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LAPPDs
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http://arxiv.org/abs/1603.01843

FURTHER READING:
A Brief Technical History of the Large-Area 
Picosecond Photodetector (LAPPD) Collaboration

http://arxiv.org/abs/1603.01843
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INCOM TILES
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Tile #15

Incom Inc. Confidential LAPPDTM Performance Status Report – May 19, 2017 
National Geospatial-Intelligence Agency - “Antineutrino/Neutron Geolocation Program V” 

Page 21 of 26 
 
 

 
Figure 20 - Photocathode: QE vs Wavelength 

 
Figure 21 - LAPPD Dark Box Testing Facility – Underway! 

Figure 15: TOP: LAPPD-15 QE map at 3 days (LEFT) and 32 days (RIGHT) after sealing. BOTTOM:
The average QE at 375 nm remains at 30%, with a maximum 35% and minimum of 22%.

characteristics of these MCP-based detectors, this parameter should be the easiest to address. Early test
modules have shown that these detectors will be able to achieve peak gains as high as 107 [43]. Moreover,
gains of order 105 are acceptable with electronic pre-amplification and the printed circuit to which the
LAPPDs are mounted is being designed to accommodate amplifiers.

Early tests of the timing characteristics focused on establishing the sensitivity of the test setup. At high
laser intensities we have measured transit time spreads (TTS) of 30 picoseconds, limited by the characteristics
of the laser. This should be more than su�cient for characterization of baseline LAPPDs, which are expected
to have an intrinsic resolution of 50 picoseconds driven by the geometry of the detector [43]. At lower light
levels, we have observed resolutions approaching 100 picoseconds, limited by signal-to-noise due to the low
gain. We expect to see considerable improvements with higher gain prototypes, although 100 picoseconds is
su�cient for ANNIE. E↵orts at the ISU test stand are focused on optimizing the operational voltages of the
detector and measuring the single PE time resolution.

3.2 Vertical Integration of the PSEC Electronics

A major objective the Iowa State LAPPD facility, in addition to characterizing the LAPPDs, is the vertical
integration of LAPPDs into the complete ANNIE readout and DAQ. LAPPDs can be connected to the
PSEC4-electronics designed by UChicago for LAPPD readout (further described in Sec. 6). The lower left
panel of Fig. 17 shows an example signal readout by the PSEC system.

The ISU test stand has a vertical slice of the ANNIE DAQ complete with one module from each system.
Once work on the PSEC-4 triggering is complete, the next step will be to incorporate the readout of an
Incom LAPPD into the vertical slice. This work is expected to take place over the summer and fall of 2017.

ANNIE PSEC system development is planned to proceed as follows: (1) development of the trigger
scheme with ANNIE’s central card; (2) transfer of firmware and triggering scheme to a new central card; (3)
vertical integration of the PSEC system with a slice of the ANNIE readout, and (4) operation of a cosmic
ray test stand with scintillator paddles and LAPPD, using the integrated ANNIE readout and DAQ.

17
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 Commercialization Status (Incom) 

LAPPD integration and sealing tank

Beneq ALD coater with load-lock Measurement & test station

Vacuum

Thermal evaporator
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Uniform Gain within ~15% 
across the area

Gain Uniformity Map

20
0m

m

Dark Noise: 0.1 – 1 cts/sec/cm2

20 micron pores

200mm

 ALD performance (Incom) 



Fermilab Physics Advisory Committee Meeting - July 2017                             ANNIE Phase II Physics Proposal 8

Gen II Development
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• reduce fabrication costs and increase volume
• improve performance
• Address the vacuum transfer process.
• New approaches to photocathode production
• cheaper and more robust components 

To follow closely behind the ramp up of first Incom tiles. 

LAPPD%sealed%at%UChicago

UChicago%Dual%Vacuum%
Chamber

LAPPD%sealed%at%UChicago

UChicago%Dual%Vacuum%
Chamber

 Gen II Development (U Chicago/Incom) slide credit: Andrey Elagin

slide credit: Andrey Elagin (UC)
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In-Situ LAPPD Fabrication

UChicago PSEC Lab

Simplify the assembly process by avoiding vacuum transfer:
make photo-cathode after the top seal

(PMT-like batch production)

Heat only the tile
not the vacuum vessel

Intended for 
parallelization

55

In-Situ LAPPD Fabrication

UChicago PSEC Lab

Simplify the assembly process by avoiding vacuum transfer:
make photo-cathode after the top seal

(PMT-like batch production)

Heat only the tile
not the vacuum vessel

Intended for 
parallelization

55
slide credit: Andrey Elagin (UC)
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First Signals from an In-Situ LAPPD

Near side: reflection from 
unterminated far end

Far side: reflection is 
superimposed on prompt

Source

far sidenear side

Source

Readout
(50-Ohm transmission line)

(Sb cathode)

Readout
(50-Ohm transmission line)

The tile is accessible for QC before photo-cathode shot  
This is helpful for the production yield

April, 2016

57The tile is available for QC before the photocathode is shot

 First signals from an In-situ LAPPD April 2016

slide credit: Andrey Elagin (UC)
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First Sealed In-Situ LAPPD
August 18, 2016

Flame seal by 
J.Gregar, Argonne

58

(Cs3Sb photo-cathode)

First Sealed In-Situ LAPPD
August 18, 2016

Flame seal by 
J.Gregar, Argonne

58

(Cs3Sb photo-cathode)

First Sealed In-Situ LAPPD
August 18, 2016

Flame seal by 
J.Gregar, Argonne

58

(Cs3Sb photo-cathode)

slide credit: Andrey Elagin

August 18th 2016
Cs3Sb photocathode

 First Sealed, In-situ LAPPD
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Gen-II LAPPD

10 nm NiCr ground layer inside
is capacitively coupled

to an outside 50 Ohm RF anode

NiCr-Cu electroding
for the top seal

Ground pins

Two tubulation ports
for the in-situ PC synthesis

(improved gas flow)

Monolithic ceramic body
• Robust ceramic body
• Anode is not a part of

the vacuum package
• Enables fabrication

of a generic tile for
different applications

• Compatible with in-situ 
and vacuum transfer 
assembly processes

Joint effort with Incom Inc. via DOE SBIR 59

January, 2017

Gen-II LAPPD

10 nm NiCr ground layer inside
is capacitively coupled

to an outside 50 Ohm RF anode

NiCr-Cu electroding
for the top seal

Ground pins

Two tubulation ports
for the in-situ PC synthesis

(improved gas flow)

Monolithic ceramic body
• Robust ceramic body
• Anode is not a part of

the vacuum package
• Enables fabrication

of a generic tile for
different applications

• Compatible with in-situ 
and vacuum transfer 
assembly processes

Joint effort with Incom Inc. via DOE SBIR 59

January, 2017

• Robust ceramic body
• Anode is not part of the vacuum 

package
• Compatible with current Incom fab
• Also compatible (ideal) for gen II, 

in situ fab

slide credit: Andrey Elagin

 Mechanical Advancements
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6cm x 6cm Active Area MCP Photodetector Composition

3

Bob Wagner, Argonne, ANNIE Collab. Mtg., Fermilab, 19 Oct 2015

MCP & Grid Spacer Stack

Stack in Glass Lower Tube Assembly

Getter Strips

Completed Tube with Photocathode
Tube contains MCP pair 
arranged with 8° pore bias 
angle in “chevron” configuration

Double-ended readout via 7 or 9 anode strip lines

Top window seal made via 
thermocompression of indium wire 

• small format, glass MCP detectors based on the 
LAPPD concept.

• ANL development facility now producing new tubes 
regularly and with a high success rate

• slightly low QE (~10%) but high gain and good timing
• a number of long lived prototypes exist, more are on 

the way and available for testing. 

 ANL 6 cm Tiles

Prototype%6%cm%MCP%#54%
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Moving Forward
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 Early Adopters

First LAPPDs will not be “cheap” (by HEP standards)
• small volumes
• high operational costs
• small market

LAPPD technology is viable outside of particle physics 
(medical imaging, security, neutron and x-ray imaging, etc)

HEP will benefit from economy of scale.

In the mean time, Incom is very interested in 
HEP early adopters and is willing to help with 
costs and availability, especially for those 
who can provide detailed testing/feedback

Gen II could significantly reduce costs.

Successful early demonstrations are critical!

Even with no further developments, costs are likely 
to go down with yield, volume, and market size
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FIG. 1: (Color online) The spreading function d(Eν , Eν) of Eq. (4) per neutron of 12C in the

case of electrons evaluated for three Eν values. The genuine quasielastic (dashed lines) and the

multinucleon (dotted lines) contributions are also shown separately.

III. APPLICATIONS

A. T2K

Here the situation is relatively simple as one deals with a long baseline experiment [10, 11]

with oscillation mass parameters already known to a good accuracy. We have pointed out

[4] the interest of the study for T2K of the muon events spectrum both in the close detector

and in the far detector since the two corresponding muonic neutrino beams have different

energy distributions. The study of the reconstruction influence on the electron events in

the far SuperKamiokande detector was performed in our Ref. [4], it is discussed again here

in our new reversed perspective. The two muon beams in the close and far detectors and

the oscillated electron beam at the far detector having widely different energy distributions,

the effect of the reconstruction is expected to differ in all three. The muon neutrino energy

distribution in the close detector, normalized with an energy integrated value of unity,

Φνµ(Eνµ) is represented in Fig. 2 as a function of Eνµ. At the arrival in the far detector it

is reduced by a large factor which depends on the oscillation parameters and its expression

8
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Neutrino-Nucleus Interactions Are Complicated

• Inelastic processes that look 
experimentally CCQE-like can 
bias neutrino energy 
reconstruction

• This can distort neutrino 
oscillation patterns in ways that 
can affect δCP measurements

• These effects can be better 
understood with a more complete 
picture of the hadronic system

• Neutrons, in particular, are a good 
indicator of inelasticity

M
artini et al

M
osel et al
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ANNIE Physics

Run I: Background Measurement/Proof of Concept

Run IIa: Reconstruction of 
0pi + xN + ?p  

versus final states versus muon kinematics  

Run IIb: Reconstruction of 
CC 0pi + nN + ?p and 
CC 1pi + nN + ?p and 
NC 1pi 1pi + nN + ? 

versus final states versus muon kinematics  

Run IIc: water-based liquid scintillator to see protons? 

add some LAPPDs

add more LAPPDs
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ANNIE Physics

• Ability to detect final state neutrons from neutrino 
interaction 

• Detailed kinematic reconstruction of muon energy and 
angle 

• Number of neutrons is particularly interesting in a neutrino 
beam one does not expect neutrons, to first order. 

• Yet,at 1 GeV production of neutrons is relatively common: 
• 2p-2h effects 
• stuck pions 
• final state interactions/nuclear knockouts 

• There is no lower energy limit on detecting free neutrons 
(unlike multi-proton searches) 

• However, there is no (or at least weak) kinematic 
reconstruction of neutrons
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Even on free nucleons, several processes to model
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Neutrino Interactions: General Categories of CC Interactions
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Neutrino Interactions: General Categories of CC Interactions

The real world does not factorize as neatly as this

The experimental community is starting to move 
away from generator-based definitions towards 
topological definitions:

ie, 1mu + 1pi + nN + mP
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BNB (ANNIE)

NOvA
DUNE
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To make precision measurements we need to know 
the neutrino energy

Long-baseline Oscillation 

•  νe appearance amplitude 
depends on θ13, θ23, δCP, 
and matter effects – 
measurements of all four 
possible in a single 
experiment 

•  Large value of sin2(2θ13) 
allows significant νe 
appearance sample   

a =GFNe 2

Δij =
Δmij

2L
4E

E
ve

nt
 ra

te
: 

NuInt15: DUNE Systematics 5 
Need better than 100 MeV resolution to really start resolving these curves.
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Calorimetric Energy Reconstruction

Kinematic Energy Reconstruction

1. ν-oscillation 
2. Accelerator-ν	
3. QE-like bkgd 
4. NCπo bkgd 
5. Systematics 
6. Osc analysis 
7. Conclusion 

37	2015/11/11	

 3. Energy reconstruction 

Teppei	Katori,	Queen	Mary	
University	of	London	

Cherenkov energy reconstruction 
 
Neutrino energy is reconstructed from 2 observables, muon energy  Eµ and muon 
scattering angle θµ	
 
Energy of the neutrino Eν

QE and 4-momentum transfer Q2
QE can be reconstructed by 

these 2 observables, under the “QE assumption” 
 1. bound neutron at rest 
 2. CCQE interaction 
 
Any problems? 

µ	
ν-beam	 cosθ	

Eµ	

Q4 	

Eν
QE =

MEµ − 0.5mµ
2

M−Eµ +pµ cosθµ

1. ν-oscillation 
2. Accelerator-ν	
3. QE-like bkgd 
4. NCπo bkgd 
5. Systematics 
6. Osc analysis 
7. Conclusion 
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 3. Energy reconstruction 

Teppei	Katori,	Queen	Mary	
University	of	London	

Calorimetric energy reconstruction 
 
Neutrino energy is reconstructed by summing all visible energy. 
 
Any problems? 

Eν
Cal = εn +Eµ +Ep −M+ Ehi

i
∑

µ	
ν-beam	

Eµ	

Ep	

Eh	

Eh	

Q5 	 1. ν-oscillation 
2. Accelerator-ν	
3. QE-like bkgd 
4. NCπo bkgd 
5. Systematics 
6. Osc analysis 
7. Conclusion 
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1. ν-oscillation 
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 3. Energy reconstruction 

Teppei	Katori,	Queen	Mary	
University	of	London	

Cherenkov energy reconstruction 
 
Neutrino energy is reconstructed from 2 observables, muon energy  Eµ and muon 
scattering angle θµ	
 
Energy of the neutrino Eν

QE and 4-momentum transfer Q2
QE can be reconstructed by 

these 2 observables, under the “QE assumption” 
 1. bound neutron at rest 
 2. CCQE interaction 
 
Inefficiency is from violation of above assumption 
 1. Pion production, with pion absorption 
 2. Interaction with correlated-nucleons 
(non-QE background) 
 

µ	
ν-beam	 cosθ	

Eµ	

Eν
QE =

MEµ − 0.5mµ
2

M−Eµ +pµ cosθµ
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FIG. 4. (color online). Probability distribution functions for
a neutrino event of the true energy E

true

to be reconstructed
at the energy E

rec

. Results are shown for QE neutrino event
at E

true

= 1.45 GeV (top) and a DIS event at E
true

= 3.45
GeV (bottom), as well as for di↵erent assumptions on the
detector performance, see text for details.

using a detector with e↵ective smearing in neutrino en-
ergy according to a Gaussian with standard deviation
�(E⌫) = 0.15

p
E⌫ centered is also shown. Note that

such resolution is typically assumed in phenomenological
studies devoted to liquid-argon detectors [57, 63–66].

The probability for a neutrino event to be recon-
structed at a particular neutrino energy obviously de-
pends on the reconstruction procedure, as well as on the
event type. In Fig. 4 we show two examples for the calori-
metric energy reconstruction, for QE and DIS events.
The reconstruction works rather well for a QE neutrino
event, and the probability to get the energy reconstructed
at a very di↵erent value other than the true neutrino en-
ergy is relatively small. For a DIS event, on the other
hand, the probability is rather flat, and there is a clear
tendency to get the energy reconstructed at lower values
than the true one. This is mostly due to the role played
by neutrons—assumed to be undetected—and other par-
ticles unobserved due to the realistic detection e�ciencies
and thresholds.

The probability distribution functions (PDF) de-
scribed above and presented in Fig. 4 can be used to
compute the columns in a migration matrix (one for each
possible true value of the neutrino energy). The observed
event sample at the detector can then be computed as

N

tot

i =
X

X

X

j

MX
ijN

X
j ,

where X runs over the four types of interactions con-
sidered (DIS, res, 2p2h, and QE), i and j refer to the
energy bins, and N

X
j stands for the number of events

at the bin j for the interaction type X, computed as in
Eq. (16) (i.e., with no detector e↵ects). Note that, bar-
ring the boundary e↵ects, the smearing produced by the
migration matrices does not have an impact on the to-
tal number of events. Our full set of migration matrices,
calculated for the energies up to 8 GeV using 0.1 GeV
bins, and the cross sections is available at [67].
In our oscillation analysis described Sec. VI, the mi-

gration matrices are always used to account for the e↵ect
of the detector properties on the neutrino-event distribu-
tions. However, it is illustrative to compare the e↵ective
neutrino-energy resolution obtained from our realistic es-
timates to the values usually assumed in phenomenolog-
ical oscillation studies, as shown in Fig. 5 for both the
calorimetric (upper panel) and kinematic (lower panel)
methods. In both cases, the bands show the range of
values obtained for the standard deviation of the PDFs
obtained from our Monte Carlo simulation, as a function
of the neutrino energy. The lower edge of each band cor-
responds to the results using the setup labeled as “perfect
reconstruction”, while the upper edge of the band corre-
sponds to the setup labeled as “realistic” (see Sec. IV for
details). Results are shown for QE events (darker bands)
and DIS events (lighter bands). A few examples of simple
functions of the neutrino energy are also shown as black
lines for comparison. For reference, the values of typically
used in phenomenological studies for setups using liquid
argon (such as DUNE or LBNO) or totally active scintil-
lator detectors (such as NO⌫A) are typically assumed to
be in the ballpark of �(E⌫) ⇠ O(0.05� 0.2)

p
E⌫ , see for

instance Refs. [57, 63–66, 68]. The values used to sim-
ulate Cherenkov detectors in phenomenological studies
(such as T2K), on the other hand, are usually in the range
of �(E⌫) ⇠ O(0.08)

p
E⌫ , see for instance Refs. [65, 69].

Finally, Fig. 6 shows the mode of the distributions as
a function of the true value of the neutrino energy. The
bands show our results as obtained from the Monte Carlo
simulation, while the lines show the expected results
in the case when the energy is perfectly reconstructed
(E

rec,mode

= E

true

) as well as when the neutrino energy
is underestimated by 10% and by 20%. Again in this
case, upper and lower panels correspond to calorimet-
ric and kinematic reconstruction methods, respectively.
The mode for QE events turns out to be in very good
agreement with the true energy, regardless of the recon-
struction method (see also Fig. 4). Although in the QE
case, the band’s width is very small, due to small im-

Calorimetric Reconstruction

In some detectors, one can see 
both the leptonic and hadronic 
final states. Energy determined 
by summing all visible 
components.

But, q0<qTOT, not all particles 
are detected or above threshold!

“Comparison of the calorimetric and kinematic 
methods of neutrino energy reconstruction in 
disappearance experiments” 
Ankowski et al
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Kinematic Reconstruction
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FIG. 1: (Color online) The spreading function d(Eν , Eν) of Eq. (4) per neutron of 12C in the

case of electrons evaluated for three Eν values. The genuine quasielastic (dashed lines) and the

multinucleon (dotted lines) contributions are also shown separately.

III. APPLICATIONS

A. T2K

Here the situation is relatively simple as one deals with a long baseline experiment [10, 11]

with oscillation mass parameters already known to a good accuracy. We have pointed out

[4] the interest of the study for T2K of the muon events spectrum both in the close detector

and in the far detector since the two corresponding muonic neutrino beams have different

energy distributions. The study of the reconstruction influence on the electron events in

the far SuperKamiokande detector was performed in our Ref. [4], it is discussed again here

in our new reversed perspective. The two muon beams in the close and far detectors and

the oscillated electron beam at the far detector having widely different energy distributions,

the effect of the reconstruction is expected to differ in all three. The muon neutrino energy

distribution in the close detector, normalized with an energy integrated value of unity,

Φνµ(Eνµ) is represented in Fig. 2 as a function of Eνµ. At the arrival in the far detector it

is reduced by a large factor which depends on the oscillation parameters and its expression

8

Martini, Ericson, Chanfray - arXiv 1211.1523v2

Kinematic reconstruction 
gives much better energy 
resolution, but depends 
on the assumption of 
quasi-elasticity!
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FIG. 3. Survival probability for µ-neutrinos both for true

(solid) and reconstructed (dashed) energies for 0-pion events.

The dotted curve gives the probability for events with 0 pions,

1 proton and X neutrons.

significantly decreased to about 100 MeV. This comes at

the expense of the number of events that is now about a

factor of 3 lower than that for the 0-pion events. Closer

inspection of the events shows that now about 80% orig-

inate in true QE, with contributions from ∆ excitation,

2p− 2h and DIS accounting to about equal parts for the

rest (at the peak of the distribution). The true QE events

have thus significantly been enhanced.

By varying the 2p − 2h contribution which is so far

only restricted by the MiniBooNE data we have verified

that these results are quite robust and do not depend on

the specifics of our treatment of the 2p − 2h excitation.

This can be understood since a charged current reaction

favors initial pp production and fsi tend to increase the

number of final state nucleons.

Experimentally, the oscillation probability will be ob-

tained by dividing the oscillated (far-detector) by the un-

oscillated (near-detector) flux. The result is shown in Fig.

3, again both as a function of true and of reconstructed

energy. The main effect caused by the inherent errors

in the reconstruction is now a significant change in the

absolute values both at the first minimum and the first

maximum whereas the locations of these two points are

less affected. This change will manifest itself in a signif-
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FIG. 4. Event distribution per nucleon for electron appear-

ance both for true (solid) and reconstructed (dashed) ener-

gies. The CP -violating phase has been set to 0. The upper

two curves are based on 0-pion events, the lower two curves

on events with 0 pions, 1 proton and X neutrons.

icant error in the mixing angle whereas the ∆m2 is less

modified. This same effect can also be seen in the results

of Coloma et al. for T2K [14] which show that the mixing

angle is significantly more affected by uncertainties in the

nuclear model than the squared neutrino mass difference.

The dotted curve in Fig. 3 gives the same reconstructed

survival probability but now obtained from the event

sample with 0 pions, 1p and Xn. While the position

of maxima and minima in comparison to the true sur-

vival probability (lower solid curve) is only insignificantly

affected the values at these points are now much bet-

ter reproduced than in the results for the 0 pion sample

(dashed curve).

We have also looked at the sensitivity of the electron

appearance signal to the energy reconstruction [21]. The

comparison is shown in Fig. 4 for a CP -violating an-

gle δCP = 0. For the event sample with the 0-pion re-

striction the main effects are again a shift of the recon-

structed event distribution by about 500 MeV towards

lower energies and a significant filling in of the minimum

around 1.4 GeV. The latter reflects the significant ad-

mixture of larger true energies at a fixed reconstructed

energy. Again, for the more restrictive event sample with

Impact On Oscillation Physics
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tained in the sample. Cherenkov detector experiments

use this method to identify QE-like events. Since the

LBNE plans to use LAr detectors, which allow tracking

of charged particles, we also study a second alternative

that further restricts the event sample. Our studies of

various observables in [10] for the energy regime between

about 0.5 and 2 GeV and a C target we had shown that

events with 0 pions, exactly 1 proton and X (unobserved)

neutrons were dominated by QE [20]. We, therefore, here

also employ this restriction in addition to explore its in-

fluence on the energy reconstruction also at the higher

energies of the LBNE. For the theoretical analysis inclu-

sive cross sections are not sufficient, but full events first

have to be generated.

III. RESULTS

In the upper part of Fig. 2 we show first the distribu-

tion for 0-pion events both at a near detector, without

oscillations, and at the far detector, with oscillations, in

the muon disappearance channel. There is a dramatic

shift in energy visible in the unoscillated (upper) curves;

the event distribution plotted vs. reconstructed energy

is tilted by about 0.5 GeV towards lower energies, com-

pared to the distribution as a function of true energy. At

the peak of the distribution about 50% of the total comes

from true QE events and about 20% from ∆ excitation.

The remainder comes to about equal parts from 2p-2h

excitations and from DIS events. The event rates after

oscillation are given by the lower two curves. Even the

reconstructed event distribution (dashed) clearly shows

the oscillation signal, but again it is distorted. The main

effect of the energy reconstruction is a filling in and flat-

tening of the minimum around 2.7 GeV, together with a

significant lowering of the second maximum at around 1.4

GeV. The dramatic shift in the unoscillated distributions

is replaced by a considerable broadening of the oscillation

maxima in the distribution plotted vs. reconstructed en-

ergy (dashed curves). At around 1.4 GeV the two solid

curves as a function of true energy coincide whereas those
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FIG. 2. (Color online) Event distribution (normalized flux

times cross section) per nucleon for LBNE vs. true (solid

curve) and reconstructed (dashed curve) energy. The upper

two (red) curves give the distribution without oscillation, the

lower two (black) curves give the distribution with oscillation

in the muon disappearance channel. In the upper part of the

figure the events have no pions in the final state, in the lower

part the events have 0 pions, exactly 1 proton and X neutrons

in the final state.

as a function of reconstructed energy (dashed) are quite

different. This difference is due to the fact that the mea-

sured event distribution depends on the reconstructed

energy which, at a fixed value, corresponds to a superpo-

sition of many, mainly larger, true energies (cf. Fig. 6 in

[12]).

The lower part of Fig. 2 shows the same quantities,

but now obtained for a more restricted event sample of

0 pions, exactly 1 proton and X neutrons. One sees that

now the solid and dashed curves, i.e. the true and recon-

structed results, agree much better with each other. The

downward shift in the reconstruction is still visible, but
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FIG. 5. (Color online) Event distributions per nucleon for

electron appearance for δCP = +π/2 and δCP = −π/2 (upper

red and lower black curves, resp.), both for true (solid) and

reconstructed (dashed) energies. The upper part gives the

results for 0 pion events, the lower part gives the results for

events with 0 pions, 1 proton and X neutrons.

0 pions, 1p and Xn (shown in the lower part of Fig. 4)

the true and reconstructed curves are quite close to each

other (lower solid and dotted curve, resp.). In particular

the oscillatory structure is quite well reproduced and the

remaining shift amounts to less than about 100 MeV. As

for the disappearance the loss of events amounts to about

a factor of 3.

Particularly interesting is the sensitivity of this signal

to the presence of a nonvanishingCP -violating phase δCP

and its dependence on the energy reconstruction. This is

shown in Fig. 5 for the two extreme cases δCP = ±π/2.

For δCP = −π/2 the minimum at around 1.5 GeV has

now nearly completely disappeared in the distribution vs.

reconstructed energy for the 0-pion events in the upper

part of Fig. 5. The differences between the event distribu-

tions for true and reconstructed energy are particularly

large to the left of the main peak. However, the further

restriction of the event sample to 0 pions, 1 proton and

X neutrons changes this picture dramatically (see lower

part of Fig. 5). Now again the true and reconstructed

curves have a very similar structure with a shift of only

about 100 MeV.

IV. SUMMARY AND CONCLUSIONS

Previous studies of the physics potential of the LBNE

have illustrated that an energy resolution of about 100

MeV is necessary to distinguish between different physics

properties [1]. The present investigation has shown that

a QE-based energy reconstruction, using a 0-pion event

sample, is subject to errors of up to 500 MeV in the neu-

trino event rates as a function of energy. Correspond-

ingly, the oscillation signal for muon disappearance ex-

hibits large uncertainties in the region of the first mini-

mum and second maximum. The QE-based energy recon-

struction method using a 0-pion event sample can thus

not reach the necessary accuracy. In principle, recon-

structed energies could be transformed back to a distri-

bution of true energies by means of migration matrices

calculated with a neutrino generator. Since generators

have their own uncertainties this migration from recon-

structed to true energy is the more reliable the closer the

reconstructed energy is already to the true energy. A

difference of 500 MeV is too large for this and any mi-

gration would introduce additional generator dependence

into the data.

A major improvement takes place when the event sam-

ple is further restricted by the requirement of 0 pions,

exactly 1 proton, and X (unobserved) neutrons. In this

case the shifts between reconstructed and true event rates

drop to about 100 MeV and thus become close to the re-

quired energy resolution. This result depends crucially

on the fact that events with 0 pions and only 1 outgoing

proton are primarily due to an original QE event; that

the latter is true we had already shown for the lower-

Impact On Oscillation Physics
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Figure 6: Kinetic energy spectrum of knock-out protons in the MINERvA experiment

with an average neutrino energy of 3.4 GeV on a CH target. The short-dashed red curve

represents the spectrum of events with exactly one outgoing proton without fsi, the dashed

green curve gives the same spectrum with fsi and the topmost solid green curve describes

the semi-inclusive spectrum of 1 proton after fsi (from (113))

been treated in the discussion of QE cross sections.

4.2.3. Knock-out Nucleons. One of the observables most sensitive to fsi is the spectrum of

emitted nucleons. This is illustrated in Figure 6. The short-dashed curve represents the

cross section for (exactly) 1p events before fsi. Once the fsi become active this spectrum is

suppressed for all the kinetic energies (dashed, green curve). The reason for this suppres-

sion is an ’avalanche e↵ect’ in which the one initially produced proton collides with other

nucleons and kicks out more and more protons. Energy conservation then requires that

these secondary protons have lower energies. This indeed shows up in the solid green curve

which exhibits a steep rise towards smaller proton kinetic energies for semi-inclusive 1p

events. The steepness of this pile-up at small kinetic energies shows that the total number

of protons detected depends sensitively on experimental detection thresholds. A description

within the optical model or the multiple scattering theory describes only the flux loss at

a given kinetic energy, but does not give any information where the absorbed flux goes to

(43, 114).

At neutrino energies above about 1 GeV the knock-out nucleons come to about equal

parts from true one-body QE scattering and an initial � production followed by the pionless

� decay �N ! NN (11). Naively, the investigation of two-nucleon knockout could be a

’smoking gun’ signal for the presence of these many-body interactions. A closer analysis

has, however, shown that the shape of the kinetic energy distributions is not changed by

the presence of 2p2h interactions (115). Even in a subset of events with only two outgoing

nucleons there are many events due to initial one-body interactions (due to the ’avalanche

e↵ect’).

16 U. Mosel

Knock-off nucleons

As more knock-off nucleons are produced, the energy per nucleon 
drops, making calorimetric reconstruction more difficult.

“Comparison of the calorimetric and kinematic 
methods of neutrino energy reconstruction in 
disappearance experiments”   Ankowski et al
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These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
themissingmomentum is balanced by the sum of
many recoiling nucleons. In a partonic picture, xB
is the fraction of the nucleon momentum carried
by the struck quark. Hence, when xB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (“BigBite”) was placed
at an angle of 99° to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every 12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the 12C(e,e'pp)/12C(e,e'p) and the 12C(e,e'pn)/
12C(e,e'p) ratios. For the 12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
(p,2pn)/(p,2p), in which 92 ± 18% of the (p,2p)
events with a missing momentum above the Fermi

momentum of 275 MeV/c were found to have a
single recoilingneutroncarrying themomentum(11).

Because we collected the recoiling proton
12C(e,e'pp) and neutron 12C(e,e'pn) data simulta-
neously with detection systems covering nearly
identical solid angles, we could also directly
determine the ratio of 12C(e,e'pn)/12C(e,e'pp). In
this scheme, many of the systematic factors
needed to compare the rates of the 12C(e,e'pn)
and 12C(e,e'pp) reactions canceled out. Correct-
ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
of final-state interactions (that is, reactions that
happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured 12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for 12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of 12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the 12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of 12C, we combined the pair faction
results with the inclusive 12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in 12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5%were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust anddoes not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20–22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.
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2p-2h Interactions

Interactions involving multiple nucleons: “2p2h”
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Neutrinos do not just scatter off of single 
nucleons. In so-called 2p-2h interactions, 
a neutrino can scatter off of a pair of 
nucleons or the meson exchanged 
between them (Meson Exchange 
Currents)

These events produce different kinematics 
and final state-nucleon numbers but can 
fake CCQE events

A big new area in the field
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2p-2h Interactions Come in Different Shapes and Sizes
Average Two-Nucleon Properties in the Nuclear Ground State 

Responsible for the high momentum part of of the Nuclear WF 
Two-body currents are not Correlations 
(but add coherently) 

What are correlations? 

!

!

in SRC 

Average Two-Nucleon Properties in the Nuclear Ground State 
Responsible for the high momentum part of of the Nuclear WF 

Two-body currents are not Correlations 
(but add coherently) 

What are correlations? 

!

!

in SRC From L. Weinstein - talk at NuINT2014

Short Range Correlation (SRC) is an extreme example  
• 2 high momenta nucleons, mostly balancing each other 
• momentum of each nucleon >> the boost of the 2 nucleon-pair
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Proton Multiplicity (µ+Np events)

νµ events: 50% N≠1!
νµ events: 32% N≠0!

_

ArgoneuT!data!!
GENIE

_proton threshold:!
Tp>21 MeV

νµ - anti-neutrino mode run νµ - anti-neutrino mode run

ArgoneuT!data!!
GENIE

GENIE MC models more higher multiplicity events

Proton multiplicity Proton multiplicity

The systematic error band on the MC represent the NuMI flux uncertainty!

57

From O. Palmara (Argoneut Wine and Cheese at FNAL)

Measurements of Nucleon Multiplicity: a New Development
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Neutron Tagging and Energy Reconstruction
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Neutron Tagging and Energy Reconstruction
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For a realistic BNB neutrino Flux, 
there will likely be a statistically 
significant difference in the mean 
reconstructed energy of a 0 
neutron and >1 neutron CCQE 
sample.

inclusive sample

0-neutron sample (2 nn:np ratios)C. Blanco, R. Hill, 
M. Wetstein
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Neutron Tagging and Energy Reconstruction
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Proton Decay Backgrounds

36

There may be FSI-induced neutrons in some cases and for some modes (e.g., ⇡0 scattering in the

nucleus could occur, but K+ scattering would be rare), but it is also expected that not all nuclear de-

excitations from s1/2 states will give neutrons. In fact, more detailed nuclear calculations by Ejiri [58]

predict that only 8% of proton decays in oxygen will result in neutron emission. This means that only

0.80 x 0.08 = 6% of all proton decays in water should result in neutrons (ignoring FSI production by

proton decay daughters). Thus neutron tagging may be an e↵ective way to tag atmospheric neutrino

backgrounds for all modes of proton decay where significant momentum is transferred to the nucleus.

For ASDC we have assumed the extreme cases of 90% and 0% reduction to see the e↵ect of neutron

tagging. Since currently HK has only an 18% e�ciency for detecting neutrons with 40% coverage, it

is assumed that neutron tagging in HK with the planned 20% coverage is negligible. If HK added

gadolinium this would change, however.

FIG. 15. Estimated sensitivity of an ASDC experiment compared to Super-K. The improvement is due both to

larger size and improved background reduction. If proposed long baseline detectors are built, Hyper-K would

be better but LBNE worse for detecting this mode of proton decay. The upper ASDC curve assumes 90%

background reduction due to neutron tagging, whereas the lower curve assumes no neutron tagging.

Thus we estimate that backgrounds in an ASDC with very e�cient ('100%) neutron tagging via

the 2.2 MeV gamma from will be reduced a factor of 10 compared to SK. Figure 15 shows the expected

sensitivity at 90% c.l. for detecting proton decay via this channel in SK and in an ASDC experiment

with neutron tagging and with no neutron tagging. Somewhat arbitrarily, a 2025 start date is assumed.

Thus in this mode a 100 kT ASDC experiment would catch up with SK in sensitivity in a little over

three years, despite the fact that SK would have been running for over thirty years at that point.

If Hyper-Kamiokande is built, it would be better in this particular mode, but an ASDC experiment
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• Next-gen proton decay  (PDK) 
experiments will be background 
limited (from atmos. neutrinos)

• These backgrounds very often 
produce final-state neutrons, 
whereas PDKs rarely do

• The presence of neutrons 
detected with Gd-loaded water 
can be used to reject these.
(Beacom and Vagins) 

• We need data from a controlled 
beam experiment

• Fermilab can have a large impact 
on this P5 physics driver (“The 
Unknown”) 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with neutron tagging and with no neutron tagging. Somewhat arbitrarily, a 2025 start date is assumed.

Thus in this mode a 100 kT ASDC experiment would catch up with SK in sensitivity in a little over

three years, despite the fact that SK would have been running for over thirty years at that point.

If Hyper-Kamiokande is built, it would be better in this particular mode, but an ASDC experiment
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How much background does 
neutron tagging remove?

How much background does 
neutron tagging remove?

Background uncertainties are an 
even bigger problem if you have 
candidate events and want to 
attribute confidence.



Fermilab Physics Advisory Committee Meeting - July 2017                             ANNIE Phase II Physics Proposal 39

Phase I 
Technical Details 
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Phase I: source calibration

Phase I results - Calibration

NCV calibration
• Understanding the NCV response to neutron captures is crucial

• Use of a self-triggered 252Cf source (n,� though spontaneous fission)

• Trigger signal sent to the acquisition system, opens a 80 µs acquisition window

•
Results in agreement with simulations
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• calibration data was collected using a 
californium (252Cf) source, triggering on 
the decay gammas 

• we observed the expected capture time 
constant for the NCV scintillator 

• we see fairly good data-MC agreement 

• absolute rate calibration limited by 
uncertainties in the composition of the 
(very old) source 

• plans are under way to repeat these 
efficiency measurements with a better 
source

Other calibration sets include min-bias triggers, cosmic muons, LED flashers
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Phase II 
Technical Details 



Fermilab Physics Advisory Committee Meeting - July 2017                             ANNIE Phase II Physics Proposal 42

Phase II Simulations and Design Specs

28/06/17 Marcus O'Flaherty - ANNIE Collaboration - NuInt 2017 10 / 19

Simulations

● Detector simulation with RAT-PAC (Watchman, 
SNO+, Theia) and WCSim (Hyper-K)

● Flux simulation with GENIE v 2.12
● Assessment of Phase II physics capabilities

– Neutron detection efficiency
– MRD kinematic acceptance
– Tank PMT / LAPPD number and placements 

● Various reconstruction avenues being investigated
– Custom timing residual minimisation algorithm
– Bonsai
– FitQun
– Machine Learning

WCSIm geometry

RAT-PAC geometry – V. Fischer

28/06/17 Marcus O'Flaherty - ANNIE Collaboration - NuInt 2017 10 / 19

Simulations

● Detector simulation with RAT-PAC (Watchman, 
SNO+, Theia) and WCSim (Hyper-K)
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– Neutron detection efficiency
– MRD kinematic acceptance
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– Custom timing residual minimisation algorithm
– Bonsai
– FitQun
– Machine Learning

WCSIm geometry

RAT-PAC geometry – V. Fischer

WCSim model RAT PAC
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Acquired PMTs for ANNIE phase II

The LUX water PMTs

• 4 rows of 5 PMTs each were looking inward into the tank (cosmic veto)

• PMTs were attached to metal wire using clamps on the housing ”wings”,
except for the bottom PMT which was weighted

PMT row

Horizontal PMT Vertical (bottom) PMT

Vincent Fischer Mechanical design phone meeting 3 / 9

19 LUX PMTs

45 WATCHMAN PMTs

22 ETL (LBNE) PMTs

ETEL)11ainch)PMT's)

•  7)"Second)Genera&on")
PMT's)at)Davis)(untested))

•  )15)"First)Genera&on")
PMT's)at)Penn)(requested)
to)borrow)from)Josh)Klein))

•  )These)are)almost)as)good)
as)Hamamatsu)HQE)PMT's)

•  )Envelopes)of)1st)Gen.)not)
designed)for)submergence)

•  )Should)use)these)on)top)

11ainch)First)Genera&on)PMT)

None)have)waterproof)housings)
or)poing)

60 existing PMTs to be returned

Plans)for)WATCHBOY)PMT's)
•  )Need)to)have)new)HV)
cables)with)SHV)connectors)
spliced)due)to)use)of)
connectors)at)detector)
interface.)

•  )Opera&ng)voltage)and)
calibra&on/dark)noise)
valida&on)

•  )All)are)thought)to)be)
working)

•  )Loca&on)at)FNAL)for)ANNIE)
PMT)Prep)work?)

• Sufficient PMTs have 
been identified to be 
able to limit 
acquisition of new 
PMTs 

(see ANNIE letters of support)
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Phase II DAQ and electronics

28/06/17 Marcus O'Flaherty - ANNIE Collaboration - NuInt 2017 16 / 19

Data Acquisition
● ANNIE will require a dual readout design to accommodate fast digitizers for LAPPDs

alongside deep buffered PMT data required to contain delayed neutron captures

● PMTs digitized by VME-based ADC system at 500MHz

● LAPPDs digitized by 'ACDC' board housing five PSEC-4 sampling ASICs, giving 
10GHz digitization on a total of 30 readout channels

● Interface to the DAQ system is provided by a central card, which may interface 8 
nodes – ACDCs or other central cards

ANNIE Central Card
https://arxiv.org/abs/1607.02395

ACDC Card
Eric Oberla, University of Chicago

• PMT and MRD readout systems are already working and 
expandable. We only need to purchase more channels 

• The LAPPD, PSEC-4 readout system is largely complete and pre-
built functionality meets most of our needs. Work to finish PSEC 
development is ongoing at UC and IA State over this summer, into 
early fall 

• The modular DAQ system is working and stable, with most of the 
needed functionality. LAPPDs to be added soon.
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Installation of the LAPPD System

Figure 28: The aluminum housing design for the LAPPD. Top view (right) and bottom view (left). The
PSEC electronics sit below the MCP near a fan and temperature/humidity sensor.

An important innovation in the mechanical design of the ANNIE LAPPD system is the ability to deploy
LAPPDs in the already installed detector. The housings will be mounted in series on pair of cables that will
fit through slots cut in the ANNIE tank top, as shown in Fig. 29. The ability to add and remove LAPPDs
in-situ decouples the experiment timeline from the LAPPD delivery schedule. It also makes the most critical
system for the experiment more easily accessible.

6 Phase II Readout

The aim of the readout within the ANNIE water volume is to record the fast Cherenkov light flashes from
a muon track sampled by LAPPDs with a timing resolution better than 100 psec, while also detecting the
entire light signature from the event with conventional PMTs, including the slower and delayed (⇠ 30µs)
light initiated by the neutron capture. The system must also read out detector elements outside the water
volume (the MRD and front veto) which provide additional constraints on the final state muon while rejecting
muons that enter the tank from outside the detector.

The Phase-II ANNIE readout, developed by ISU, addresses these needs with three parallel sets of read-
out electronics—a custom readout based on the PSEC-4 ASIC [45] developed by U Chicago for the LAPPD
system, a VME-based 500MHz analog-to-digital converter [46] (ADC) system developed by U Chicago for
the conventional PMTs, and a CAMAC/NIM based system for the front veto and the MRD— tied together
by common trigger, timing and data acquisition systems. The readout systems are designed to run asyn-
chronously, with GPS-derived synchronization signals and a common trigger system allowing events to be
built easily o✏ine. All but the PSEC-4-based custom readout system are already present in ANNIE Phase-I.

The ANNIE readout electronics and data acquisition (DAQ) rely on four already installed racks on the
second floor of the SciBooNE hall (pictured in Fig. 30) and DAQ computers located on the ground level.
The individual systems pictured are described in more detail below.

6.1 The ADC and PSEC Systems

The requirement of picosecond time resolution and a deep bu↵er motivated the design of a dual readout for
the water volume: PSEC4 fast digitizers for the LAPPDs and the ADC system with a deep bu↵er and a
sampling frequency of 500MHz for the conventional photomultiplier tubes.

6.1.1 The ADC System

The signals from the water PMTs are digitized by 4-channel 500 MHz 6U-VME cards [46] developed at the
University of Chicago. They operate o↵ a common clock, sync and trigger signals provided by one of the
co-developed Master Trigger (MT) cards. These cards have one upstream port and 8 downstream ports and
can be cascaded to control an arbitrary number of ADC cards. The boards are powered, configured and
read-out over VME. They also have facilities for an optional 3.1 GHz optical link. The Phase I configuration

28
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LAPPD Preparation

● Expect 5 LAPPDs in first year of Phase II
● Design of submersible housing by UC Davis
● Removable cassette mechanism to allow 

LAPPDs to be added or removed with ease
● Response characterisation and vertical 

integration of DAQ with ISU test stand

• New design for the LAPPD housing assemblies 
allows for LAPPDs to be installed into the 
already assembled detector 

• The LAPPD system is deployed in columns 
through slots in the top of the already filled 
detector 

• This decouples the LAPPD timeline from the 
rest of the detector assembly and allows easier 
access to our most critical system 

• First aluminum housing is being machined at 
UC Davis and will undergo first tests this month



Fermilab Physics Advisory Committee Meeting - July 2017                             ANNIE Phase II Physics Proposal 46

Gd Water Systems
Product Data Sheet 
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mechanical   and physical stability and its resistance to fouling make it the resin of 
choice. AMBERSEP 400 SO4 is well suited for recovery of uranium from sulphuric 
acid leach systems using fixed beds, in situ leaching, fluidized beds or Resin In 
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• Super-K needs an expensive, lossless filtration system 

• given the Super-K scale, Gd losses at the few percent level 
represents a lot of Gd

• ANNIE is small enough that we can afford small losses of Gd over time

• it can be measured
• capture efficiency is logarithmic with concentration
• the Gd can be replaced in situ

• ANNIE water purification needs can likely be met with our current skid, 
using a special replacement filter based on a resin used by Super-K in 
place of the DI filter
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MRD Refurbishment (Part of Phase I scope)Refurbishing,the,MRD,
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1st"V"Layer:"Z=3"

3rd"V"Layer:"Z=7"
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2nd"V"Layer:"Z=5"

1st"V"Layer"

3rd"V"Layer"
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5th"V"Layer""
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Refurbishing,the,MRD,

Jun/29/17" E."Tiras,"Iowa"State"University"" 4"

What,do,we,have,on,hand?,,
"

8"paddles"[[[""0.8"cm"thick,"20"x"150"cm""–"will"cut"them"off"

"

60"paddles"[[["1.4"cm"thick,"15"x"150"cm"–"will"cut"them"off"

"

What,do,we,need?,,
"

71"paddles"[[["0.8"cm"thick,"20"x"138"cm"scinJllators""

"

The"acJve"area"of"a"verJcal"layer"is"300"x"276"cm2.""

MRD Refurbishment (Part of Phase I scope)
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FINAL,MRD,Design,

Jun/29/17" E."Tiras,"Iowa"State"University"" 8"

TOP"Y=1"

BOTTOM"Y=0" X=0"X=14"

225"cm"

260"cm"

300"cm"

300"cm"

""

Extra:"

225"cm"

225"cm"

260"cm"

300"cm"

300"cm"

225"cm"

MRD Refurbishment (Part of Phase I scope)
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Refurbishing,the,MRD,

Jun/29/17" E."Tiras,"Iowa"State"University"" 9"

ModificaJon"for"the"aluminum"frames"for"
2nd"and"5th"verJcal"layers"is"necessary"–"new"
bars"with"the"holes"will"be"mounted.""

MRD Refurbishment (Part of Phase I scope)
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Phase II 
Planning Details
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ANNIE Phase IB Goals
• Obtain and Test an LAPPD 
• Vertical integration of PSEC electronics system 
• Water Proof Housing for LAPPDs 
• Water Purity/Gd-Compatibility 
• Complete system testing with LAPPD or 6cm tile

WATCHMAN discussion

21

sig
na

l (
m

V)

• Latest batch of PSEC4s in-hand 
• new packaging:120->128 pin LQFP 
• New package (should be) 

consistent with existing hardware 
• As of today: package verification / 

chip functionality untested. 
• Will make 2 additional eval cards at 

UChicago ASAP 
• In next weeks, will ensure latest 

code / hardware is posted and 
accounted for at UC 

• What needs to be done to integrate 
with ANNIE? 
• I imagine getting the ‘TDC’ mode-

of-operation to a robust state 
would be useful. Also integration 
with new central card… 

• Any plans to run PSEC4 within 
run-1?

Batch of 400 PSEC4 chips has been 
ordered by ISU for ANNIE:

= 2400 channels
= 40 LAPPDs

Eric Oberla is working on a design for 
a PSEC4b:

• 4-fold increase the buffer depth 
to allow multi-event buffering.

• Would enable continuous 
operation for low rate 
applications (eg neutrinos)

• design is under way, but looking 
for feedback from the 
community



Fermilab Physics Advisory Committee Meeting - July 2017                             ANNIE Phase II Physics Proposal 53

ANNIE Effort
Iowa State

• 1.5 FTE among 4 PIs
• 1.7 FTEs among 4 post docsUC Davis
•  0.4 FTE PI synergistic with THEIA
• 1.25 FTEs among 2 post docs
• 1 FTE graduate student
• 1 FTE post-bac
• Mechanical Engineering support

LLNL
• 0.2 FTE  PI (estimated/pending)
• 0.2 FTE postdoc (estimated/pending)
• Watchboy PMTs

U Chicago
• Synergistic work with PI
• Electrical Engineering and technical support
• Significant electronics contributions

Queen Mary
• 0.1 FTE PI
• 0.3 FTE post doc
• Electronic Engineering support
• DAQ

UC Irvine
• Synergistic work with 2 PIs
• Engineering and tech support
• PMTs and Gd and related expertise

Edinburgh
• 0.2 FTE PI
• 0.5 FTE post doc
• Simulations/Reconstruction

Sheffield
• 0.2 FTE PI
• 1 FTE graduate student
• HV system 
• Simulations/Reconstruction
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Fermilab Effort
Table 5: Labor estimate for remaining work on the inner structure of the ANNIE tank (source: J. Kilmer).

activity # of tech-days # of welder-days

modifications to the side of the inner structure 10 4
modifications to the top of the inner structure 1 1
adding 6 mailbox slots and 2 J-tubes to tank lid 11 3
rust proofing of the bottom of the tank lid 3 0

TOTAL: 26 8

Phase I required roughly 22 person-days of electrical work, most of which was spent significantly modifying
the 3 crates we need to execute Phase II. Some time was also spent helping the collaboration with rack
protection needs. Since all of the VME work and most of the rack protection work is already complete, we
estimate that we will need roughly 1 person-week focused specifically on the minor modifications to the rack
monitoring and power distribution particular to Phase II.

10 Conclusion

Following the recommendation of the Physics Advisory Committee, the Fermilab directorate granted approval
to begin work on ANNIE Phase I. The Phase I detector was installed and commissioned by April 2016 and
the collaboration has since been collecting neutron background data. The collaboration has made rapid
progress in analyzing these data and has demonstrated that the neutron backgrounds in the hall are low
enough to allow the planned physics measurement.

In 2016 the DOE approved funding for ANNIE through the Intermediate Neutrino program (INP). This
funding enabled ANNIE to purchase required electronics and to perform work needed to ready LAPPDs for
use in ANNIE, specifically: (1) development of the LAPPD readout electronics, (2) design and fabrication
of the water proof housing, and (3) testing LAPPD prototypes from the manufacturer, Incom Inc. The
collaboration has made significant progress on each of these tasks that demonstrate LAPPD readiness by
the ANNIE experiment.

With working LAPPD modules now being tested by the ANNIE collaboration and with the completion
of ANNIE’s Phase I data taking, the collaboration will submit a proposal for the ANNIE Phase II physics
measurement to the Department of Energy in early Fall 2017.

The design and construction of the Phase I detector established all of the major infrastructural com-
ponents of the ANNIE experiment. The Phase II modifications will consist of increasing the number and
modifying the arrangement of PMTs, and introducing the LAPPD modules. Phase I also established the
layout and overall architecture of the ANNIE readout and DAQ. Work is underway to finish integrating
the PSEC4-system which will read out the LAPPDs, whereas the rest of the system upgrade will consist of
adding more channels. The requested Fermilab support for Phase II is an incremental evolution to the work
already invested in ANNIE.

ANNIE brings to FNAL a new technology direction and its success supports new physics that will aid
the understanding of neutrino interactions and therefore have a direct impact on the flagship long-baseline
neutrino oscillation program as well as on other interesting physics.

35

Phase I required roughly 22 person-days of electrical work, most of which was spent significantly modifying the 3 
crates we need to execute Phase II. Some time was also spent helping the collaboration with rack protection needs. 
Since all of the VME work and most of the rack protection work is already complete, we estimate that we will need 
roughly 1 person-week focused specifically on the minor modifications to the rack monitoring and power 
distribution particular to Phase II. 

. As a reference during the February 2016 construction and installation of the ANNIE Phase I detector we used 
a total 43 person days of technician labor. We expect this to be an upper limit on the e↵ort necessary to 
reinstall the detector as most elements of experiment are already built.  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Next Gen Water-based 
Neutrino Detectors
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Cherenkov Scintillation Separation
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(a) Default simulation.
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(b) Increased TTS (1.28 ns).
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(c) Red-sensitive photocathode.

Figure 3. Photoelectron (PE) arrival times after application of the transit-time spread (TTS) for the sim-
ulation of 1000 electrons (5 MeV) with different values of the TTS and wavelength response. PEs from
Cherenkov light (black, solid line) and scintillation light (red, dotted line) are compared. The dash-dotted
vertical line illustrates a time cut at 34.0 ns. (a) Default simulation: bialkali photocathode and TTS = 0.1 ns
(s ). After the 34.0 ns time cut, 171 PEs from scintillation and 108 PEs from Cherenkov light are detected.
(b) Default simulation settings except for TTS = 1.28 ns (KamLAND 17-inch PMTs). After the 34.0 ns time
cut, 349 PEs from scintillation and 88 PEs from Cherenkov light are detected. (c) Default simulation settings
except for a GaAsP photocathode. After the 34.0 ns time cut, 226 PEs from scintillation and 229 EPS from
Cherenkov light are detected.

The inner sphere surface is used as the photodetector. It is treated as fully absorbing (no
reflections), with a photodetector coverage of 100%. As in the case of optical scattering, reflections
at the sphere are a small effect that would create a small tail at longer times. Two important
photodetector properties have been varied: 1) the transit-time spread (TTS, default s = 0.1 ns) and
2) the wavelength-dependent quantum efficiency (QE) for photoelectron production. The default is
the QE of a bialkali photocathode (Hamamatsu R7081 PMT)[50]. The QE values as a function of
wavelength come from the Double Chooz[4] Monte Carlo simulation. We note that the KamLAND
17-inch PMTs use the same photocathode type with similar quantum efficiency. We are neglecting
any threshold effects in the photodetector readout electronics.

Four effects primarily contribute to the timing of the scintillator detector system: the travel
time of the particle, the time constants of the scintillation process, chromatic dispersion, and the
timing of the photodetector. First, the simulated travel time of a 5 MeV electron is 0.108±0.015 ns.
This corresponds to an average path length of 3.1 cm and a final distance from the origin of 2.6 cm.
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C. Aberle, A. Elagin, H.J. Frisch,
M. Wetstein, L. Winslow.  Measuring 

Directionality in Double-Beta
Decay and Neutrino Interactions with 
Kiloton-Scale Scintillation Detectors; 

arXiv:1307.5813
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(b) Increased TTS (1.28 ns).
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(c) Red-sensitive photocathode.

Figure 3. Photoelectron (PE) arrival times after application of the transit-time spread (TTS) for the sim-
ulation of 1000 electrons (5 MeV) with different values of the TTS and wavelength response. PEs from
Cherenkov light (black, solid line) and scintillation light (red, dotted line) are compared. The dash-dotted
vertical line illustrates a time cut at 34.0 ns. (a) Default simulation: bialkali photocathode and TTS = 0.1 ns
(s ). After the 34.0 ns time cut, 171 PEs from scintillation and 108 PEs from Cherenkov light are detected.
(b) Default simulation settings except for TTS = 1.28 ns (KamLAND 17-inch PMTs). After the 34.0 ns time
cut, 349 PEs from scintillation and 88 PEs from Cherenkov light are detected. (c) Default simulation settings
except for a GaAsP photocathode. After the 34.0 ns time cut, 226 PEs from scintillation and 229 EPS from
Cherenkov light are detected.

The inner sphere surface is used as the photodetector. It is treated as fully absorbing (no
reflections), with a photodetector coverage of 100%. As in the case of optical scattering, reflections
at the sphere are a small effect that would create a small tail at longer times. Two important
photodetector properties have been varied: 1) the transit-time spread (TTS, default s = 0.1 ns) and
2) the wavelength-dependent quantum efficiency (QE) for photoelectron production. The default is
the QE of a bialkali photocathode (Hamamatsu R7081 PMT)[50]. The QE values as a function of
wavelength come from the Double Chooz[4] Monte Carlo simulation. We note that the KamLAND
17-inch PMTs use the same photocathode type with similar quantum efficiency. We are neglecting
any threshold effects in the photodetector readout electronics.

Four effects primarily contribute to the timing of the scintillator detector system: the travel
time of the particle, the time constants of the scintillation process, chromatic dispersion, and the
timing of the photodetector. First, the simulated travel time of a 5 MeV electron is 0.108±0.015 ns.
This corresponds to an average path length of 3.1 cm and a final distance from the origin of 2.6 cm.
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 Timing to separate between Cherenkov and scintillation light

Proton decay – physics below Cerenkov

• Scintillation catches the K+ and its decay 
daughters.

• Cerenkov identifies the signatures of 
prompt and delay; and further suppress the 
atmospheric Q background.

BNL Particle Physics 2012 M. Yeh 8

H2O

WbLS

10-MeV proton

K+ in water and liquid scintillator

Detecting scintillation light as a 
means of seeing particles below 
Cherenkov threshold

Cherenkov + scintillation ->
     tracking + calorimetry
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Spatial Granularity + Timing

with hires imaging tubeswith conventional PMTs

• Measure a single time-of-first-
light and a multi-PE blob of 
charge


• Likelihood is factorized into 
separate time and charge fits


• History of the individual photons 
is washed out


• Measure a 4-vector for each 
individual photon


• Likelihood based on simultaneous 
fit of space and time light


• one can separately test each 
photon for it’s track of origin, 
color, production mechanism 
(Cherenkov vs scintillation) and 
propagation history (scattered vs 
direct)
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Precision Timing and Spatial Granularity
Single'2.53'MeV'electron

S0 vs S1
Projection to improve separation

using 1D-variable S01

2x1.26'MeV'electrons'at'90o2x1.26'MeV'electrons'at'180o

Spherical harmonics of double 
beta topology - a new way to 
reject backgrounds but requires 
good timing. (Elagin, et al)

Time reversal algorithms 
(“working backwards”) provide 
narrow down the details of the 
event.

https://arxiv.org/abs/1609.09865

M Wetstein

https://arxiv.org/abs/1609.09865
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Fig. 1. A schematic view of the 1 Mt AQUA-RICH experiment.
The 125 m diameter re#ective balloon is made of an mylar-
aluminum-mylar sandwich in#ated by a small N

!
gas pressure

("100 mbar). The 125 m diameter outer geodesic dome sup-
ports 2185 inward looking mHPDs which cover 3.5% of the
dome surface and collect Cherenkov photons through un-alu-
minized areas in the mylar balloon. The 62.5 m diameter inner
geodesic dome supports 3125 outward looking dHPDs which
cover 20% of the dome. The dotted line shows the water level.
Not shown are two ground level crane installations and a cor-
rugated industrial roof covering the pit.

building is easier and cheaper. Moreover, the dis-
tance from CERN should be maximum (but still in
Europe to allow for possible future long baseline
beams) and have a good climate for ease of con-
struction. Indeed, we are investigating a natural
ravine in Sicily where AQUA-RICH could be sited.

2.2. Geometry

Spherical geometry is well adapted to detect
omni-directional neutrinos with high e$ciency.
The detector would be built in a 125 m diameter,
175 m deep pit with base and concrete walls lined
with plastic sheets and "lled with water. The upper
50 m of water acts as a shield to stop downward
muons 410 GeV/c thus reducing detector occu-
pancy. Besides neutrino oscillations, other physics
topics which can be investigated in such a large
detector are proton decay, neutrinos from super-
symmetric particles or astrophysical sources i.e
AGNs, GRBs, Blazars and SuperNovae (3!
events/burst at distance of 1 Mpc).

The schematic view of Fig. 1 shows two spherical
domes in a water-"lled cylindrical hole, 125 m"
and 175 m deep. The 125 m H outer surface is
de"ned by an in#ated balloon which is both re#ec-
tive and spherical. This is achieved by &&cutting to
size'' a mylar}Al}mylar "ber and welding together
segments tailored to give a spherical shape when
in#ated. The concentric 62.5 m " inner dome is
20% covered by 3125 outward facing 1 m " de-
tector (d)HPDs, i.e one dHPD per 2!2 m! grid.
The geodesic domes are constructed with kevlar (or
stainless steel) struts linking nodes. In addition,
2185 inward facing mirror (m)HPDs uniformly
cover 3.5% of the outer dome (through un-alumin-
ized areas left on the mirror surface) hence a total of
5310 HPDs. For atmospheric neutrinos only the
upward and downward 4#/3 sterad (i.e 4703 to
the zenith) are useful to detect the oscillation pat-
tern (see Section 3.2) hence only 2/3 of the surfaces
need be instrumented (i.e 3540 HPDs of 1 m " with
1.4 Mpixels). For comparison, Super-K has
11200 PMs of 0.5 m " with 11.2 kpixels.

A photon not detected in its "rst pass through
the outer dome will be easily recognized because, if
detected in its second pass, it will be delayed by
5558 ns (a similar argument holds for mHPD

hits). For a photo-absorption length achievable in
water l

!
+100 m and 10% loss at each mirror

re#ection (5% due to mirror re#ectivity and 5%
due to mHPDs and dead areas) and 20% loss at
each traversal of the dHPD surface, the e!ective
absorption length l

!"#
+69 m hence 16% of the

photons will survive one pass but only 2.7% the
second pass.

The balloon center is oriented to coincide with
the dome centers at z"x"y"0. For the average
image distance !q"+31.25 m the ring diameter
(d

$%
+2!q"#) of 46 m is well contained on the

62.5 m " detector dome.

2.3. The HPD photo-sensors

The HPD is made in a 1016 mm diameter (40$)
glass envelope with a 1000 mm diameter bialkali

P. Antonioli et al. / Nuclear Instruments and Methods in Physics Research A 433 (1999) 104}120106

It may be possible to increase light collection through imaging optics, 
mapping the light onto a smaller surface.

174 m

62.5 m

Aqua-RICH

spherical reflector

detector surface

Nuclear Instruments and Methods in Physics 
Research A 433 (1999) 104}120

11/26/2013 9 

Chroma simulations 
Muons at -10°,0°,+10° : clear separation.  
ч�ϭ�ĚĞŐƌĞĞ�ƌĞƐŽůƵƚŝŽŶ�ŽŶ�ƚŚƌƵ-going tracks seems very feasible 

Note: detector 
geometry has 
been modified 
since plot to 
increase light 
collection from 
reflected light 
 
Also: more data 
from x,y of 
detected 
photons 
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E. Oberla, H. Frisch, R. Northrop

A long, tubular geometry with 
mirrors reflecting Cherenkov 
light back at MCPs.

“Optical TPC”

Imaging Optics
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OTPC 

 Secondary beam 

OTPC installed at MCenter, FNAL 

Mechanical drawing courtesy of FNAL PPD division 

18 

A picture of the optical TPC installed at MCenter at Fermilab. 
Along the tube axis, 5 PSEC ACDC cards instrument 5 
Planacons in a stereo configuration. One additional 
Planacon and ACDC card instrument the front of the tube. 
This 180 channle system is controlled by two Central Cards.

Eric Oberla (UC grad student) finished implementing self-triggering in the 
PSEC electronics firmware. Operated a 180 channel system on a test 
beam experiment, using the feature. 

PSEC4

PSEC4

PSEC4

PSEC4

PSEC4

FPGA

30 PSEC4 
self-trigger bits

On-board
ACDC trigger input

40 MHz clock

Serial config. data

System trigger
System interface flag

System interface flag
Board trigger out
Serial data
Serial data

ACDC LVDS 
system interface

5 PSEC4 
trigger signals

PLL

Figure 3.5: Diagram of the ACDC level-0 (L0) trigger and low-voltage di↵erential signaling
(LVDS) system interface. The blue lines denote the ACDC trigger inputs and outputs. The
L0 trigger is made as a logical combination of the 30 PSEC4 self-trigger bits and the on-board
fast trigger input. If the L0 trigger is made in the FPGA, the 5 PSEC4 trigger signals (red
line) are sent to the PSEC4 ASICs in order to hold their analog values. Once a beam-trigger
signal is received these values are digitized.

manner as the PMs, allowing spatial and time-tagging of the out-going particle. For each

event, the digitized signal from R1 is recorded with those of R2, allowing for a time-of-flight

measurement as well.

The beam trigger signal is made with standard NIM electronics. S1, S2, and R1 are

discriminated and and fed to a coincidence unit. Two configurations were used during data

runs: (1) S1+S2+R1, and (2) S1+R1. Trigger configuration (1) is the default through-going

particle trigger. Configuration (2) allowed the recording of particles that may scatter out of,

stop, or shower within the water volume. Both digital trigger signals are sent to the OTPC

data acquisition system, which then sends these trigger signals to the front-end ACDC cards.

3.3.2 Fast level-0 trigger

The beam trigger signal is formed and returned to the OTPC electronics with a latency of

approximately 130 ns due to logic and cable signal delays. The L0 trigger is implemented

35

Diagram illustrating the level-0 system trigger for the 
OPTC, which relied heavily on coincidence with self-trigger 
bits from PSEC4 chips.

Optical TPC

https://arxiv.org/abs/1510.00947

https://arxiv.org/abs/1510.00947
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Figure 2.5: Two 1 GeV muons simulated in the fully modeled OTPC detector using Chroma.
The muons enter the OTPC water volume at the same position, but with angles (✓, �) of red:
(0,0) and blue: (3,3) degrees. For clarity in demonstrating the principle of operation, the
OTPC detected photon response in the upper frame assumes perfect resolution. Fitting the
direct Cherenkov light for the (0,0) muon track after smearing the time response at 20 ps,
the linear residuals are shown in the bottom frame.

16

Figure 1.2: The concept of the prototype water-based OTPC. A charged particle emits
Cherenkov light in the water volume. For each time and spatial-resolving MCP-PMT (left),
a mirror is mounted on the opposing side. The mirror adds a discrete reflected set of photons
(green) that can be time resolved from the direct Cherenkov light (yellow).

4

(a)

(b)

(c)

(d)
Figure 5.1: Raw OTPC events: time-step (97 ps per bin) vs. OTPC channel. The 5 panels
in each event are the individual OTPC PMs. PMs 0, 2, and 4 constitute the OTPC normal
view, PMs 1 and 3 are in the stereo view. Each panel is scaled to the maximum signal
value with the color value indicative of the signal amplitude in PSEC4 ADC counts. (a)
Typical through-going event that is representative of most recorded events. (b) Through-
going event, in which the number of detected photons increases near the right side. (c) Track
with a large number of photons over a short extent. (d) Large signal amplitude along entire
track, peaking in the 2nd panel. Events (c) and (d) were recorded using trigger configuration
2 (§3.3.1). Events (a) and (b) were recorded using configuration 1, the through-going trigger
mode.
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Optical TPC

https://arxiv.org/abs/1510.00947

https://arxiv.org/abs/1510.00947
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Optical TPC
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Figure 2.5: Two 1 GeV muons simulated in the fully modeled OTPC detector using Chroma.
The muons enter the OTPC water volume at the same position, but with angles (✓, �) of red:
(0,0) and blue: (3,3) degrees. For clarity in demonstrating the principle of operation, the
OTPC detected photon response in the upper frame assumes perfect resolution. Fitting the
direct Cherenkov light for the (0,0) muon track after smearing the time response at 20 ps,
the linear residuals are shown in the bottom frame.

16(a)

(b)

(c)

(d)
Figure 5.1: Raw OTPC events: time-step (97 ps per bin) vs. OTPC channel. The 5 panels
in each event are the individual OTPC PMs. PMs 0, 2, and 4 constitute the OTPC normal
view, PMs 1 and 3 are in the stereo view. Each panel is scaled to the maximum signal
value with the color value indicative of the signal amplitude in PSEC4 ADC counts. (a)
Typical through-going event that is representative of most recorded events. (b) Through-
going event, in which the number of detected photons increases near the right side. (c) Track
with a large number of photons over a short extent. (d) Large signal amplitude along entire
track, peaking in the 2nd panel. Events (c) and (d) were recorded using trigger configuration
2 (§3.3.1). Events (a) and (b) were recorded using configuration 1, the through-going trigger
mode.
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Figure 2.1: Rear-view scale drawing of OTPC detector showing the normal and stereo MCP-
PMT mounting positions. The normal and stereo mounted PMs are bisected by the x-axis
in the OTPC coordinate system by an angle �det of 32.5�. The beam comes out of the page
in the +z direction

Figure 2.2: Two renditions of the OTPC detector made using Chroma [32]. On the left
in this figure is a side view that shows the water tank with the PM ports mounted in the
normal and stereo views. The right is a view down the center of the detector tank and the
mirrors (red) mounted in the inner volume.

10

https://arxiv.org/abs/1510.00947

https://arxiv.org/abs/1510.00947
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Theia

8'R.Svoboda,'NNN'2016'

THEIA&Concept&

46'm'

46
'm

'

arXiv:1409.5864'

• '50&kilotons&fiducial'
• 'Deep&depth&(>4000'mwe)'
• 'Fast&2ming,'high'efficiency'

photosensors,'high'coverage'
• &Isotopic&loading,'possibly'with'

a'balloon'to'avoid'"was<ng"'
isotope'and'to'achieve'long'
abenua<on'lengths'

• 'Reconfigurable,'capable'of'
economically'for'long'periods'
to'have'a'broad'program'

possible'mul<Qkiloton'
scale'inner'vessel'

B. Svoboda
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Theia

• Advances in LS technology and photosensors make 
possible a hybrid WC/LS detector that could be 
located deep underground at the LBNF, now being 
built 

• Very broad and flexible physics program at deep 
(4200 mwe) and remote (from reactors) site that will 
also have a powerful neutrino beam. 

• Very active and ambitious R&D program 
• Internatoonal collaboration forming now, new 

members welcome B. Svoboda
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Big Picture
THEIA:                                                                  

A realisation of the Advanced Scintillation 
Detector Concept (ASDC)

• 50-100 kton WbLS target (M. Yeh talk)

• High coverage with ultra-fast, high 
efficiency photon sensors (M. Wetstein talk)

• 4800mwe underground (Homestake) 

• Comprehensive low-energy program: solar 
neutrinos, supernova, DSNB, proton decay, 
geo-neutrinos, DBD

• In the LBNF beam: long-baseline program 
complementary to proposed LAr detector

➡Broad physics program!

Detector image product of RAT-PAC

60m

60m

Detector simulation package under development

Over the next 5-10 years, it may be possible to develop new and 
advanced water and scintillator neutrino detectors concepts

These detectors can bring a much needed scale and physics 
diversity to neutrino experiments in the US and abroad.

A key ingredient in advancing this technology is the 
development of advanced photosensors.

Modest investments in R&D and in small and 
medium scale experiments can go a long way in 
making this new technology happen.

THEIA


