use	  dE/dx	  as	  a	  funcLon	  of	  
	  residual	  range	  	  
(distance	  from	  stopping	  point).	  

36(

Two-protons 

Recent Results From ArgoNeuT

5

“The detection of back-to-back proton pairs in Charged-Current neutrino 
interactions with the ArgoNeuT detector in the NuMI low energy beam line”, 
R. Acciari et al, hep-ex/1405.4261 

ArgoNeuT data
GiBUU MC

Number of outgoing protons
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ArgoNeuT Data
GiBUU Prediction:
QE
Delta
highRES
1-pi bgr
DIS
2p2h-NN

 anti-νµ CC 0 pion cross section - comparison with GiBUU MC*  

�⌫̄
CC0⇡ = 0.50± 0.03(stat.)± 0.06(syst.) 10�38cm2

Preliminary

*ArgoNeuT Coll. is grateful to Olga Lalakulich and Ulrich Mosel for providing !
 the GiBUU predictions and for many useful discussions!

Note: 2p2h component has large uncertainties

�

⌫̄
CC0⇡ = 0.48 10�38

cm

2
/nucleon

21 MeV proton threshold 

20

Visually the signature of these events gives the appearance of a hammer, !
with the muon forming the handle and the back-to-back protons forming the head.

(µ-+2p) data sample - 4 “Hammer Events” 

cos(γ)<-0.95Can(we(iden3fy(them?(

Argoneut(Example(

Argoneut(

Build(likelihoods(using((
several(measurements(
along(track.(((
Example:(Simula3on(and(Truth(

µ%
p 

p 

Use(dE/dx(as(a(func3on(of(
(residual(range((
(distance(from(stopping(point).(

ArgoNeut	  Data	  

	  	  	  Minimum	  	  
KineLc	  energy:	  
	  	  Tp	  >	  20	  MeV	  

~	  2	  wires	  =	  6mm	   p	   K+	  

July	  24,	  2014	   Leslie	  Camilleri,	  CETUP	  



38	  

Can we also count neutrons? 

proton 
(from neutron conversion)

proton 
(from neutron conversion)

pr
ot

on
(fr

om
 n

eu
tr

on
 c

on
ve

rs
io

n)

ν interaction vertex! proton at the vertex: 
trk_length=2.91 cm, KE=39.5 MeV

Reconstruction of proton
from neutron conversion

Few events with n->p in 
ArgoNeuT 

(too small volume)

42

ArgoNeut	  Data	  

Allows:  
  Better Nucleon multiplicity measurement in several reactions. 
  Better hadronic energy measurement. 
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Coherent production at Eν < 2 GeV. 
µ- (νµ)	


π+ (π0)	


νµ	

NO evidence at low energy: 

SciBooNE:  σ(coh.π+)/σ(νµ CC) < 0.67 x 10-2 at 90% C.L. at <Eν > = 1.1 GeV 

K2K:           σ(coh.π+)/σ(νµ CC) < 1.36 x 10-2 at 90% C.L. at <Eν > = 2.2 GeV 

Above 2 GeV: 
Minerva: New data showing signal.  
ArgoNeut: First Argon data.  
LAr1-ND:  ~ 3000 events according to GENIE.  Good accuracy measurement. 
                    Excellent for extra activity at vertex.   
                    Pion dE/dx identification and full containment. 

  CC π+ : νµ + Ar  Ar + µ- +  π+         

 NC π0 : νµ + Ar  Ar + νµ +  π0         
SciBooNE and MiniBooNE found definite signal at Eν ~ 1 GeV. 

LAr1-ND: π0 very good signature in LAr.   Vertex activity.     

νµ  interacts with Ar nucleus as a whole.         
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Resonance production. 

  νµ + p   µ- +  Δ++ ( pπ+)          

LAr1-ND: With good proton and p/π+ identification should contribute at low energy.         
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  νµ + n   µ- +  Δ+ (  pπ0) 
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p 

µ-	  

W+ 
Δ++	  

p 
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	  	  	  BNB	  range	  
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LAr1-ND: Good accuracy on Argon, below the NOMAD points.         
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Resonance cross section (NOMAD Preliminary)
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SuperNovae	  neutrino’s	  

0        20      40        60      80 Eν (MeV) 
   0        20      40        60      80 Ee     

Between 10 and 20  
Absorption events 
In each of MicroBooNE and LAr1-ND 
About 100 events in ICARUS 

	  νe  + 40Ar  e- +  40K* 

expected for a    galactic supernova 

Electron Energy: tens of MeV 

42	  

Neutrino events were observed for  SN1987a 

July 24, 2014 

I.	  Gil-‐Botella	  and	  A.	  Rubbia	  JCAP	  10(2003)009	  

Cannot trigger on these: Data continuously stored in a cyclic buffer 
For ~ a few hours, waiting for a SNEWS alert  store data permanently. 
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R&D:	  Background	  to	  Proton	  Decay	  	  K+ νµ	  

43	  

Example: Simulation Studies  Measurements 
       Separating 339 MeV/c K+  
   from protons of equal range: 15 cm 

K+	  	  	  	  	  	  	  	  	  	  	  	  p            

Likelihood: 4 dE/dx measurements along track 

1. Identify K+ 

2. Measure background 
       from cosmic rays 

Cosmic µ	


K0
L 

Charge 
exchange	  

K+ 

Granite  
   block 
installed 
   near 
MicroBooNE 

TPC	  

July 24, 2014 

K+ 
µ+ 

e+ 
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Background	  to	  	  Baryon	  Non-Conservation:	  nn	  oscillations	  	  annihilation	  	  

44	  

Annihilation 
 Spherical 
 Zero NET 
momentum 
 Total energy  
 = 2 Mn 

Atmos. ν	  	  
 (Main background) 
 Linear 
 Non-zero momentum 
 No constraint on energy 

!"#$#%&'()*+&,-*&%%.*"&*%%-/-0*$-#%&&

9 

!  Physics: 
!  A neutron oscillates to an antineutron within the Argon nucleus. 
!  It annihilates with a neutron or proton within the nucleus. 
!  Resulting in two nucleons “disappearing” " equivalent to a 

decay. 

Characteristics: 
# Sum of energy of produced particles must be 2 x 938.3 MeV/c2 = 1876.6 MeV/c2 
# Vector sum of their momenta must be ZERO.  

nn	  annihilaLon	  

Atmospheric	  neutrinos	  	  	  	  
background	   Is	  there	  addiLonal	  background	  	  	  	  

from	  cosmic	  rays?	  
Neutral	  parLcles	  entering	  detector	  
DeposiLng	  2	  GeV?	  

Measure	  it	  in	  the	  3	  detectors.	  

	  	  Sum	  of	  	  
Momenta	  

	  	  Sum	  of	  Energies	  	  

July 24, 2014 

	  	  	  	  	  	  Oscilla>on	  of	  neutron	  to	  anLneutron	  followed	  by	  
	  annihila>on	  of	  anLneutron	  with	  an	  Argon	  nucleus	  nucleon. 

SimulaLon	  using	  Truth	  
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  Status and Schedule 

July	  24,	  2014	  

 MicroBooNE:  
 Installation in Progress. 
 Cryostat (with TPC+PMT’s) moved to final position June 23rd. 
 Insulation, electronics platform and filling next. 
 Data-taking as of End 2014; 3 years for a total of 6.6 x 1020 POT’s 

 LAr1-ND and ICARUS: 
 Going through approval process 
 Data Spring 2018?  
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Possible Extensions of the Program 

July	  24,	  2014	  

 Anti Neutrino running. 

 Magnetizing one or more detectors  
 Reduces “wrong” sign background 
     (especially interesting in antineutrino running). 
 Better momentum measurements. 

 “Beam OFF-target” running. 
 Searches for exotic particles produced absorber 
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*Spokespersons	  

LAr1-‐ND	  CollaboraLon	  
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10	  US	  ins)tu)ons	  
‣ 	  3	  DOE	  NaLonal	  Laboratories	  
‣ 	  6	  NSF	  insLtuLons	  

	  	  7	  European	  ins)tu)ons	  
‣ 	  5	  UK	  insLtuLons	  
‣ 	  1	  Swiss	  insLtuLon	  	  
‣ 	  CERN	  

11	  insLtuLons	  also	  on	  MicroBooNE.	  
Most	  also	  LBNE	  collaborators.	  



MicroBooNE	  CollaboraLon	  
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ICARUS	  CollaboraLon	  
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	  	  Conclusions 

July	  24,	  2014	  

 Looking forward to start data taking within 6 months with MicroBooNE: 
 Minimum low energy excess. 
 First look at LSND excess 
 Cross sections. 

 Hoping for approval of extra 2 detectors by PAC soon , 

  Next 3 years: 
 Build LAr1-ND 
 Refit ICARUS  
 Analyze MicroBooNE data 

50	  

Installation Begins!

• Detector moved to LArTF on 6/23
- where we take data!

• Detector commissioning in Fall

• Neutrino data taking in Winter!

• Installation ... now!
- platform, piping, etc.

29Monday, July 7, 14

Leslie	  Camilleri,	  CETUP	  



	  	  Back	  Up 
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Magnetized LAr1-ND 
•  Two possible detector designs 

–  Configuration A: The return yoke downstream of the neutrino beam and be 
instrumented with scintillator modules to form a muon spectrometer increasing 
the detector acceptance and allowing for particle ID for escaping charged pions 

–  Configuration B: Compared to (A) there is an extended detector volume but 
contains no downstream spectrometer 
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Wrong Sign Contamination 
•  Charge selection (in antineutrino mode) is one of the main motivating factors for a 

magnetized detector 
–  Neutrino background in the antineutrino beam  

53	  
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Laser Calibration in MicroBooNE 
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Cold	  Electronics	  Performance 
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Noise	  	  ~550e-‐	  with	  	  
CD	  =	  150pF	  in	  LN2	  

	  	  	  	  	  	  	  	  	  Prototype	  VerLcal	  	  
	  	  	  	  	  	  	  	  Cold	  Mother	  Board	  	  
	  	  	  	  	  	  with	  prototype	  ASICs	  

16	  channel/chip	  charge	  amplifier:	  Adjustable	  Gain	  4.7,	  6.8,	  14.0,	  25.0	  mV/fC	  
Adjustable	  peaking	  Lme	  0.5,1,2,3	  µs,	  	  5.5	  mW/channel	  

Channel-‐to-‐channel	  gain	  variaLon	  
	  for	  two	  chips	  is	  <	  +/-‐2%	  

32	  overlaid	  unipolar	  
	  	  	  Channels	  in	  LN2	  
	  	  	  Gain	  4.7	  mV/fC	  

	  0	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  100	  	  	  	  	  	  	  	  	  	  	  	  channel	  

2500	  

e-‐	  	  

1500	  

	  500	  	  	  	  	  	  	  	  	  	  	  	  	  

	  0	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  100	  	  	  	  	  	  	  	  	  	  	  	  sample	  (Lme)	  

3000	  

ADC	  	  
2000	  

1000	  	  	  	  	  	  	  	  	  	  	  	  	  

Crosstalk	  <	  0.3%	  
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Membrane Cryostat 
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Original	  thought:	  
Locate	  LAr1-‐ND	  in	  the	  SciBooNE	  Hall	  at	  100m	  
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	  	  MiniBooNE	  Low	  Energy	  Excess 
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Probing Active to Sterile Oscillations with Neutral-Currents 

➢  A unique probe of sterile neutrino oscillations, directly sensitive to any “sterile"  flavor content, 
is available through neutral-current (NC) neutrino interactions. In this type of search, one looks 
for an overall depletion of the flavor-summed event rate. 

➢  We have considered the NC π0 channel, due to its characteristic event topology and kinematics. 
Unlike other NC channels, the presence of the two photons from the π0  decay pointing back to a 
common vertex, with an invariant mass corresponding to mπ0, provides a powerful discriminant 
against potential backgrounds. 
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Dark	  MaAer	  Searches	  with	  Booster	  Beam	  Off-‐Target	  Running	  
Beam!Off!Target!Running!

•  π
0
!and!η!produced!by!protons!in!the!iron!quickly!decay!producing!WIMPs!(χ)!

•  Charged!mesons!are!absorbed!in!the!iron!before!decaying,!which!significantly!

reduces!the!neutrino!flux!(s2ll!some!produc2on!from!protondAir!

interac2ons).!!Neutrino&Flux&reducRon&measured&to&be&~42&with&50m&dump.&12!

dTarget!is!1!cm!diameter!

dAir!gap!between!target!and!

!horn!inner!conductor!is!~1!cm!

Beam!spot!posi2on!in!beam!!

off!target!mode!!(~1!mm!spread)!

!
Fins!

Be!Target!

Air!gap!

50!m!decay!pipe!(Air)!

Fixed!50!m!!

Fe!dump!

Be&Target&

Deployable!25!m!

Fe!dump!

BNB&has&the&capability&
to&steer&the&protons&
past&the&target&and&
onto&the&25m&or&50m&&
iron&dump&

WIMPs!travel!~515!m!8!GeV!protons!

Producing!a!Dark!Macer!Beam!

•  Monte!Carlo!Simula2on!of!WIMP!Produc2on!at!MiniBooNE/MicroBooNE:!
–  Use!HARPdMiniBooNE!Be!target!SanforddWang!meson!produc2on!model.!
–  π0!and!η!produc2on!errors!~25%!(can!be!as!large!as!100%!for!η).!!!

•  Electrons!and!nucleon!can!be!reconstructed!in!MiniBooNE!with!~35%!efficiency.!!!
For!MicroBooNE!assume!70%.!
–  MiniBooNE!Nucleon!(Electron)!systema2c!errors!20%!(12%).!!
–  Will!eventually!need!similar!es2mates!for!MicroBooNE.!
–  Low!energy!(<200!MeV)!regime!is!important.! 9!

Electron!Elas2c!scacering! Nucleon!Elas2c!scacering!

In&the&target/absorber:&

In&the&detector:&

Background	  events:	  1600	  
Excess:	  	  
1-‐10	  	  	  	  	  	  	  	  light	  green	  
10-‐1000	  Green	  
>1000	  	  	  	  	  dark	  green	  
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LAr1-ND Schematics 
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➢ A4foam4insulated,4corrugated4stainless4steel4membrane4cryostat4is4constructed4in4the4pit,4supported4by4
the4outer4concrete4walls4of4the4enclosure,4and4filling4the4entire4length4in4the4beam4direction.4

➢ The4interior4dimensions4of4the4rectangular4cryostat4are:4
➢ 4.44m4long4in4the4neutrino4beam4direction,45.14m4wide4and44.84m4tall,44
444444amounting4to41504tons4total4of4liquid4argon4

➢ A4Time4Projection4Chamber4(TPC),4located4inside4the4cryostat4vessel,4consists4of4two4APAs4(Anode4Plane4
Assemblies4#4to4read4out4ionization4electron4signals)4near4the4walls4of4the4cryostat,4and4one4CPA4
(Cathode4Plane4Assembly)4centered4between4the4two4APAs4
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Top view schematic drawing

*4Shielding4blocks4are4used4to4narrow4
the4hall4by414m,4to4approximately4

center4the4detector4on4the4beam4axis4

3.654m4(beam#direction)4x44
4.04m4(wide)4x44
4.04m4(tall)#4

=458.44m344(824tons4of4argon)
*

ν4beam

The4TPC4active4volume:4

LAr1#ND4Detector4Design4(I)44
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The4cryostat4is4designed4so4that4the4bulk4of4the4cryostat4surface4is4wemed4with4liquid4(signal#
feedthrough#immersed#in#liquid,#to#limit#outgassing#from#signal#cables).4Only4a4small4volume4of4gas4is4
contained4in4an4insulated4“expansion”4tank,4sipng4on4the4top4of4the4cryostat

ν4beam

LAr1#ND4Detector4Design4(II)44

From#the#informaNon#provided#by#the#Fermilab#FaciliNes#Engineering#Services#SecNon,#the#walls#and##
floor#of#the#SciBooNE#enclosure#are#capable#of#withstanding#the#hydrostaNc#pressures#of##

the#LAr1GND#cryostat

Expansion4444tank

Side view schematic 
drawing

Lateral 
view

Front!
view

Drift Drift 

          1 CPA 
Cathode Plane Assembly 

2 APA’s  
Anode Plane Assembly 
(wires) 

Membrane cryostat 
       as in LBNE 

Top view Beam view 
Beam 

Drift Drift 

3.65m 4.0m 

4.0m 
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