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R E C A L L :  N E U T R I N O  E C O N O M I C S
• The ability to precisely study neutrino interactions depends heavily on statistics 

• i.e. how many neutrino interactions you observe
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N = φ x σ x V x n x ε

• N = number of neutrino interactions 

• φ =  flux of neutrinos (neutrinos/cm2) 

• σ = neutrino interaction cross section on target (e.g. electron, nucleon, nucleus) 

• V = volume of detector (cm3) 

• n = number of density of targets 

• ε = detection efficiency

Lecture 1: how do we produce large 
number of neutrinos with accelerators

Thanks, Minerba!

Thanks, David!Lecture 2: How do we make massive detectors 
that can efficiently detect neutrino interactions



L E C T U R E  2 :   
D E T E C T O R S  F O R  A C C E L E R AT O R - B A S E D  
N E U T R I N O  E X P E R I M E N T S
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W H AT  D O  W E  WA N T  F R O M  A  D E T E C T O R :
• We need to have “enough” neutrino interactions 

• sufficient mass, especially for long baseline experiments! 

• Looking at neutrino oscillations = flavour change of neutrinos that depend on energy and baseline 

• we want to be able to identify the neutrino flavour and energy 

• lepton identification (e, µ, τ), energy reconstruction 

• Relevant performance metrics: 

• Efficiency and purity: for a sample of νl charged current interactions identified by the detector 

• separate νk ≠ νl charged current interactions  

• separate neutral current interactions 

• Resolution on neutrino energy: two strategies 

• calorimetric: add up energy of all final state particles  

• issues: threshold, resolution, particle identification, modelling 

• kinematic: if underlying interaction mechanism is known, infer with subset of particles (e.g. lepton) 

• issues: purity in selecting targeted interaction mechanism, modelling 

• Practically, containment is an important consideration for both strategies
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L A R G E  D E T E C T O R S

• Neutrinos interact with anything! 

• water, cleaning fluid, mineral oil 

• Lakes, oceans, antarctic ice 

• Steel from decommissioned 
battleships 

• Roman lead, Marble 

• Other ideas  

• the moon 

• corn flakes 

•  . . . . .  

• Detecting the interaction is the next 
step!5

“miserable old technology”



F O C U S  O N  T H R E E  T E C H O N O L O G I E S

• ACT 1: WATER CHERENKOV DETECTOR 
• ACT 2: SCINTILLATING TRACKER DETECTOR 
• ACT 3: LIQUID ARGON TIME PROJECTION CHAMBER
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A C T  1 :  WAT E R  C H E R E N K O V  D E T E C T O R S
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C H E R E N K O V  R A D I AT I O N
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v=0 x cn v=0.2 x cn v=0.8 x cn

• Charged particle passing through a dielectric medium (n > 1) induces a EM disturbance that 
propagates at speed cn=c/n 

• If v >cn, the disturbance piles up 

• electromagnetic “shock wave” emitted with angle θC 

• This is Cherenkov (Č) radiation

v=1.2 x cn

cos ✓C =
c

nv
=

1

n�

θC



S H O C K  WAV E S
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αθC

• Analogous to other (mechanical) systems where 
a disturbance exceeds the propagation velocity 

• e.g. “sonic boom” from supersonic object

sin↵ =
vs
v

↵ =
⇡

2
� ✓Ccourtesy findagrave.com

http://findagrave.com


C H E R E N K O V  R A D I AT I O N
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• Frank-Tamm Equation 

• For water, n ~1.34, sin2θC = 0.44 

• “~160 photons per cm traversed by β=1 particle in 1 eV interval of  photon energy” 

• ~250 photons emitted/cm in the visible light region 

• “Collapse” of Č cone: as v~cn (threshold), θC and sin2θC goes to zero 

• Considerations of “spatial singularity”: 

• k = wavenumber, so that p=ħk 

• light is emitted “flat” in k 

• wavelength spectrum is 1/λ2 

k =
2⇡

�

d2N

dE dx
=

↵z2

~c sin2 ✓C ⇠ 370 sin2 ✓C eV�1cm�1

dk = �2⇡
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WAT E R  C H E R E N K O V  D E T E C T O R S :
• Large tank of water surrounded by photosensors 

• Cherenkov light produced by particles in water are detected on wall 

• Examples: 

• IMB, Kamiokande, SNO, K2K 1 kT,  Super-Kamiokande . . . . . 

!11



C H A L L E N G E S :
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• The Super-Kamiokande active region  

• cylinder ~34 m in diameter, 37 m high 

• nearly 6000 m2 of surface area 

• For a ~500 MeV muon 

• ~200 cm of path length 

• 50,000 photons produced 

• typical efficiency for detection is 10% 

• 5000 photons detectable on the wall 

• Reconstruction requires high detection efficiency 

• provide kinematic/vertex reconstruction 

• particle identification. 

20” PMT developed by Hamamatsu 





P M T  I M P L O S I O N

!14

courtesy: smartereveryday

• “Prince Rupert’s drop” 

• cooled molten glass is extraordinarily strong 

• enormous stresses are pent up from the cooling process 

• Implosion of single PMT under enormous pressures from 
deep underwater deployment release shockwave in water 

• induces implosion of adjacent PMTs 

• chain reaction destroys all PMTs in water



S U P E R - K A M I O K A N D E
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• 11200 20” PMTs deployed in 
inner detector 

• 40% coverage of detector 
surface 

• Successful operation over 
20 years! 

• solar neutrinos, 
atmospheric neutrinos, 
beam neutrinos (K2K, T2K), 
neutrino astrophysics, etc.



R I N G  T O P O L O G I E S
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• Other processes as charged particles passes through media 

• Ionization loss: steady energy transfer by ionizing atoms. 

• Bremsstrahlung: 

• high energy photon emission from acceleration in field of atomic nucleus 

• Photon can then Compton scatter, pair produce, inducing cascade 

• “Electromagnetic shower” 

• Č Ring can tell us: 

• position/direction/energy of the particle “track reconstruction” 

• identify the particle as non-showering (μ, π, p) vs. e/γ



S U P E R - K A M I O K A N D E  I N  A C T I O N

!17

e/γ
multi ring

µ



P E R F O R M A N C E
• Vertex resolution ~20 cm, angle ~few degrees 

• For low multiplicity (1-2 rings) 

• <1% misidentification of e↔μ 

• few % misidentification of π0 → e 

• Historically, focused on 1 ring topologies 

• overlapping rings pose reconstruction challenge 

• recent progress in multi-ring reconstruction 

• Notes: 

• particles below Č threshold can’t be directly 
detected. For water: 

• e/γ separation difficult/impossible 

• “Michel” electron ((π)→μ→e))  

• clean and independent tag of π, μ via timing 

• τμ > typical light transit times 
!18

6.7. Single-Ring Fit
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Figure 6.20: Likelihood separation of single-ring electron(left) and
muon(right) events in the FC true-fiducial CCQE event sample in the atmo-
spheric neutrino MC. The vertical axes are ln (Le/Lµ), and the horizontal
axes are the reconstructed single-ring electron fit momentum. The magenta
lines indicate the cut criteria for electron-muon separation.
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Figure 6.21: Misidentification rate of single-ring electron(left) and
muon(right) events in the FC true-fiducial CCQE event sample in the at-
mospheric neutrino MC, plotted as a function of true momentum. The red
markers indicate the performance of fiTQun, and the black markers are for
APfit.

84

electrons

muons

e/μ identification at SK
6.10. Multi-Ring Fit
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Figure 6.38: Reconstructed invariant mass calculated using the 2nd and the
3rd rings for events reconstructed as 1µ + 2e ring by fiTQun(left column)
and APFIT(right column), in the FC atmospheric neutrino MC. The upper
row is for visible energy in the range 0.32 − 1.00 GeV, and the lower row
is for 1.00 − 3.16 GeV. Each true final state is shown in different colour
in the plots, and the true νµCC 1π0 events which are targeted by the ring
selection is shown in cyan. As shown in the plots, a clearer and larger peak
is seen in the fiTQun plots near the π0 mass ∼ 135MeV/c2, which indicates
that the π0 was reconstructed properly with higher efficiency. The event
rate and the purity of the νµCC 1π0 events which pass the invariant mass
cut as indicated by the magenta arrows are also shown in the plots.
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6.10. Multi-Ring Fit

]2Rec. Invar. Mass[MeV/c
0 100 200 3000

10

20

:0πCC1eν

 100.77 evts.
 Purity: 61.2 %

 < 1.00GeV : fiTQun sel.vis0.32 < E

]2Rec. Invar. Mass[MeV/c
0 100 200 3000

10

20

 < 1.00GeV : APfit sel.vis0.32 < E

:0πCC1eν

 58.65 evts.
 Purity: 44.1 %

 < 1.00GeV : APfit sel.vis0.32 < E

]2Rec. Invar. Mass[MeV/c
0 100 200 3000

5

10

15

20
:0πCC1eν

 71.81 evts.
 Purity: 62.9 %

 < 3.16GeV : fiTQun sel.vis1.00 < E

]2Rec. Invar. Mass[MeV/c
0 100 200 3000

5

10

15

20
 < 3.16GeV : APfit sel.vis1.00 < E

:0πCC1eν

 23.73 evts.
 Purity: 45.6 %

 < 3.16GeV : APfit sel.vis1.00 < E

Figure 6.37: Reconstructed invariant mass calculated using the 2nd and the
3rd rings for events reconstructed as 3e ring by fiTQun(left column) and
APFIT(right column), in the FC atmospheric neutrino MC. The upper row
is for visible energy in the range 0.32 − 1.00 GeV, and the lower row is for
1.00 − 3.16 GeV. Each true final state is shown in different colour in the
plots, and the true νeCC 1π0 events which are targeted by the ring selection
is shown in blue. As shown in the plots, a clearer and larger peak is seen
in the fiTQun plots near the π0 mass ∼ 135MeV/c2, which indicates that
the π0 was reconstructed properly with higher efficiency. The event rate
and the purity of the νeCC 1π0 events which pass the invariant mass cut as
indicated by the magenta arrows are also shown in the plots.
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Multi-Ring Fitter
• Construct multi-ring hypotheses by combining 1-ring framework

• Multi-ring fitter - fit up to four rings, using e & π+ rings

• π+ hypothesis covers μ-ring as well, since μ produces similar 
charge pattern as π+, with a ring filled inside

• Accept the hypothesis with the best likelihood to PID each ring

Event display
fiTQun predicted charge of 
the most likely hypothesis
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VA R I AT I O N S

• Cherenkov + Scintillation medium 

• mineral oil, water-based liquid scintillator 

• Photosensor technology/techniques 

• Large Area Picosecond Photon Detectors 

• Modular arrays of 3” PMTs

!19

Theia
“Lean” Scintillator Cocktails  - gc/gs

A. Mastbaum

Theia
Chertons from Scintons

Fortunately, many ways to do this!
• “Lean” scintillator cocktails (WbLS)
• Timing of photon sensors
• Scintillator time profile
• Angular distribution of Cherenkov light
• Photon spectral separation
• Polarization (?)
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Rs/c ~
γC
γS

t jitt
τ sc int

ρ(cosαC )R(λ)

tjitt = transit time spread of PD
tscint = scintillation time constant
gC=number of Cherenkov photons
gS=number of scintillation photons
r(cosac) = angular weighting function
R(l)=spectral response function

Cherenkov ID scales like



A C T  2 :  S C I N T I L L AT I N G  T R A C K E R  D E T E C T O R S
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P R I N C I P L E :
• Many hydrocarbons and organic compounds scintillate or 

fluoresce 

• your fingernail (keratin) under UV light 

• polystyrene 

• mineral oil 

•  .many organic solvents 

• A charged particle can be detected by the scintillation 
induced by its ionization through the material 

• By segmenting, the particle can be localized

!21

Catherine Willows: Okay, so... knives, screwdrivers, ice 
pick, letter opener. We're looking for a weapon with a splash 
of mineral oil. I'll grab the ALS. 

Greg Sanders: An ALS. For mineral oil? 

Gil Grissom: Mineral oil fluoresces at 525 nanometers 
when filtered through a kv590. A little more absorbing... a 
little less rock and roll. 

1

• Optical issues: 

• scintillating material may not transmit light efficiently 

• wavelength of emission may not match photosensor sensitivity 

• solution: wavelength shifting fiber 

• Channel issues: 

• large number of channels from the segmentation (expensive, large?) 

• solution: cheap photosensors (SiPM, multimode PMTs)

https://www.imdb.com/name/nm0001339/?ref_=tt_trv_qu
https://www.imdb.com/name/nm0844172/?ref_=tt_trv_qu
https://www.imdb.com/name/nm0676973/?ref_=tt_trv_qu


E X A M P L E S :

NOvA liquid scintillator cells 
• (4 x 6 cm2) x15.6 m-long, 16 cell extruded PVC modules 

• pseudocumene/mineral oil scintillator 

• long fiber looped through cell coupled to APD 

• 13,000 km of fiber for detector! 

• 344,000 cells in total 

• 15 x 15 x 60 m3  overall size !22

T2K ND280 Near Detectors 
• Extruded polystyrene bars coated with TiO2 

• 1 x 1 x 200 cm3 extruded polystyrene bars coated with TiO2 

• “triangular bars 

• Bars are threaded with a wavelength shifting fiber coupled to SiPM
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twice as long as the extrusion and looped at the “far end” of the cell (Fig. 1).  Generally, the 
scintillation light is captured by the WLS fiber after several reflections off the cell walls.  
Simulations show that scintillation light reflects about 8 times on average before entering the 
fiber.  This is the key reason to use highly-reflective PVC surfaces.  The Far Detector has a total 
of 344,064 PVC cells, individually equipped with optical fibers to transport scintillation light to a 
32-channel avalanche photodiode (APD) that sits just over an optical connector attached to each 
32 cell module.   
 

 
 
 

 

 

 

Figure 1:  Ionizing particles passing through the scintillating liquid contained within an extrusion cell produce light, which 
reflects off the PVC walls multiple times until being captured by a wavelength shifting fiber optic loop.  Light within the fiber 
optic travels the length of the extrusion and is detected by an avalanche photodiode (APD).  Dimensions refer to liquid volume. 

Detector Structure  
The extrusions form the mechanical backbone of the NOvA detectors, providing the strength 
necessary to maintain a very large structure filled with liquid scintillator.  In order to capture the 
scintillation light for readout, the extrusion cell walls must have a high reflectance; significantly 
higher than found in commercial PVC products.  We have developed a PVC-based formulation 
to achieve high reflectance while maintaining the necessary mechanical strength.  This paper 
describes the techniques developed to produce more than 11 million pounds of NOvA extrusions 
that meet strict reflectance, strength and dimensional requirements.  An extrusion profile 
schematic is shown in Fig. 2, and a photograph in Fig. 3a.   

 
Figure 2:  NOvA extrusion cross section with cells numbered 1 through 16 (dimensions are in millimeters). 
 
The Near and Far Detectors consist of free-standing blocks of PVC extrusions, filled with liquid 
scintillator.  The NOvA Far Detector is at this time potentially the largest self-supporting plastic 
structure ever built.  Although the primary purpose of this paper is to describe PVC extrusion 
development, a brief description of the detector assembly process is helpful to provide context 
for the physical and optical requirements of PVC extrusions as detector elements.  
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Figure 3:  (a) Close-up photos of one 16-cell PVC extrusion, 15 cm long.  (b) Two full-size 16-cell extrusions 15.5 m long placed 
side-by side form the basis for an extrusion module.   

After the 16-cell PVC extrusions were produced, they were shipped to the University of 
Minnesota to be assembled into the basic detector element of NOvA: the extrusion module.  A 
module consists of an instrumented pair of 16-cell extrusions, each 63.5 cm wide and 15.5 m (3.9 
m) long for the Far Detector (Near Detector).  To make a module, first a pair of extrusions was 
bonded side-to-side, resulting in a 32-cell object 1.27 m wide as shown in Fig 3b.  This was done 
to maximize efficient use of readout electronics, which is based on 32 channels.  Y-11 wave-
length shifting fiber (0.7 mm diameter) [REF 3] was inserted down the entire length of each cell 
and looped around a fixture at the far end, for a total length of approximately 33 meters per cell, 
depending on the routing distance in the manifold to the optical connector.  At the near end, both 
ends of the fiber were routed inside a manifold to terminate at an optical connector.   Both ends 
of the extrusions were sealed with the aid of custom-made plastic gaskets and adhesive.  The 
near end of a module was sealed with an injection-molded cover that enveloped the fiber 
manifold and exposed the optical connector.  The far end of the module was sealed with a flat 
PVC plate that was designed to bear a structural load.   

The third and final step of the detector assembly process was performed at the experimental 
sites: Ash River Minnesota (Far Detector) and Fermilab (Near Detector).  Both locations 
required excavation and construction of specialized laboratory detector halls, oriented along the 
direction of the neutrino beam (approximately a north-south direction).  Extrusion modules were 
shipped from the University of Minnesota to these sites, where they were assembled into detector 
blocks and placed in position to form the Far and Near Detectors.  Because the Far Detector is 
significantly larger than the Near Detector, PVC extrusions were designed and built to meet the 
extraordinary size, stress and reflectance criteria necessitated by its requirements.  We therefore 
limit the detector assembly procedure discussion to the Far Detector.  

The Far Detector assembly process for each Far Detector Block (FDB) is described in brief.  
First, twelve extrusion modules were put down next to each other on an assembly platform table.  
Since each module is 15.5 m long and 1.27 m wide, the twelve modules form a square 15.5 m on 
a side, with the extruded cells oriented in a north-south direction.  A second layer of twelve 
modules, whose underside was coated with an adhesive [REF 4], was placed on top of the first 
layer, but with the extrusion cells oriented in an east-west direction, such that the cells of the 
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was approximately 8%, a reasonable value in light of the fact that NOvA extrusions were made 
with a unique PVC powder.   
 
Handling, Transport & Storage 
The NOvA 15.5 m-long extrusions weigh approximately 236 kg and needed to be picked up, 
moved and placed into a storage stack by mechanical means.  This was accomplished by a 
vacuum lifting device attached to a gantry hoist.  Suspended in this way, the load was moved to 
various locations on the factory floor until it was stacked for shipping, as shown in Fig. 9.   
 

    
           
Figure 9:  (a) The vacuum lifter, shown just above the extrusion, is supported by a movable gantry.  An electronic weight scale is 
attached just below the hoist, above the yellow frame. (b) The vacuum lifter is used to stack extrusions for transport to the 
module asembly factory. 
 
Requirements for handling, shipping and storage of extrusions fell into three categories:  safety 
of personnel; affordability of transport of the extrusions; and structural integrity of the extrusions 
while handling, shipping and storing.  NOvA performance parameters dictated a high degree of 
flatness for each extrusion both during the active lifting phases and the passive storage phases of 
production.  It was relatively easy to converge on processes that satisfied all necessary 
conditions.      

The vacuum lifter system picked each extrusion off the end roller table of the extruder.  Figure 
10 shows the custom cups [REF 15], molded of a soft silicone so they could contour the 
scalloped profile of the extrusion surface easily. The number and spacing of cups was 
determined by the weight of extrusions and the amount of allowable deflection. 
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second layer were orthogonal to those of the first.  A third layer of modules was placed and 
bonded to the second layer, with its orientation in the same direction as the first layer.  A fourth 
layer of modules mimicked the second layer; the fifth layer mimicked the third, and so on, until a 
total of 32 layers were bonded together. To summarize, each FDB: 

• is composed of 384 extrusion modules (768 PVC extrusions) 
• consists of 182 metric tons of extruded PVC 
• is 2.1 m thick, 15.5 m high and 15.5 m wide  

Once assembled, the mechanized assembly table pivoted the FDB around an east-west axis, the 
proper orientation for use as a detector.  Fig. 4 shows (a) the start of the pivoting and moving 
procedure and (b) the proper orientation of a Block at the Ash River site.  After a Block was 
placed on the detector hall floor, it was filled completely using 700,000 pounds of liquid 
scintillator.   In all there are 28 Far Detector Blocks, consisting of 21,504 extrusions.  Near 
Detector Blocks are made of the same materials but stand only 3.9 m high, one fourth of the 
height of an FDB.   

                   
Figure 4:  (a) One of 28 Far Detector Blocks is moved into position with the Block Pivoter.  (b) A Block is in its final position. 
The installation crew of 38 people sets the scale perspective. The outside surfaces of Blocks are painted black to prevent external 
light from passing through the PVC material and being sensed by the APDs. 

II. Reflectivity, Strength and Dimensional Considerations of PVC Extrusions 
 
PVC production consists of two distinct and complex processes, compounding and extruding.  A 
pure PVC resin is compounded with titanium dioxide and several other necessary ingredients to 
produce a powder that is suitable for use in an extruding machine.  The extruding process melts 
the powder and pushes it through a die to form the desired plastic shape.  Because the PVC 
plastic is very hot at the point of exiting the die, vacuum suction and cooling techniques are 
implemented to maintain the shape as the plastic cools to room temperature.  In each process 
great care must be taken to preserve the optical and mechanical integrity of the product.  In 
addition to the standard quality control normally used in industrial production, we developed a 
number of specific tests and instruments to measure output performance and keep losses and 
waste to a minimum via rapid feedback to the machine operators.   The three important qualities 



H Y B R I D

• Scintillator can be combined with other materials and detector technology 

• Left: MINOS Iron/Scintillator tracking detector 

• scintillator is light, so we want more mass → add iron plates as extra (passive) target mass 

• works well for high energy (several GeV) neutrino energies 

• Right: T2K ND280 detector 

• scintillator is the (active) target mass! one detector (FGD2) also intersperses water with scintillator 

• complemented by gaseous time projection chambers (with very little mass)
!23



T E C H N O L O G Y:
• Multi-anode photomultiplier 

• PMT with one photocathode, but multiple anodes 

• readout as one unit 

• allows multiplexed readout of many fibres, but need strategy to demultiplex 

• all the nice properties of PMTs (high gain, relatively low noise, linearity)

!24

• Silicon photomultiplier 

• Array of several hundred pixels operated in avalanche mode 

• high photodetection efficiency, but lower gain than PMT 

• more noise, but dramatic recent improvements! 

• intrinsic non-linearity due to pixel counting 

• i.e. multiple photons on single pixel has same response as single photon 

• also after pulsing and cross talk across channels (greatly improved!)

Reduction in cost/channel from O($102-3) to O($101)



E V E N T S :

• NOvA νµ CC event 

• muon easily identified as long track 

• fine granularity on hadron shower, including 
resolution of individual tracks 

• timing allows large reduction of cosmic 
background at surface far detector

!25

• T2K ND280 tracker 

• momentum and particle identification primarily 
in the time projection chambers (TPCs) 

• scintillator tracker proves precise tracking at 
vertex, matching to tracks in the TPC



P E R F O R M A N C E :
• Some performance depends on granularity 

• thresholds, vertex, etc. 

• granularity << X0 achieves excellent particle 
identification 

• Others (may) depend on containment of the event 

• muon fully ranges out in the detector? 

• hadronic/electromagnetic shower contained? 

• recover unconfined particles with another detector? 

• Complications: 

• geometry has an “axis” 

• difficult to reconstruct at wide angles to the sampling 

• fewer hits, more distance between hits 

• worse at low energies→more isotropic 

• segmentation usually results in dead material 

• non-active material to isolate scintillator 

• reduces efficiency 

• detailed accounting needed for shower reconstruction
!26

Figure 43: Measured spectrum of pulse heights processed
to represent a quantity proportional to the number Nscint

of scintillation photons (see Sec. 11.1.6), for cosmic ray
events triggered by the FGDs. The data are compared to
the corresponding result extracted from simulated events.
The horizontal scale of the simulated spectrum is normal-
ized to the data.

electronic analog and digital system. The sim-
ulation produces digitized MPPC waveforms, as
well as logic signals from a model of the FGD’s
self-trigger system.
Figure 43 shows the spectrum, for FGD-

triggered cosmic ray events, of a measured quan-
tity assumed to be proportional to the number
of scintillation photons (see last paragraph of
Sec. 11.1.6), superimposed upon a histogram of
the same quantity extracted from reconstructed
events from this simulation6.
The total number of photons detected in an

MPPC should be proportional to the total de-
posited energy by a minimum ionizing particle in
the active part of the scintillator bar, and hence
to the path length of the track through the bar.
Fig. 44 illustrates the measured MPPC avalanche
yield from cosmic rays travelling through an FGD
versus the calculated path length of the track
through the bar. Although each bar is only
9.61 mm wide, much longer path lengths are pos-
sible for tracks with a direction component paral-

6 The version of the simulation used for this figure em-
ployed a uniform distribution of photons incident on the
MPPCs from the fibers.

Figure 44: Correlation of the number Nav of MPPC
avalanching pixels with path length through the scintil-
lator bar.

lel to the bar’s axis.

13.4. Particle identification

Figure 45: Deposited energy vs range for particles stop-
ping in FGD1. The scatterplot shows stopping particles
in neutrino beam data, while the curves show the MC ex-
pectations for protons, muons, and pions.

Because slower moving particles deposit more
energy per path length, the energy loss summed
over bars can be used to identify the type of parti-
cle that produced a track stopped in the FGD [17].
The measured light yield of a hit along a track
is first converted into an equivalent energy de-
posit in MeV by the calibration chain described
in Sec. 11, which includes corrections for MPPC
gain and saturation, Birks’ constant e↵ects, and
the attenuation curve of the bar/fiber combina-
tion. By comparing the measured total energy
deposit for a given particle range in the FGD
to the theoretically expected energy deposit for

43

1



A C T  3 :  L I Q U I D  A R G O N  T I M E  P R O J E C T I O N  C H A M B E R
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O R I G I N S

• C. Rubbia (1977): 

• bubble chambers give exquisite detail about events 

• allows searches for unexpected processes and topologies 

• “single event” discoveries 

• Can we find a different way to achieve similar resolution 
with a simpler technology that can be realized on a 
massive scale for neutrino experiments?

!28



W H Y  L I Q U I D  A R G O N ?

• The time projection chamber: 

• Charged particle leaves a trail of ionization 

• electrons “drifted” to readout plane by electric field 

• the pattern of ionization parallel to the plane will 
map directly onto the readout 

• the drift time provides the coordinate perpendicular 
to the plane

!29

• Medium requirements: 

• mobility: the electrons drift in the electric field 

• lifetime: i.e. the electrons survive the drift and don’t 
recombine or attach to atoms in its path 

• diffusion: the electrons should not spread out too much 
as they drift, else they obscure the track 

• density: the medium can serve as the target for neutrino 
interactions and track outgoing particles “immediately” 



R E A D O U T  A N D  I M A G I N G :
• Two detection modes: 

• induction: detect induced current on wires as electrons 
pass through wire plane 

• “non-destructive”:  additional wire planes can detect 
electrons afterwards 

•  complicated bipolar signal 

• collection: collect electrons and detect charge 

• “destructive” (i.e. you can only collect once!) 

• wire planes oriented in different directions  

• get separate 2 dimensional projections  

• combine to obtain 3 dimensional representation 

• Alternative: 2D pixel readout (native 3d image)
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• wire-based readout: 

• charge collection by wire plane gives 2 dimensional 
projection of the charge pattern 

• axis in the plane perpendicular to the wires 

• axis perpendicular to the plane (from drift time)

Drift parameters: 
•Velocity:                         vd   ~1600 m/s 
•Transverse diffusion:     DT   ~ 13 cm2/s 
•Longitudinal diffusion:  DL  ~   5 cm2/s

� =

s
2DL/Tx

vd
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O P T I C A L  S I G N A L :
• Liquid Argon is a very good scintillator: 

• ~24,000 photons/MeV of deposited energy 

• 128 nm  

• 1.6 ns and 6 ns lifetime components 

• Wavelength shifter needed to bring light into 
wavelength detectable by conventional 
photosensors (e.g. PMT)

!31

Figure 27. Displays showing two sequential events in the argon as seen by the light collection
system. The sequence is consistent with a muon that stops (top) and decays (bottom). The circles
correspond to the optical units. Red circles indicate those units with hits within the time range
indicated by the vertical bars drawn on the PMT waveforms, which are shown at the bottom of
each display.

Table 6. Important properties of scintillation light in liquid argon that affect detection in Micro-
BooNE.

Property Value Reference
Wavelength 128 nm [56]
Singlet, Triplet state time constants 6 ns, 1.6 µs [57]
Photons/MeV for E = 500 V/cm 24000 [58]
Triplet lifetime quench due to N2 at 1 ppm 20% [55]
Attenuation length due to N2 at 1 ppm 66 m [27]
Rayleigh Scattering Length 66 cm [59]
Transparency of the wireplanes at normal incidence 86% -
Photocathode coverage of the 32, 8-inch PMT array 0.9% -
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Figure 28. Scintillation light emission spectrum (red) and TPB re-emission spectrum (green), in
arbitary units. Superimposed are relevant efficiencies (plotted in % on the y axis): Dark green
line – absorption of VUV light by TPB; Black line – transmission of borosilicate glass; Blue line –
efficiency of a R5912-02mod cryogenic PMT [54].

Because scintillation photons have a wavelength of 128 nm, they are are very difficult
to detect using conventional photodetectors. Figure 28 summarizes the challenges involved
in detection of the 128 nm scintillation light. In order to detect the scintillation light (red
distribution shown in figure 28), the VUV photons must be shifted into the visible region.
MicroBooNE employs tetraphenyl-butadiene (TPB). This organic fluor absorbs in the UV
(green line) and emits in the visible with a peak at 425±20 nm (green hatched region), the
peak wavelength having a slight dependence on the micro-environment of the fluors. This is
a favorable wavelength for detection by the PMTs employed by MicroBooNE. The efficiency
for transmission through borosilicate PMT glass (black) and the quantum efficiency of the
cryogenic tubes used in MicroBooNE (blue) are overlaid on the TPB spectrum.

5.2 The Primary Light Collection System

Each of the 32 optical units of the primary light collection system consist of a cryogenic
Hamamatsu 5912-02MOD PMT seated behind an acrylic plate coated with a TPB-rich
layer and surrounded by a mu-metal shield. Figure 29 shows a diagram of one unit (left)
and a photograph of the installed units (right). Past experiments have directly coated
PMTs with wavelength shifter [5]. However, the MicroBooNE design separates the PMT
from the wavelength-shifting plate for simplicity of quality control and installation. This
proved important, as R&D indicated that TPB is particularly vulnerable to environmental
degradation (see section 5.2.3). In this section, a description is provided for each component
of the optical unit, as well as for the overall assembly.
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Figure 30. The specification for the non-platinum undercoated PMT from [60]. The blue band shows
the mean and standard deviation of the four quantum efficiency curves provided by Hamamatsu for
the installed PMTs. Also shown is the measured emission spectra of the MicroBooNE wavelength-
shifting coatings, discussed in section 5.2.2. [54]

erated at cryogenic temperatures. The base is attached ⇠1 cm from the bottom of the
PMT and is the closest possible distance of safe approach to the PMT vacuum seal tip. A
schematic and photos of the PMT base are provided in reference [49]. The passive compo-
nents include only metal film resistors and C0G/NP0 capacitors, which have the minimum
temperature coefficients, and the performance of all components at cryogenic temperatures
was tested. Because the supplied HV and return signal share a single cable, the signal must
be split from the HV through an AC-coupling capacitor, as is discussed in section 5.2.5.

All installed PMTs were tested in a PMT test stand, both at room temperature and in
liquid nitrogen at 77 K. The details are described in reference [49]. In brief, the test stand
consisted of a light-tight 346 liter, liquid nitrogen filled dewar into which up to four PMTs
could be installed. The PMTs were immersed and maintained in the dark environment
for up to three days before most measurements of the dark rate and gain were performed.
A fiber brought in light from a pulsed blue LED, which was tested for linearity with bias
voltage.

Among the important results from cryogenic testing were the following [49]:

• After the required period in the dark and cold, the PMTs could be ramped to voltage
quickly in the cold environment, and after 30 minutes, the gains were found to be
stable.

• If the room temperature PMTs were immersed in liquid nitrogen, dramatic changes
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• Above: 

• muon/decay electron candidate 
in MicroBooNE 

• Provides important “fast” 
complementary information 

• Localization to match scintillation and 
ionization signals 



L A R - T P C  D E T E C T O R S :

• Quest for ever larger detectors .  . . . . 
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C A PA B I L I T I E S  O F  L A R - T P C S

• Detailed and precise tracking information to relatively low thresholds 

• allows precise vertexing  

• matching/separation of distinct objects (e.g. cosmic ray overlaid on neutrino interaction) 

• Topological information such as showering  

• track, electromagnetic shower, hadronic shower separation 

• delta rays from tracks 

• Ionization pattern, such as Bragg peak from stopping track
!33



S I G N A L  P R O C E S S I N G

• Many complicated effects! 

• Drift of electron is distorted by wires 

• Induction signal from a single electron is 
observed over many wires 

• “space charge” buildup distorts drift 

• Noise from electronics, etc. 

• signal processing necessary to recover 
“undistorted” image.
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MicroBooNE

Figure 28: An example neutrino candidate event display from MicroBooNE data (event 41075, run
3493) showing a U plane view. (a) The raw waveform image in units of average baseline subtracted
ADC scaled by 250 per 3 µs. (b) The image after software noise-filtering in units of average baseline
subtracted ADC scaled by 250 per 3 µs. (c) The image after 2D deconvolution in units of electrons
per 3 µs. Prolonged signals associated with near-vertical tracks, such as the one at the top left of
each event display window, are recovered after the deconvolution step. Additionally, the image
quality near the neutrino interaction vertex improves after the 2D deconvolution, which is expected
to lead to improvements in the pattern recognition.

identifying tracks near neutrino interaction vertices is important for neutrino event reconstruction
at MicroBooNE as well as at DUNE [36].

Shown in figure 31 is yet another event display corresponding to the event showcased in
figure 30, this time for the V plane view. As for the case of the U plane for the same event, the delta
rays associated with the longer muon track at the bottom of the display and the neutrino interaction
vertex become more easily identifiable by eye in the image after the deconvolution, and the short
track near the neutrino interaction vertex is recovered. However, one also notices some blurring of
the event image near the neutrino interaction vertex. This is in part due to a deficiency in the ROI
(region of interest) finding for this particular event (see section 1.1). Future improvements in the
ROI finding algorithm as well as a better modeling of the wire field response will allow for further
improved image quality.
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MicroBooNE

Figure 29: An example neutrino candidate event display from MicroBooNE data (event 41075,
run 3493) showing a Y plane view. (a) The raw image in units of average baseline subtracted ADC
scaled by 250 per 3 µs. (b) The image after software noise-filtering in units of average baseline
subtracted ADC scaled by 250 per 3 µs. (c) The image after the 2D deconvolution in units of
electrons per 3 µs are shown. The impact from the deconvolution is minimal in the case of the
Y plane, but minor improvement is observed; most notably, faint vertical lines near the neutrino
interaction vertex are removed. The improvement in this case is largely a result of the calibration
of the electronics response.

5.2 Demonstration of cross-plane charge matching

It has been shown that with the improved signal processing chain, drifting ionization charge can
be successfully extracted from the induction wire planes where the intrinsic field response function
has a bipolar shape. In this section, it is shown quantitatively that charge matching across the three
wire planes (the unbiased estimation of amount of ionization charge from the same drifting electron
cloud when comparing signals from the di�erent wire planes) has been achieved in MicroBooNE
data.

Figure 32 shows the extracted deconvolved ionization charge distribution for a set of selected
“point sources” from small, isolated ionization deposits in the TPC such as beta decay electrons
from 39Ar or other, higher-energy radiological sources in the liquid argon. The distributions shown
are obtained by adding together all deconvolved waveforms of a given plane associated with a point
source in the detector that is identified by eye. In general, the charge distribution as a function of
time from di�erent wire planes are reasonably consistent with each other. At the same time, some
discrepancies do exist in these comparisons. Some di�erences can be attributed to the inherent (or
residual excess) electronics noise. In the bottom left image of figure 32, the V plane wires make
use of a bigger signal ROI than is necessary, leading to a reduction of reconstructed charge in the
first peak. Future improvements to the ROI-finding algorithm, described in section 1.1, can help
ameliorate this problem. Besides this, bias in the charge extraction can result from deviations of the
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(a) Electron drift paths.
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(b) Weighting potential on a U wire.
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(c) Weighting potential on a V wire.
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(d) Weighting potential on a Y wire.

Figure 2: A demonstration of electron drift paths in the applied electric field (panel a) and weighting
potentials (panels b, c, d) on individual wires of the 2D MicroBooNE TPC model, using the Garfield
program. The coordinates for each plane are defined in section 2.3 as shown in figure 8a. The x-Axis is in
the drifting field direction and the z-Axis is in the beam direction. The weighting potential is a dimensionless
quantity, given as a value relative to the to the electric potential on the target wire. Values for the weighting
potential are indicated in percentage on each equipotential line, ranging from 1% for the farthest to 60% for
the closest illustrated.
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P E R F O R M A N C E :

• Fine sampling allows tracking to very low thresholds 

• < 100 MeV/c for m/p 

• ~200 MeV/c for protons 

• detailed resolution of multiple track systems 

• Powerful e/γ separation possibility 

• ionization at the start of the shower 

• separation from vertex 

• Still many challenges and opportunities 

• shower reconstruction 

• momentum reconstruction by multiple scattering 

• machine learning techniques to sort/structure 
tremendous amount of information

!35
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Figure 14. The dE/dx distribution for electrons (blue) and gammas (red). The solid blue curve, representing
the simulation of electron dE/dx, includes a 20% contaimination of gammas consistent with the results from
Figure 11.

date sample, selected by topology only, is in fact
gammas. Lastly, the e�ciency and purity of a
dE/dx selection metric will be impacted by the
hit finding e�ciency and wire spacing, and will
vary amongst LArTPCs.

The value of the cut used above, 2.9 MeV/cm,
is also somewhat arbitrary and must be de-
termined uniquely for each analysis. In this
case, it is selected as the mid point between the
two peaks of the distribution. However, in an
analysis targeting electron neutrinos the abso-
lute normalization of the electron and gamma
shower populations is crucial. The desired pu-
rity of electrons must be balanced with the need
to keep su�cient electron statistics. An aggres-
sive dE/dx cut, at 2.5 MeV/cm, e↵ectively re-
jects gammas but also can remove a significant
amount of electrons (here it removes 30% of
electron candidate events in data, 13% of Monte
Carlo electrons). Though this paper represents
a demonstration of the calorimetric separation

of electrons and gammas through dE/dx, it is
strongly recommended to evaluate the precise
values of the dE/dx cut for future analyses.

VIII. CONCLUSIONS

We have analyzed a sample of neutrino events
acquired by the ArgoNeuT detector and se-
lected a sample of electron neutrino candidate
interactions and gammas originating from neu-
tral current and charged current muon-neutrino
interactions.

The high granularity of a LArTPC allows pre-
cision topological discrimination of gammas and
electrons. A purely topological cut produced a
sample of electron neutrino events with an esti-
mated 80 ± 15% purity. This is the first anal-
ysis to identify and reconstruct a sample of low
energy electron neutrinos in a LArTPC. The
detection and characterization of these electron
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#Matched Particles 0 1 2 3+

µ 3.7% 94.8% 1.5% 0.0%
p 9.9% 85.5% 4.3% 0.3%
g1 6.8% 88.0% 4.8% 0.4%
g2 29.9% 66.4% 3.6% 0.2%

Table 3: Pattern-recognition performance for the target muon, proton and two photons (g1 is the photon with
the largest number of true hits, g2 has fewer true hits) in simulated BNB CC nµ interactions with resonant
neutral-pion production. The total number of events was 17,939 and 49.9% had exactly one reconstructed
particle matched to each target.

MCParticle. To reconstruct these events, there are fundamental tensions in the pattern recognition. Algorithms
need to be inclusive to avoid splitting true showers into multiple reconstructed particles, but they also need
to avoid merging together hits from separate, nearby target MCParticles. Algorithm thresholds for individual
particle creation also need to be sufficiently low to enable efficient reconstruction of small showers, without
leading to the creation of excessive numbers of separate fragment particles. Aggressive searches for small
particles associated with the reconstructed neutrino interaction vertex can help to address this second source
of tension.

The reconstruction efficiencies, purities and completenesses for the target muon and proton are essentially
unchanged from those reported for the event topologies considered in Sections 6.1 and 6.2. Figure 17 therefore
concentrates on the pattern-recognition performance for the two showers, showing reconstruction efficiencies
as a function of the numbers of true hits, true momenta and the true opening angle between the two photons.
The efficiency for g1 increases, almost monotonically, with the number of true hits. The efficiency for g2
initially displays the same rise with number of true hits, but then falls away as the two showers are more
frequently merged into a single reconstructed particle that is associated to the larger target, g1.

Figure 17c shows that the efficiency for g2 is very low when the opening angle between the two photons is
small and the two showers are coincident. The efficiency then rises as the opening angle increases and the two
showers begin to appear as separate entities, reaching a maximum at a true opening angle of approximately 36�.
The efficiency then decreases slowly as the angle increases, before falling steeply as the two showers appear
in a back-to-back topology. The efficiency for g2 is always lower than that for g1, as merged reconstructed
particles will typically be associated to g1 and as more of the smaller showers do not cross the threshold for
creation of a reconstructed particle.
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Fig. 17: Reconstruction efficiencies for the target photons (g1 is the photon with the largest number of true
hits, g2 has fewer true hits) in simulated BNB CC nµ interactions with resonant neutral-pion production, (a)
as a function of the numbers of true hits, (b) as a function of true momenta and (c) as a function of the true
opening angle.
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As expected, target MCParticles are most likely to be merged into single reconstructed particles when the
targets are collinear. Figure 15 shows the completenesses and purities of the reconstructed particles with the
strongest matches to the target muon, proton and pion. The reported completeness is lowest for the target pions
because of the difficulty inherent in fully reconstructing the hierarchy of daughter particles, even when all the
separate particles are reconstructed.
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Fig. 14: Reconstruction efficiencies for the target muon, proton and charged pion in simulated BNB CC nµ
interactions with resonant pion production, (a) as a function of the numbers of true hits, (b) as a function of
true momenta and (c) as a function of the true opening angles to the nearest-neighbour target MCParticle. For
instance, for the muon in a given event, this would be the smaller of its true opening angles to the proton and
the charged pion.

Figure 15c shows the displacement of the reconstructed neutrino interaction vertex from the true, generated
position. It is found that 68% of events have a displacement below 0.48 cm, whilst 7.3% of events have a
displacement above 5 cm. The vertex reconstruction performance is better than for the quasi-elastic events
considered in Section 6.1. The presence of the pion track, whilst adding to the complexity of the events,
provides additional pointing information indicating the position of the interaction vertex.
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Fig. 15: Completeness (a) and purity (b) of the reconstructed particles with the strongest matches to the target
muon, proton and charged pion in simulated BNB CC nµ interactions with resonant pion production and (c)
the distance between generated and reconstructed 3D vertex positions.

liquid argon correctly. Furthermore, it allows to expand the conclusions of Sec. 5 to the
data. For the ionization-only measurement the energy resolution in the range between 10
and 60 MeV is above 30%, and improves to about 20% when tagging of radiative photons
is included. Including photons shifts the peak of the energy spectrum from ~20 to about 30
MeV. The energy bias measured in Sec. 5 changes from 60% to 76% of all electron energy
recovered at 50 MeV of true electron energy. The decrease in energy-bias and shift in the
peak of the energy spectrum are approximately consistent.

Figure 17: Reconstructed energy spectrum for the measured ionization-only Michel elec-
tron energy. The performance of the reconstruction algorithm on data and Monte Carlo
events are compared. Error bars represent statistical uncertainties only for both data and
simulation.
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#Matched Particles 0 1 2 3+

µ 3.7% 94.8% 1.5% 0.0%
p 9.9% 85.5% 4.3% 0.3%
g1 6.8% 88.0% 4.8% 0.4%
g2 29.9% 66.4% 3.6% 0.2%

Table 3: Pattern-recognition performance for the target muon, proton and two photons (g1 is the photon with
the largest number of true hits, g2 has fewer true hits) in simulated BNB CC nµ interactions with resonant
neutral-pion production. The total number of events was 17,939 and 49.9% had exactly one reconstructed
particle matched to each target.

MCParticle. To reconstruct these events, there are fundamental tensions in the pattern recognition. Algorithms
need to be inclusive to avoid splitting true showers into multiple reconstructed particles, but they also need
to avoid merging together hits from separate, nearby target MCParticles. Algorithm thresholds for individual
particle creation also need to be sufficiently low to enable efficient reconstruction of small showers, without
leading to the creation of excessive numbers of separate fragment particles. Aggressive searches for small
particles associated with the reconstructed neutrino interaction vertex can help to address this second source
of tension.

The reconstruction efficiencies, purities and completenesses for the target muon and proton are essentially
unchanged from those reported for the event topologies considered in Sections 6.1 and 6.2. Figure 17 therefore
concentrates on the pattern-recognition performance for the two showers, showing reconstruction efficiencies
as a function of the numbers of true hits, true momenta and the true opening angle between the two photons.
The efficiency for g1 increases, almost monotonically, with the number of true hits. The efficiency for g2
initially displays the same rise with number of true hits, but then falls away as the two showers are more
frequently merged into a single reconstructed particle that is associated to the larger target, g1.

Figure 17c shows that the efficiency for g2 is very low when the opening angle between the two photons is
small and the two showers are coincident. The efficiency then rises as the opening angle increases and the two
showers begin to appear as separate entities, reaching a maximum at a true opening angle of approximately 36�.
The efficiency then decreases slowly as the angle increases, before falling steeply as the two showers appear
in a back-to-back topology. The efficiency for g2 is always lower than that for g1, as merged reconstructed
particles will typically be associated to g1 and as more of the smaller showers do not cross the threshold for
creation of a reconstructed particle.
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Fig. 17: Reconstruction efficiencies for the target photons (g1 is the photon with the largest number of true
hits, g2 has fewer true hits) in simulated BNB CC nµ interactions with resonant neutral-pion production, (a)
as a function of the numbers of true hits, (b) as a function of true momenta and (c) as a function of the true
opening angle.
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H I G G S TA N . C O M
• Water Cherenkov detectors and 

LArTPCs explained in four 
frames. 

• This and more on particle physics 
at higgstan.com
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C O N C L U S I O N :
• We need massive detectors to study neutrino detectors in detail 

• “massive” has evolved over time . . . by the turn of the millenia, multi-kiloton detectors are already in operation 

• technologies vary in what they can tell us about neutrino interactions 

• Three technologies are dominant in current accelerator-based detectors 

• Water cherenkov detectors 

• Scintillating tracking detectors 

• Liquid argon time projection chambers 

• Personally, I am amazed that we can build neutrino detectors with such basic ingredients 

• water, plastic, argon

!37



D I V E R S I O N
• All the detector technologies discussed rely (primarily) on neutrinos interaction on nuclei  

• Water Cherenkov: 16O and  1H 

• Scintillator: 12C and 1H (and other stuff) 

• LAr-TPC: 37Ar 

• We need to understand neutrino interactions on nuclei 

• Particle physics bias/ignorance: 

• nuclei are collections of protons and nucleons 

• we can understand neutrino-nucleus interactions by understanding neutrino-nucleon interactions 

• what could go wrong?
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