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Optical event reconstruction in large neutrino detectors is ultimately limited by chromatic 

dispersion[1]. At present no photodetectors can provide sufficient information to correct for chromatic 

dispersion on a photon-by-photon basis over continuous wavelength spectra of Cherenkov and 

scintillation light. 

Recent advances in the development of Large-Area Picosecond Photo-Detectors (LAPPDs) allow for 

single photon measurements with time resolution of better than 100 ps [2-3]. However, in a typical liquid 

scintillator there is a 2 ns time-of-flight difference between photons with wavelengths of 370 nm and 600 

nm over the 6.5-meter travel distance. In future very large detectors like Theia[4], the effect of chromatic 

dispersion will be significant over an even smaller wavelength range. Therefore, without knowing photon 

wavelengths, event reconstruction algorithms cannot use the full potential of the available timing 

information. Resolving the wavelength of all individual photons simultaneously with precision 

measurement of the arrival time (and position) at the detection surface would allow to appropriately 

choose the velocity for every photon when back-tracing them to the point of origin during an event 

reconstruction procedure.  

In addition, there has been great recent interest in large hybrid detectors that are using scintillation 

and Cherenkov light to perform a broad range of measurements to deepen our understanding of neutrino 

physics including physics associated with neutrino mass[4]. Cherenkov/scintillation light separation has 

been explored separately either by using timing[5-12] or spectral threshold sorting[13]. Thus, an 

additional advantage of time-wavelength resolving photodetectors would be their ability to separate 

Cherenkov and scintillation light in large liquid scintillator detectors by simultaneous spectral and 

temporal photon sorting (see Fig.1 and discussion about red-sensitive PMTs in Ref.[5]).  

In both examples it is necessary to not only resolve the photon wavelength but also to simultaneously 

achieve high detection efficiency for single photons and low jitter. While existing detectors have been 

separately optimized for each individual metric, a fundamental question is whether it is possible to 

simultaneously optimize each metric in the same detector[14]. 

We suggest to increase communication (and collaboration) between particle physics community and 

experts in other fields to explore possibility of simultaneous detection of photon arrival time and 

wavelength within the limits of the uncertainty principle. 

Recent developments in quantum science are now opening up a new approach where photodetectors 

can be designed from the ground up based on fundamental physics principles[14]. For example, a general 

modeling framework[15] based on quantum master equations can establish the fundamental limits of 

single photon detection and identify the broad design principles. Applicability of this modeling framework 

to designing a time-wavelength resolving photon detection architecture has been already presented[16] 

at the CPAD2019 workshop. 

Utilizing the full potential of time-wavelength resolving capabilities will require development of 

dedicated reconstruction algorithms that take into account spectral information. Before time-wavelength 

measurements become possible for single photons over large areas, such algorithms can be tested 

experimentally using a small number of fast photodetectors (e.g. LAPPDs) coupled with a grid of filters so 
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that position of the photon hit would correspond to a narrow range in spectral sensitivity. For example, 

in experiments such as ANNIE[17] and NuDot[18], for certain type of events the total number of photons 

per detector surface area could be sufficiently high. Therefore, even after reduction in photon detection 

efficiency due to filters, it could still be possible to demonstrate experimentally how accounting for 

chromatic dispersion improves event reconstruction. Fermilab Test Beam Facility is also a valuable 

resource where even smaller-scale optical tracking tests can be performed[19]. 
 

 

Goal: 
While any spectral resolution will improve optical event reconstruction (as opposed to practically no 

resolution on photon wavelength at present), we believe that 10ps-10nm time-wavelength resolution is 

a worthwhile goal to pursue. 
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Figure 1: Left panel: normalized spectra of Cherenkov (red line) and scintillation (blue line) light from a 
charged particle in a simulation of liquid scintillator detector similar to KamLAND. Middle and right panels: 
separation of Cherenkov (black solid lines) and scintillation (red dotted lines) light by using photon arrival 
time at the photo-detector surface. Regular PMT spectral detection efficiency (middle panel) is compared 
with red-sensitive PMTs (right panel). Charged tracks are generated at the center of a 6.5 m liquid scintillator 
detector similar to KamLAND. See Ref. [5] for simulation details. 
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