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This paper presents studies of the performance of water-based liquid scintillator in both 1-kt and 7

50-kt detectors. Performance is evaluated in comparison to both pure water Cherenkov detectors 8

and a nominal model for pure scintillator detectors. Performance metrics include energy, vertex, and 9

angular resolution, along with a metric for ability to separate the Cherenkov from the scintillation 10

signal, as being representative of various particle identification capabilities that depend on the 11

Cherenkov / scintillation ratio. We also modify the time profile of scintillation light to study the 12

same performance metrics as a function of rise and decay time. We go on to interpret these results in 13

terms of their impact on certain physics goals, such as solar neutrinos and the search for Majorana 14

neutrinos. This work supports and validates previous results, and the assumptions made therein, 15

and serves as a significant stepping stone to complete detector design studies by using a more 16

detailed detector model and full reconstruction, with a primarily data-driven optical model, and 17

fewer model assumptions. With this model, a high-coverage, 50-kt detector achieves better than 18

10 (1)% precision on the CNO neutrino flux with a WbLS (pure LS) target in 5 years of data 19

taking. A 1-kt LS detector, with a conservative 50% fiducial volume of 500 t, can achieve better 20

than 5% detection. A liquid scintillator detector has sensitivity into the normal hierarchy region for 21

Majorana neutrinos, with half life sensitivity of T 0νββ
1/2 > 1.4× 1028 years at 90% CL for 10 years of 22

data taking with a Te-loaded target. 23

I. INTRODUCTION 24

These are exciting times for neutrino physics, with a 25

number of open questions that can be addressed by next- 26

generation detectors. Advances in technology and inno- 27

vative approaches to detector design can drive the sci- 28

entific reach of these experiments. A hybrid optical neu- 29

trino detector, capable of leveraging both Cherenkov and 30

scintillation signals, offers many potential benefits. The 31

high photon yield of scintillators offers good resolution 32

and low thresholds, while a clean Cherenkov signal offers 33

ring imaging at high energy, and direction resolution at 34

low energy. The ratio of the two components provides an 35

additional handle for particle identification that can be 36

used to discriminate background events. 37

There is significant effort in the community to de- 38

velop this technology, including target material develop- 39

ment [1–12], demonstrations of Cherenkov light detec- 40

tion from scintillating media [13–16], demonstrations of 41

spectral sorting [17, 18], fast and high precision photon 42

detector development [19–26], complementary develop- 43

ment of reconstruction methods and particle identifica- 44

tion techniques [27–33], and development of a practical 45

purification system at UC Davis. 46

One approach to achieving a hybrid detector is to de- 47

ploy water-based liquid scintillator (WbLS) [1], a novel 48

target medium that combines water with pure organic 49

scintillator, thus leveraging the benefits of both scintilla- 50

tion and Cherenkov signals in a single detection medium, 51

with the advantage of high optical transparency and, 52

thus, good light collection. Many experiments are pursu- 53

ing this technology for a range of applications, including a 54

potential ton-scale deployment at ANNIE at FNAL [34– 55

36], possible kt-scale deployments at the Advanced In- 56

strumentation Testbed (AIT) facility in the UK [37–39] 57

and in Korea [40], and, ultimately, a large (25–100 kt) 58

detector at the Long Baseline Neutrino Facility, called 59

Theia. The Theia program builds heavily on early de- 60

velopments by the LENA collaboration [41]. Such a de- 61

tector could achieve an incredibly broad program of neu- 62

trino and rare event physics, including highly competitive 63

sensitivity to long-baseline neutrino studies, astrophysi- 64

cal searches, and even scope to reach into the normal 65

hierarchy regime for neutrinoless double beta decay [42– 66

45]. 67

In this paper, we study the low-energy performance 68

of such a detector for a range of different target mate- 69

rials, and compare the results to that for a pure water 70

Cherenkov detector, and a pure liquid scintillator (LS) 71

detector, using linear alkyl benzene (LAB) with 2 g/L of 72

the fluor 2,5-Diphenyloxazole (PPO) as the baseline for 73

comparison. The goal of this paper is to contrast WbLS 74

performance to LS under similar assumptions, and to val- 75

idate the simple model used in [42] with a more complete 76

optical model, more detailed detector simulation, and full 77

event reconstruction. 78

Properties for the pure LS detector are taken from 79

measurements by the SNO+ collaboration [46, 47]. We 80

start by considering three WbLS target materials. Each 81

cocktail is a combination of water with liquid scintilla- 82

tor, with differing fractions of the organic component: 1, 83

5 and 10% concentration by mass. WbLS properties are 84

based on bench-top measurements [14, 48] or evaluated 85

based on constituent components, as described in Sec. II. 86

Measurements of these WbLS materials demonstrated a 87

very fast timing response: with a rise time consistent 88
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with 0.1 ns, and a prompt decay time on the order of89

2.5 ns. Since this fast time profile increases the over-90

lap between the prompt Cherenkov and delayed scintilla-91

tion signals, we also consider materials in which we delay92

the scintillation time profile by some defined amount, to93

study the impact of a “slow scintillator”, for both pure94

LS and WbLS. Such materials are under active develop-95

ment [4, 5].96

It should be noted that, throughout this article, the97

pure LS in question is LAB + 2g/L PPO, and the LS98

component of the WbLS under consideration is formu-99

lated from these constituent materials, with additional100

surfactants and other components to achieve stability,101

good light yield, and good attenuation properties. Any102

comparisons made are specific to these materials. Fur-103

ther optimization is likely possible, resulting in further104

improvements to performance, such as use of a secondary105

fluor to shift the emitted spectrum. While we consider106

materials with a delayed time profile, in order to under-107

stand the impact of improved separation of the Cheren-108

kov component, these models are hypothetical, and in-109

tended to motivate further material development.110

Metrics used for these performance studies include the111

energy resolution (dominated by photon counting and112

quenching effects), vertex resolution, direction resolution,113

and a statistic chosen to represent the separability of114

the Cherenkov and scintillation signals. This is repre-115

sentative of low-energy performance capabilities such as116

particle identification, which may rely on separating the117

two populations. The final choice of a detector material118

for any particular detector would depend on the physics119

goals, which will place different requirements on each as-120

pect of detector performance. In all cases, we focus on121

the low-energy regime. Performance studies at the high122

energies relevant for neutrino beam physics are underway,123

and will depend on a different combination of factors, so124

may yield different optimizations.125

We consider both a 1-kt and a 50-kt total mass de-126

tector, as being representative of experiments currently127

under consideration. It should be noted that the 1-kt de-128

tector results in a small, 500-ton fiducial volume for the129

physics cases under study. The metrics presented in this130

paper are highly dependent on the transit time spread131

(TTS) of the photodetectors, and we present results for132

four hypothetical photodetectors models in this study.133

To span the range of available options, our four models134

have TTS of 1.6 ns, 1.0 ns, 500 ps, and 70 ps (sigma).135

In each case we assume 90% coverage, with a constant136

representative quantum efficiency (QE) used for all four137

models.138

To understand the reach of the detector capabilities139

studied here, we discuss the impact for several low-energy140

physics goals, in particular considering scope for a pre-141

cision measurement of CNO solar neutrinos, and nor-142

mal hierarchy sensitivity for neutrinoless double beta de-143

cay (NLDBD) [42, 45]. Large-scale scintillator detec-144

tors such as Borexino [49] and KamLAND-Zen [50] are145

leaders in the fields of solar neutrinos and searches for146

NLDBD, respectively, and new scintillator detectors such147

as SNO+ [46] and JUNO [51, 52] are taking data or under148

construction. There is much interest in the community in149

using new solar neutrino data for precision understand-150

ing of neutrino properties and behavior, as well as for151

solar physics [53]. The proposed Theia experiment has152

discussed and evaluated the potential of a multi-kiloton,153

high-coverage WbLS detector for the purposes of solar154

neutrino detection and NLDBD [42, 44], where the lat-155

ter would deploy inner containment for an isotope-loaded156

pure LS target, adapting techniques from SNO+ and157

KamLAND-Zen. Studies such as those presented here158

can help to inform future detector design.159

Sec. II presents details of the scintillator model used.160

Sec. III describes the simulation and analysis methods,161

including the reconstruction algorithms applied. Sec. IV162

presents results for performance of the measured WbLS163

cocktails, including photon counting and reconstruction164

capabilities. Sec. V presents the results as a function of165

rise and decay time, considering both the pure LS and a166

10% WbLS. Sec. VI discusses these performance results167

in light of their impact on certain selected physics goals,168

and Sec. VII concludes.169

II. WATER-BASED LIQUID SCINTILLATOR170

MODEL171

For Monte Carlo simulation of photon creation and172

propagation in WbLS, we use the Geant4-based [54]173

RAT-PAC framework [55]. Cherenkov photon pro-174

duction is handled by the default Geant4 model,175

G4Cerenkov. Rayleigh scattering process is implemented176

by the module developed by the SNO+ collaboration [47].177

The GLG4Scint model handles the generation of scintil-178

lation light, as well as photon absorption and reemission.179

The optical model used for (Wb)LS is based primarily180

on data and bench-top measurements. We utilize the181

WbLS light yield as measured in Ref. [14] for 1%, 5%,182

and 10% solutions, and the scintillation emission spec-183

trum and time profile are taken from Ref. [48]. These184

time profile measurements were confirmed with both x-185

ray excitation [48] and direct measurements with β and186

γ sources [14]. The one place that such measurements do187

not yet exist is for the attenuation lengths of WbLS. The188

target material in question is still under active develop-189

ment, and any scattering data in existence is still prelim-190

inary. Measurements in [1] are of early prototypes, and191

do not represent recent developments of these materials.192

More recent measurements following the approach in [56]193

demonstrate much improved scattering and attenuation,194

but are not yet published. In this case, a model must195

be assumed. The assumptions made are detailed in the196

paper, and the potential impact is discussed.197
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A. Refractive index estimation198

In order to estimate the refractive index for WbLS, n, 199

we use Newton’s formula for the refractive index of liquid 200

mixtures [57]: 201

n =
√
φlabppon

2
labppo + φwatern

2
water, (1)

where φ denotes the volume fraction of a corresponding 202

component, while nlabppo and nwater correspond to the 203

measured refractive indexes for pure LS [47] and water 204

[58] as a function of wavelength. At 400 nm, the refrac- 205

tive index of water is 1.344, and 1.505 for the pure LS. 206

The estimates for 1%, 5%, and 10% WbLS at 400 nm 207

are 1.347, 1.359, and 1.372, respectively. The full wave- 208

length dependence is included in the simulation. Due 209

to the dominant fraction of water, the WbLS refractive 210

index is very similar to that of pure water. 211

B. Absorption and scintillation reemission 212

The absorption coefficient, α, of WbLS depends on the 213

molar concentration, c, of each of the components as: 214

α(ω) = clabεlab(ω) + cppoεppo(ω) + cwaterεwater(ω), (2)

where εlab, εppo and εwater are the molar absorption coef- 215

ficients of LAB, PPO [47], and water (taken from Ref. [59] 216

for wavelengths over 380 nm and from Ref. [60] for wave- 217

lengths below 380 nm). 218

A photon absorbed by the scintillator volume has a 219

non-zero probability of being reemitted. This reemission 220

process becomes important at low wavelengths where the 221

absorption by scintillator is dominant. As a result, pho- 222

tons are shifted to longer wavelengths where the detec- 223

tion probability is higher due to a smaller photon ab- 224

sorption and a greater PMT quantum efficiency. The 225

probability preemi of a component i absorbing a photon 226

of frequency ω is determined as the contribution of the 227

given component to the total WbLS absorption coeffi- 228

cient: 229

preemi (ω) = φiαi(ω)/α(ω), (3)

where φi is the volume fraction of component i in WbLS. 230

After a photon is absorbed, it can be reemitted with a 231

59% probability for LAB and an 80% probability for PPO 232

[47], following the primary emission spectrum. 233

C. Scattering length 234

The Rayleigh scattering length, λs, is estimated for 235

WbLS as: 236

λs(ω) =
(
φlabλ

−1
lab(ω) + φwaterλ

−1
water(ω)

)−1
, (4)

where λlab and λwater are the scattering lengths for LAB 237

and water, respectively, both taken from [47]. It was 238

noted that the addition of PPO does not change λs and 239

thus it is omitted in Eq. 4. 240

The resulting values of both absorption and scatter- 241

ing lengths for WbLS are close to those of pure water. 242

It is known that this method overestimates the atten- 243

uation lengths, in particular, the scattering, given the 244

complex chemical structure and composition of WbLS. 245

A long-arm measurement of WbLS absorption and scat- 246

tering lengths is planned in the near future. However, 247

recent (unpublished) data from BNL demonstrate scat- 248

tering lengths on the scale of the largest size of detector 249

being considered here. Thus the known simplification 250

is considered an acceptable approximation until further 251

data becomes available. 252

III. SIMULATION AND ANALYSIS METHODS 253

The WbLS models developed in [61], and described 254

above, can be used to evaluate the performance of these 255

materials in various simulated configurations. Of interest 256

are large, next-generation detectors such as Theia [42], 257

which could contain tens of kilotons of target material in- 258

strumented with high quantum efficiency photodetectors 259

at high coverage, and proposed detectors in the range of 260

one to a few kt, such as AIT [37]. To evaluate these ma- 261

terials, two detector configurations are simulated: a 1-kt 262

detector and a 50-kt detector, both with 90% coverage 263

of photon detectors as a baseline. The different concen- 264

tration WbLS materials studied in [14], 1%, 5% and 10% 265

WbLS, are simulated and compared to both water and 266

pure (100%) scintillator material [47]. 267

A. Monte Carlo simulation 268

Fully simulating next-generation detector sizes instru- 269

mented with 3D models of photon detectors at the de- 270

sired coverage of 90% requires significant computational 271

resources. This is especially true when studying multiple 272

geometries, as the simulation typically must be rerun for 273

each geometry. To avoid this redundancy, RAT-PAC [55] 274

can easily simulate a sufficiently large volume of mate- 275

rial and export the photon tracks to an offline geometry 276

and photon detection simulation. Using this method, 2.6- 277

MeV electrons are simulated at the center of a large vol- 278

ume of target material, isotropic in direction, and the re- 279

sulting tracks are stored for later processing by a detector 280

geometry model and a photon detector model. This en- 281

ergy is chosen as being representative of a number of low- 282

energy events of interest, including reactor antineutrinos, 283

low-energy solar neutrinos, and the end-point of double 284

beta decay for both 136Xe and 130Te. It is recognized 285

that the response of the detector will change as events 286

move further from the center. A more comprehensive 287

study that also includes expected position dependence of 288

the detector performance is underway. However, this is 289

expected to have a small effect for the final physics stud- 290
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ies presented here, in which small fiducial volumes are 291

selected to mitigate backgrounds from external regions,292

thus constraining events to the central region.293

1. Detector geometry294

Each detector configuration is modeled as a right cylin-295

der with diameter and height of 10.4 m and 38 m for the296

1-kt and 50-kt sizes, respectively. Specifically, this calcu-297

lation achieves a 1-kt and 50-kt total mass for the pure298

LS detector, with slightly modified target masses for the299

other target materials, based on different densities (the300

LS under consideration has a density of 0.867 g/cm3,301

while WbLS is within a few percent of 1.0 g/cm3). The302

photon tracks from stored events that are found to inter-303

sect with the cylinder representing the detector boundary304

are stored as potential detected photons (“hits”) for each305

event. In this way, the boundary of each active volume306

acts as a photon-detecting surface that provides all infor-307

mation about each photon to a photon detector model.308

This simulation approach ignores several effects309

present in real detectors, including reflections off of the310

photodetectors, position uncertainty due to photodetec-311

tors size, and false-positive photon detection (noise) from312

real photodetectors. Typically, reflected photons will313

have a much longer path length than non-reflected pho-314

tons, arrive much later, and add little information to315

event reconstruction, so a lack of photodetector reflec-316

tions will have minimal impact on the metrics presented.317

Particularly, for angular reconstruction, we exclude all318

but the most-prompt photons, further reducing poten-319

tial impact of reflections. The impact of position resolu-320

tion was explored here by randomly shifting the position321

of detected photons by up to 100 cm, and studying the322

impact on the reconstruction metrics shown later in the323

paper. Ultimately, no statistically significant change was324

observed after smearing the photon detection positions,325

which can be understood by noting that the photon de-326

tection positions are far from the center-generated events327

studied here. In the 1-kt (50-kt) detector, this smearing328

results in (at most) an 11 deg (3 deg) shift in the photon329

position, which is well below the best angular resolution330

achieved in this study. This indicates that position un-331

certainty of real photodetectors will have minimal impact332

on results provided. As a consequence of this, no reliance333

is made on the purported position resolution of LAPPDs,334

and we assume they could be deployed as devices with335

single-anode readout, similar to a PMT, which report336

only the time of the photon arrival. Finally, noise in the337

detector is expected to be sub-dominant to actual scin-338

tillation light, however it may be significant compared339

to Cherenkov light, depending on the size of the time340

window used to select events. As will be shown, Cher-341

enkov photons are selected from tight time windows on342

the order of 1 ns, meaning a total noise rate of order343

1 GHz would be necessary to expect one noise photon344

within the Cherenkov window. In the 50-kt detector, be-345

tween 10,000 and 100,000 photodetectors (depending on346

the exact form factor used) would be necessary to achieve347

the desired coverage, which places an approximate up-348

per limit on the per-photodetector noise rate of 10 kHz.349

This is an acceptable upper bound compared to modern350

PMTs [62], so ignoring noise is considered to be a rea-351

sonable approximation and should have little impact on352

the results presented.353

2. Photon detection354

Photon detectors vary in their probability of detecting355

a photon as a function of wavelength (the QE) and their356

time resolution (TTS). Recently developed prototype357

photomultiplier tubes (PMTs) like the R5912-MOD [63]358

can achieve a TTS of 640 ps (sigma), while commercially359

available large-area PMTs like the R7081-100 or R5912-360

100 [62] are quoted at a TTS of 1.5 ns or 1.0 ns (sigma),361

which may be better (worse) at higher (lower) bias volt-362

age. Next generation photodetectors such as large-area363

picosecond photon detectors (LAPPDs) [64] achieving a364

TTS of 70 ps (sigma). Four hypothetical photon detector365

models are considered for each material and geometry, to366

span this range:367

1. “PMT” a generic commercially available large-368

area high-QE PMT, similar to an R5912-100 or369

R7081-100 [62], with 34% peak QE and 1.6-ns TTS370

(sigma).371

2. “FastPMT” a hypothetical PMT with a similar QE372

but smaller TTS of 1.0 ns (sigma).373

3. “FasterPMT” a hypothetical PMT again with a374

similar QE but even smaller TTS of 500 ps (sigma).375

4. “LAPPD” a next-generation device such as a large-376

area picosecond photodetector (LAPPD) [64] with377

similar QE but a 70-ps TTS (sigma).378

The same QE is used for all four models, assuming that379

future LAPPDs can reach comparable QE to existing380

Hamamatsu large-area PMTs.381

A coverage of 90% using these devices is simulated by382

accepting only 90% of potential hits for the event. This383

high coverage is chosen as being slightly less than the384

maximum packing of identical circles on a plane: 90.7%.385

For a square device like an LAPPD, or a mixture of dis-386

similar sized devices, higher coverage may be achievable.387

The QE is accounted for by randomly accepting hits ac-388

cording to the value of the QE curve (shown in Fig. 1389

with typical wavelength spectra) at the wavelength of390

the hit. For the selected hits, the intersection position391

with the geometry model is taken as the detected po-392

sition. Finally, a normally distributed random number393

with a width corresponding to the TTS of the photon394

detector model is added to the truth time of the hit to395

get the detected time. These detected hit position and396

times can then be passed to reconstruction algorithms for397

further analysis.398
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FIG. 1. The quantum efficiency (QE) used for photon detec-
tor models considered here (digitized from [62]). Also shown
are Cherenkov and scintillation photon spectra for center-
generated events in the 1% WbLS material in the two detec-
tor sizes prior to application of QE, i.e. including all optical
effects, but no photon detection effects. The relative normal-
ization of the spectra have been preserved, with the maximum
value normalized to 1.0.

B. Event reconstruction399

To evaluate the performance of the different materials 400

under different detector configurations, a fitter was devel- 401

oped to reconstruct the initial vertex parameters based 402

on detected hit information. Position and time recon- 403

struction are both aided by the large number of isotropic 404

scintillation photons, while direction reconstruction relies 405

on identification of non-isotropic Cherenkov photons. As 406

Cherenkov photons are prompt with respect to scintilla- 407

tion photons, the reconstruction will first identify prompt 408

photons, and then use them to reconstruct direction in a 409

staged approach. Promptness is defined in terms of the 410

hit time residual tresid distribution. 411

The reconstruction algorithm used here has the follow- 412

ing steps, which are described in detail in the following 413

sections: 414

Step 1: Position and time of the interaction vertex are re- 415

constructed using all detected hits by maximizing 416

the likelihood of the tresid distribution. 417

Step 2: Direction is reconstructed using only prompt hits 418

by placing a cut on the tresid distribution, ob- 419

tained for the reconstructed value of position 420

and time. It should be noted that this cut on 421

prompt time is performed after the effects of the 422

detection process, including the PMT TTS, to 423

be equivalent to a hit time in a real detector. No 424

MC truth information is used. 425

Step 3: Finally, the total number of hits is recorded as 426

an estimate of the energy of the event. 427

The approach is inspired by vertex reconstruction algo- 428

rithms used in the SNO experiment [65]. The algorithm 429

has been tested and demonstrated to achieve similar posi- 430

tion and direction resolution to SNO for equivalent event 431

types in a SNO-like detector—for example, for 5 MeV 432

electrons in a SNO-sized vessel, with TTS and photo- 433

coverage set to relevant values (approximately 1.8 ns and 434

55%, respectively) this algorithm achieves 27.4◦ angular 435

resolution, compared to the SNO reported value of 27◦. 436

We note that this choice of reconstruction methodol- 437

ogy is one that can be applied for the full spectrum of 438

materials under consideration, from water to pure LS. 439

Significant work is ongoing in the community to develop 440

reconstruction techniques specific to certain materials 441

and certain detector configurations, or particular physics 442

goals [27–33]. Such methods would likely out-perform 443

our approach when applied to the intended detector or 444

physics goal, and it is highly likely that the results pre- 445

sented here can be further optimized by the incorpora- 446

tion of such algorithms. As such, these results should 447

be considered conservative. Our intent is to apply a sin- 448

gle algorithm across all materials to facilitate comparison 449

between detector configurations. 450

1. Position and time 451

Reconstructing vertex position and time can be done 452

by maximizing the likelihood of tresid, i for each hit i in 453

the event: 454

tresid, i = (ti − t)− |~xi − ~x|
n

c
, (5)

where (~xi, ti) are the position and time of a detected pho- 455

ton, (~x, t) represents the fitted vertex position and time, 456

and c
n is the group velocity typical of a 400-nm photon. 457

This expression includes two important assumptions that 458

are made to approximate a realistic detection scheme. 459

1. The travel time is calculated assuming a photon 460

wavelength of 400 nm, since for a real detector the 461

wavelength is typically not known. Fig. 1 shows 462

the expected spectra for both Cherenkov and scin- 463

tillation light. 464

2. Each photon is assumed to travel in a straight line, 465

as photon detectors are typically not aware of the 466

actual path the photon traveled. 467

A result of these assumptions is that dispersion in the 468

material will broaden the tresid distribution, as the travel 469

time will be overestimated (underestimated) for longer 470

(shorter) wavelength photons. Additionally, scattered or 471

reemitted photons will appear later than their true emis- 472

sion time due to ignoring their true path. An example of 473

a tresid distribution using the true detection times, but 474

with these approximations, is shown for the 10% WbLS 475

and pure LS material in Fig. 2 for the 1-kt and 50-kt de- 476

tector geometries. In plots shown in this paper, the tresid 477

is arbitrarily shifted such that the average tresid of Cher- 478

enkov photons across many events is 0 ns. The integral of 479
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FIG. 2. True hit time residual distributions for (left) 10% WbLS and (right) pure LS in a (top) 1-kt and (bottom) 50-kt
detector. This uses the same QE as the photon detector models, but with zero TTS. Fluctuations observed in these distributions
are purely statistical.

these distributions is the number of detected photons per 480

event on average, which highlights both the difficulty of481

identifying Cherenkov photons in pure scintillators, and482

their prompt placement in the tresid distribution.483

For each material and detector configuration, a PDF484

for tresid of all photons is produced using truth informa-485

tion from a subset of the simulated events. Reconstruc-486

tion is then done by minimizing the sum of the negative487

logarithm of the likelihood for each hit with a two-staged488

approach: a Nelder-Mead [66] minimization algorithm489

with a randomly generated seed is used to explore the490

likelihood space and approximate the global minima, fol-491

lowed by a BFGS [66] minimization algorithm to find the492

true (local) minima using the minima from the previous493

step as the seed. This method produces the best estimate494

of the true tresid distribution for each event, to be used495

in the direction fit.496

For each event, the difference between the recon-497

structed position (time) and the true position (time) is498

taken. The distributions of these differences for each ma-499

terial and detector configuration are fit to Gaussian dis-500

tributions, and the sigma of these fits is taken as the501

resolution for the position and time reconstruction. The502

position resolutions reported here are the quadrature sum503

of the widths in all three dimensions.504

2. Direction505

As Cherenkov light is emitted at a fixed angle with506

respect to the particle’s path, detected Cherenkov hits507

can be used to infer the event direction. A method for508

doing this is by maximizing the likelihood of the cosine of509

the angle, θi, between the vector from the reconstructed510

event position, ~x, to each detected photon position, ~xi,511

and a hypothesized direction d̂:512

cos θi =
(~xi − ~x) · d̂
|~xi − ~x|

. (6)

For Cherenkov light, the PDF for this distribution is513

peaked at the Cherenkov emission angle, θc, of the ma-514

terial. Because non-Cherenkov photons do not carry di-515

rectional information, they will appear flat in this distri-516

bution, and will degrade the performance of the fit. It517

is beneficial, therefore, to restrict this likelihood maxi-518

mization to only photons with tresid < tprompt for some519
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tprompt, as this should maximize the number of Cheren-520

kov photons relative to other photons. Examples of the 521

cos θi distributions with various tprompt cuts is shown in 522

Fig. 3 for 10% WbLS and pure LS. These figures show 523

that in the 10% WbLS material, directional information 524

is still visible even with large tprompt cuts, whereas this 525

is not the case with pure LS, where the scintillation light 526

greatly exceeds the Cherenkov light. Here, the impact of 527

dispersion is typically beneficial, as the broad spectrum of 528

Cherenkov light compared to typical scintillation spectra 529

results in long-wavelength Cherenkov photons appearing 530

earlier in the tresid distribution compared to their true 531

emission times. We note that a photon detection scheme 532

that can distinguish between long and short wavelength 533

photons [18] could further enhance the ability to identify 534

Cherenkov photons. 535

PDFs for the cos θi distribution are created using sub- 536

sets of the simulated events for many tprompt values be- 537

tween -1 ns and 10 ns, and event reconstruction is done 538

for each tprompt value for every event. Reconstruction 539

proceeds in the same way as the position-time minimiz- 540

ing the sum of the negative logarithms of the likelihood of 541

each selected hit with a randomly seeded coarse Nelder- 542

Mead [66] search, followed by a BFGS [66] method seeded 543

with the result of Nelder-Mead to find the best minima. 544

The value cos θ is calculated for each reconstructed direc- 545

tion as d̂ · d̂true, where d̂true is the initial direction of the 546

electron. The cos θ distribution from each simulated con- 547

figuration and tprompt pair is integrated from cos θ = 1 548

until the cos θ value that contains 68% of events, and this 549

value is defined as the angular resolution for that pair. 550

Finally, the angular resolution resulting from the tprompt 551

with the best angular resolution for each configuration is 552

taken as the angular resolution for that configuration. 553

3. Energy 554

The distribution of the total number of hits is fit to a 555

Gaussian to determine the mean µN and standard devi- 556

ation σN of detected hits for each condition. The frac- 557

tional energy resolution is reported as σN/µN . 558

IV. PERFORMANCE OF WATER-BASED 559

LIQUID SCINTILLATOR IN A LARGE-SCALE 560

NEUTRINO DETECTOR 561

The materials described in Sec. III were simulated in 562

the two detector geometries (1 kt and 50 kt) and four pho- 563

todetector models (“PMT,” “FastPMT,” “FasterPMT,” 564

and “LAPPD”) described in the same section. Between 565

10,000 and 100,000 events were simulated for each ma- 566

terial, with fewer events for the pure LS due to the high 567

photon counts (and accordingly slower simulation times). 568

The following sections explore the true MC information 569

provided by those simulations, as well as presenting the 570

reconstruction results for all cases. 571

A. Photon population statistics 572

Roughly speaking, energy resolution is limited by the 573

total number of detected photons, position and time res- 574

olution are limited by the number of direct photons (not 575

absorbed and reemitted, scattered, or reflected), and di- 576

rection resolution is limited by the number of Cherenkov 577

photons and how visible they are within the brighter scin- 578

tillation signal. The total population of photons can be 579

broken down into the following categories: 580

1. Cherenkov photons, which were not absorbed and 581

reemitted by the scintillator. 582

2. Scintillation photons, which were not absorbed and 583

reemitted by the scintillator. 584

3. Reemitted photons, regardless of their origin. 585

These populations are shown in Fig. 4 for the materials 586

and detector sizes considered here. Since each considered 587

photon detector model has the same QE and coverage, 588

the populations are the same in each case. 589

Higher scintillator fractions are very advantageous 590

from an energy resolution perspective, having many more 591

total photons. The same is true from the perspective of 592

position and time resolution in a 1-kt detector. For a 593

larger 50-kt detector, the population of reemitted pho- 594

tons for pure LS is greater than the scintillation pop- 595

ulation, hinting that this condition is dominated by ab- 596

sorption and reemission, which can degrade vertex recon- 597

struction, as reemitted photons are less correlated with 598

the initial vertex. Despite the larger refractive index 599

in pure LS, which implies a larger number of generated 600

Cherenkov photons, the number of detected Cherenkov 601

photons is highest in water in both detector sizes. In the 602

WbLS materials, the increase in refractive index is largely 603

offset by the shorter attenuation lengths, resulting in a 604

nearly flat trend for detected Cherenkov photons in the 605

50-kt detector. For the 1-kt detector, the water and pure 606

LS materials are slightly favored over WbLS in terms of 607

detected Cherenkov photons. The difference between the 608

two detector sizes is primarily due to attenuation, where 609

the larger size results in more Cherenkov photons being 610

absorbed. As the total number of detected Cherenkov 611

photons is similar for materials within the same detector 612

size, the relative amount of scintillation photons, and the 613

extent to which they can be discriminated from Cher- 614

enkov photons with tprompt cuts, plays a large role in 615

reconstruction performance. 616

B. In-ring photon counting 617

Without applying reconstruction algorithms, one can 618

inspect the truth information for the detected hits to 619

understand their origins and time distributions. Of in- 620

terest here is how discernible the Cherenkov photons are, 621

and how well they may be identified against a scintilla-622

tion background. Since Cherenkov photons are emitted623
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FIG. 3. True photon direction distributions for (left) 10% WbLS and (right) pure LS in a (top) 1-kt and (bottom) 50-kt
detector. These are shown for several tprompt cuts, highlighting how prompt cuts on the hit time residual distribution can
reveal the directional Cherenkov photons, even in pure LS. Fluctuations observed in these distributions are purely statistical.

at a particular angle θc with respect to the track of the624

charged particle, it is instructive to see how many hits625

are detected in the region θc± δ (“in-ring”) with respect626

to the event direction. Further, since Cherenkov photons627

are prompt with respect to scintillation photons, it is in-628

structive to see these populations as a function of how629

early they arrive. As in the reconstruction algorithm,630

this is defined in terms of the hit time residual, tresid,631

where smaller tresid values are more prompt.632

Fig. 5 shows the number of Cherenkov and other (scin-633

tillation and re-emitted) photons for photons with cos θ634

satisfying θc ± 15◦ using true detected times (TTS = 0)635

and true origins, but including the effect of photodetector636

coverage and QE, as a function of a tprompt cut on tresid.637

Of particular note is that there are more “in-ring” Cher-638

enkov photons than other photons for sufficiently prompt639

tprompt cuts for all materials using truth information.640

With the number of in-ring Cherenkov photons defined641

as S and the number of in-ring other-photons defined as642

B, a single metric, S/
√

(S +B), for the significance of643

the Cherenkov photons as a function of a tprompt cut is644

shown in Fig. 6. The larger this significance, the easier it645

should be to identify the Cherenkov topology on top of646

the isotropic scintillation background. The higher signif-647

icance at earliest times in the pure LS material is primar-648

ily due to the larger impact of dispersion in this mate-649

rial relative to WbLS or water. Dispersion separates the650

narrow scintillation spectrum from the longer-wavelength651

portion of the broad-spectrum Cherenkov photons in652

large detectors, pushing the long-wavelength Cherenkov653

earlier, and the short-wavelength scintillation (and short-654

wavelength Cherenkov) later. This results in better time655

separation between the earliest Cherenkov photons and656

the earliest scintillation photons when comparing pure657

LS to WbLS.658

Also of note here is the similar amounts of prompt659

scintillation light in the WbLS and pure LS materials,660

despite having very different amounts of total scintilla-661

tion light. This is particularly clear in the 1-kt detec-662

tor, where 5%, 10% and pure LS are very similar, while663

in the 50-kt detector those WbLS materials show more664

scintillation than pure LS at early times. Two effects665

are at play here: differing amounts of dispersion due to666

differences in the refractive index, and also differences in667

the time profiles of the scintillation light in the different668

materials. The effects of dispersion serve to delay the669

predominantly blue scintillation relative to the longer- 670

wavelength Cherenkov light, and this occurs to a greater 671
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FIG. 4. The number of detected photons for 2.6-MeV elec-
trons simulated at the center of two detector geometries (50-kt
and 1-kt) differing in size. These photon counts are shown as
a function of material scintillator fraction. Water is artificially
plotted at 10−1 (due to log scale).

degree in the pure LS than in WbLS, due to the higher 672

refractive index. Further, the scintillation time profile of 673

WbLS materials is faster than pure LS, as can be seen 674

in the measurements from [14]. The combined effect is 675

that there are similar amounts of prompt Cherenkov and 676

prompt scintillation photons in the WbLS and pure LS 677

materials, resulting in similar Cherenkov-significance in 678

these materials. As the scintillation light tends to come 679

slightly later and is dimmest in 1% WbLS, the greatest 680

significance of Cherenkov detection in scintillating ma- 681

terials is achieved in that material, which also has the 682

least stringent requirement on tprompt cut for peak per- 683

formance. Both the 5% and 10% WbLS materials require 684

an earlier tprompt cut than pure LS for peak performance, 685

however more prompt cuts do result in slightly better 686

Cherenkov significance than achieved in pure LS. 687

C. Reconstruction results 688

Inspecting the truth information provides a detailed 689

understanding of the information available. However, to 690

truly evaluate these materials, it is necessary to apply re- 691

construction algorithms and evaluate the impact on po- 692

sition, time, and direction reconstruction. This is done 693

using the reconstruction algorithm described in Sec. III 694

and the results are shown in Fig. 7. An example view 695

of the fit residuals for pure LS with a 1.0 ns tprompt cut, 696

showing the Gaussian fits to those residuals, can be found 697

in Fig. 8. These results are a function both of material 698

properties and the reconstruction algorithm used, and 699

therefore should not be taken as the best possible reso- 700

lutions achievable when using these materials. 701

In general, the scintillator materials outperformed wa- 702

ter in the metric of position and time resolution due to 703

the much larger number of photons detected from scin- 704

2 1 0 1 2 3 4 5 6
tresid cut (ns)

10 1

100

101

102

103

In
-R

in
g 

Ph
ot

on
s 

/ E
ve

nt

1 kt

Water
1% WbLS
5% WbLS
10% WbLS
Pure LS

Cherenkov
Other

2 1 0 1 2 3 4 5 6
tresid cut (ns)

10 1

100

101

102

103

In
-R

in
g 

Ph
ot

on
s 

/ E
ve

nt

50 kt

Water
1% WbLS
5% WbLS
10% WbLS
Pure LS

Cherenkov
Other

FIG. 5. The number of “in-ring” (see text) photons per event
determined using truth information from 2.6 MeV electrons
simulated at the center of two detector geometries (top) 1
kt and (bottom) 50 kt. The number of photons is shown
as a function of tprompt cut, selecting for prompt photons.
Cherenkov photons are shown in solid lines, with all other
photons shown with dashed lines. The colored legend applies
to both Cherenkov and other photons.

tillation light. The 1-kt detector typically demonstrates 705

smaller residuals in position and time compared to the 706

50-kt detector, as the impact of dispersion and scattering, 707

which broaden the tresid distribution, are greater in the 708

larger geometry. In particular, the better transparency 709

of WbLS compared to pure LS is evident in the relatively 710

poorer position resolution seen with pure LS when com- 711

pared to 10% WbLS in the 50-kt detector. Position and 712

time resolutions unsurprisingly improve with the reduc- 713

tion in TTS from the PMT model to the LAPPD model. 714

For direction reconstruction, the water material acts 715

as an excellent baseline with best resolution, having only 716

Cherenkov hits and excellent transparency. The addi- 717

tional scintillation light from the WbLS materials de- 718

grades this resolution by approximately a factor of two 719

in the 1-kt detector, and by less than 1.5 in the 50-kt 720

detector for 10% WbLS when using fast photodetectors721

like LAPPDs. For pure LS, dispersion (especially in the722
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FIG. 6. With S defined as Cherenkov photons and B defined
as other photons, these figures plot S/

√
S +B, or the signif-

icance of the population of “in-ring” Cherenkov photons, for
the data shown in Fig. 5, with the two detector geometries
(top) 1 kt and (bottom) 50 kt. As this metric is only based
on photon statistics and not reconstruction performance, it
is used to inform, but not choose, the ideal tprompt cut (see
Appendix A).

50-kt detector) and the relatively slower time profile re-723

sults in enhanced tresid separation between Cherenkov724

and scintillation photons, enabling comparable or better725

angular resolution than the WbLS materials. Notably,726

the LAPPD model has sufficient time resolution to easily727

identify a pure population of prompt Cherenkov photons728

in pure LS resulting from dispersion, allowing direction729

reconstruction comparable to water. This is not seen730

with the PMT model, which lacks the time resolution731

to resolve this population. This indicates that the dis-732

persion of a pure scintillator is a beneficial quality for733

direction reconstruction, and that the faster timing pro-734

files of the WbLS materials relative to pure LS may be735

a hindrance to accurate direction reconstruction. The736

former point may be difficult to address in WbLS, given737

that the refractive index is very close to that of water738

and it is hardly tunable without significantly altering the739
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FIG. 7. Reconstruction resolutions of 2.6 MeV electrons
simulated at the center of two detector geometries (top) 1-
kt and (bottom) 50-kt, differing in size, and four photon
detector models (“PMT,” “FastPMT,” “FasterPMT,” and
“LAPPD”), differing in TTS. These resolutions are shown as
a function of scintillator fraction. Water is artificially plotted
at 10−1 (due to log scale). Angular resolution is shown for
the best tprompt cut (see Appendix A). See legend for units.

material. However, the time profiles of liquid scintilla-740

tors can be adjusted [4, 5], and this is explored in the741

following section.742

V. IMPACT OF SCINTILLATION TIME743

PROFILE IN A LARGE-SCALE NEUTRINO744

DETECTOR745

As demonstrated in [14], the WbLS time profiles are746

faster than that of pure LS. It is useful to understand to747

what extent this difference impacts the performance of748

WbLS and pure LS. This can be studied by artificially749

adjusting the profiles of pure LS in simulation to match750

those of WbLS, and the reverse. This also serves as first-751

order approximation of slow scintillators, and generally 752
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FIG. 8. The upper left panel shows the position fit residuals
in three dimensions, where Z is always aligned with the ini-
tial event direction. The top right panel shows the fitted time
residuals. The cos θ fitted event direction distribution is in
the bottom left, with the bottom right being the total num-
ber of detected photons, from which the energy resolution is
calculated. This is shown for the pure LS material in the 1 kt
detector geometry using the “PMT” photon detector model
and a 1.0 ns tprompt cut for direction reconstruction.

how adjusting the scintillation time profile impacts recon- 753

struction. What this approach does not take into account 754

are the more complicated optics involved in the absorp- 755

tion and reemission of a secondary fluor, which would be 756

present in slow scintillators [4, 5]. Besides impacting the 757

time profile, real fluors may have many other effects, such 758

as reemission of photons at different wavelengths than 759

the primary scintillation light, which could modify the 760

impact of attenuation, dispersion, the matching of the 761

spectra to the photodetector QE, among other things. 762

However, this approach does explore to what extent the 763

faster time profiles of WbLS impact its performance com- 764

pared to pure LS, and what may be gained by exploring 765

slower WbLS materials, perhaps by reducing the concen- 766

tration of PPO [4]. 767

Two properties are explored here: the rise time of the 768

profile, τr, and a single decay constant, τ1, using the 769

form: 770

p(t) =
1

N
(1− et/τ1−t/τr )e−t/τ1 , (7)

where N is a normalization constant. Qualitatively, the 771

decay time changes the amount of time over which the 772

scintillation light is spread, with a larger decay time re- 773

sulting in a broader emission profile. The rise time, on 774

the other hand, tends to delay earliest scintillation light 775

without strongly impacting the overall width of the emis- 776

sion profile. Fig. 9 visually shows the impact of changing 777

these two parameters. 778

Both the pure LS and 10% WbLS materials have their 779

time profiles adjusted, and reconstruction metrics are 780
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FIG. 9. Example time profiles of the form Eqn. (7). The pro-
files are shown normalized to unit area, and cover the range
of parameters used in the rise and decay time study.

shown using the methodology described in Sec. III. We 781

consider both a scan of the decay constant for two cho- 782

sen rise times, and a scan of the rise time for two cho- 783

sen decay times. In all cases, all other properties of the 784

materials (light yield, refractive index, absorption and 785

scattering, emission) are kept constant at the values pre- 786

sented in Sec. II. This allows us to decouple the effect of 787

the time profile from other properties of the scintillator, 788

which may be useful input for guiding future material 789

development. 790

A. Decay time 791

The decay constant is scanned from 2.5 ns (typical 792

of current WbLS) to 10 ns (typical of slow scintilla- 793

tors [4, 5]), and the simulation and reconstruction meth- 794

ods described in Sec. III are used for each combination. 795

This scan is repeated for two choices of rise time: a fast 796

rise time of 100 ps is used, characteristic of the WbLS 797

cocktails explored in this paper, and a slow rise time of 798

1 ns, more representative of pure LS. 799

As before, this is done for 2.6-MeV electrons with both 800

the 1-kt and 50-kt detector geometries. Only the LAPPD 801

photon detector model is explored here, to simplify the 802

presentation of results. Resolution metrics are presented 803

for position and direction with the 10% WbLS and pure 804

LS materials in Fig. 10. Energy resolution is unaffected 805

by changes to the time profile. 806

Slower decay constants in 10% WbLS appear to im- 807

prove angular resolution quite significantly in the 1-kt 808

geometry, more so for the faster rise time, but degrade 809

the resolution in the 50-kt geometry. The primary differ- 810

ence between these two geometries (for the same material 811

and time profile) is the impact of dispersion (see Fig. 2). 812

In the 50-kt geometry, there is a dispersion-dominated 813

population of prompt Cherenkov photons independent of814

the time profile used. Increasing the decay constant of815
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FIG. 10. Reconstruction resolutions for a scan of the scintillation decay time with a rise time of (left) 100 ps and (right) 1 ns
in the (top) 1-kt detector geometry and (bottom) 50-kt detector geometry. Results are shown for the LAPPD photon detector
model for the 10% WbLS and pure LS materials. Angular resolution is shown for the best tprompt cut (see Appendix A). See
legend for units.

the scintillator in this limit primarily broadens the time816

profile, which degrades the reconstruction metrics. In817

the 1-kt geometry, which is not dominated by dispersion,818

the broadening of the time profile due to increasing de-819

cay constant does reduce the prompt scintillation light,820

resulting in improved angular reconstruction. This im-821

provement is less significant with the larger rise time, as822

the larger rise time itself removes much of the prompt823

scintillation light.824

Notably for pure LS the effects are small: slowing the825

scintillation light without modifying other parameters in826

the pure LS has little time impact on detector perfor-827

mance. This indicates that the slower time profile of828

pure LS relative to WbLS is not the driving factor behind829

its good performance in these metrics, which is instead830

dominated by the impact of dispersion due to the high831

refractive index.832

B. Rise time833

Since increasing the decay time constant to spread834

out the scintillation light had adverse effects in the 10%835

WbLS at the 50-kt detector, a scan of the rise time is per-836

formed to understand the impact on the reconstruction837

metrics. The rise time is scanned for values from 100 ps838

to 1 ns, for both a 2.5 ns and 5 ns decay time, charac-839

teristic of WbLS and pure LS, respectively. As before,840

this is done for 2.6-MeV electrons with both the 1-kt and841

50-kt detector geometries. Results are shown in Fig. 11.842

In all cases, slowing the rise time improves the an-843

gular resolution, but slightly degrades the position and844

time resolution. Slower rise times in 10% WbLS degrade845

the position and time resolution more than in the pure846

LS material. 10% WbLS demonstrates significant gains847

in angular resolution for slower rise time constants, and848

this is most pronounced in the 1-kt detector where the849

prompt Cherenkov is not yet well separated by disper-850
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sion. Pure LS results in the best overall resolution, and851

is again minimally impacted by adjusting its time pro- 852

file. Simulated hit time residuals in Fig. 2 show that the 853

unmodified pure LS material has a clear prompt Cheren- 854

kov population in the 50-kt detector (c.f. 10% WbLS), 855

which is not impacted significantly by adjusting the scin- 856

tillation time profile. This prompt Cherenkov population 857

is the dominant factor in the good performance of pure 858

LS compared to 10% WbLS, and is primarily due to the 859

greater impact of dispersion in pure LS. 860

VI. IMPACT FOR PHYSICS REACH 861

We now briefly examine how the energy and angular 862

resolutions evaluated in the previous sections affect the 863

capability for rejection of the 8B solar neutrino back- 864

ground in NLDBD searches, and identification of signal 865

events for CNO solar neutrino detection. In both cases, 866

identification (as either signal or background) of the di- 867

rectional solar neutrino events is the capability under 868

study. 869

Detailed studies have been performed in [42] of the 870

sensitivity of a 50-kton (Wb)LS detector to both CNO 871

neutrinos and to NLDBD. However, in that paper a num- 872

ber of simplifying assumptions were made, including an 873

assumed vertex and angular resolution, and simplified ap- 874

proach to energy reconstruction. In addition, that work 875

was based on previously understood, now outdated, prop- 876

erties for WbLS. This work represents the first study us- 877

ing a data-driven optical model for WbLS, a more realis- 878

tic detector simulation at the single photon level, and full 879

event reconstruction. This work therefore serves to vali- 880

date the simpler assumptions made in [42] and to support 881

the results from that work. 882

In order to do so, we again make use of the RAT-PAC 883

framework [55], including the neutrino-electron elastic 884

scattering generator and the radioactive decay generator 885

used by SNO [65] and SNO+ [67] as well as an imple- 886

mentation of Decay0 [68]. In simulation, the neutrino- 887

electron elastic scattering differential cross section [69] is 888

weighted by the neutrino energy spectrum [70, 71] for the 889

different fluxes from the Sun and then sampled in outgo- 890

ing electron energy and scattering angle, for both νe and 891

νµ. Solar neutrino fluxes are taken from [72]. The decay 892

energy spectra are also found for various backgrounds 893

associated with the CNO energy region of interest. The 894

solar neutrino interactions and decays are then simulated 895

accordingly to extract the expected energy deposition in 896

the target materials under consideration. After the simu- 897

lation, solar neutrino event samples are weighted follow- 898

ing the survival probability calculated in [73]. 899

The extracted angular resolution parameters from 900

Secs. IV and V are used to smear the scattering angle 901

for solar neutrino events using a functional form taken 902

from [44], while radioactive and cosmogenic background 903

events, as well as double beta decay events, are assumed 904

to be isotropic. 905

A. NLDBD sensitivity 906

For the NLDBD study, we consider LAB+PPO loaded 907

with 5% natural Te (34.1% 130Te), and assume the ex- 908

pected 3%/
√
E energy resolution from [42], since the 909

isotope-loaded scintillator will behave differently from 910

those studied here. We intentionally make the same as- 911

sumptions as in that previous work in order to do a direct 912

comparison with the implementation of the more com- 913

plete optical model and reconstruction presented here. 914

The isotope is assumed to be contained within an 8-m 915

radius balloon in the center of the 50-kt detector. A fur- 916

ther fiducial cut is made 1 m inside the balloon radius to 917

mitigate the impact of backgrounds from the balloon it- 918

self. We make the same assumptions about location and 919

background rates as in the previous study [42], which 920

should be referred to for further detail. Notably, 8B so- 921

lar neutrino events are the dominant background. The 922

purpose of this study is to explore the impact of the an- 923

gular resolutions determined in Sec. IV. No assumption 924

on angular resolution was directly made in [42], so we use 925

the angular resolution found here for unloaded scintilla- 926

tor to extend the previous analysis, as being representa- 927

tive of reasonably achievable time profiles. Energy cuts 928

are applied to restrict the study to the 0νββ region of 929

interest for 130Te, as outlined in [42]. We further apply 930

cuts as a function of reconstructed direction relative to 931

the Sun, cos θ�, in order to reduce the background from 932

directional 8B solar neutrinos. The fraction of νe and νµ 933

samples for 8B neutrinos surviving these analysis cuts are 934

scaled according to expected event rates on LAB+PPO 935

in order to maintain the correct ratio of νe and νµ inter- 936

actions and properly calculate the overall efficiency for 937

rejecting solar neutrino background events and accept- 938

ing isotropic events such as radioactive decays or 0νββ. 939

The efficiencies for the cut values are then propagated 940

through the box analysis procedure of [42] to select an 941

optimal cut that yields the best sensitivity. To quote an 942

example, we find an expected sensitivity of T 0νββ
1/2 > 1.4× 943

1028 years at 90% CL in the 50-kt, LAPPD-instrumented 944

pure LAB+PPO detector with decay time of 2.5 ns and 945

rise time of 1.0 ns, after 10 years of data taking. This 946

equates to a mass limit of mββ < 4.5− 11.1 meV, using 947

nuclear matrix elements from [74, 75]. KamLAND-Zen 948

has placed a limit on the effective Majorana neutrino 949

mass of 61 − 165 meV [50], and the SNO+ experiment 950

projects a sensitivity of 55−133 meV [46]. Fig. 19 of [42] 951

shows this result in the context of other proposed future 952

experiments. Such a detector achieves an angular resolu- 953

tion of roughly 37◦. This result is achieved by cutting on 954

a solar angle corresponding to cos θ� = 0.7, which rejects 955

over 65% of the 8B background while keeping 85% of the 956

signal. This increases confidence in assumptions of rejec- 957

tion capability used in [42]. Notably, improving the an- 958

gular resolution to 30◦ and performing the same analysis 959

does not yield changes to sensitivity to the leading deci- 960

mal. Note that this result confirms that of more sophis- 961
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FIG. 11. Reconstruction resolutions when the scintillation rise time is scanned for a decay time of (left) 2.5 ns and (right) 5.0
ns in the (top) 1-kt detector geometry and (bottom) 50-kt detector geometry. This is done using the LAPPD photon detector
for the 10% WbLS and pure LS materials. Angular resolution is shown for the best tprompt cut (see Appendix A). See legend
for units.

ticated reconstruction techniques, such as that presented 962

in [32], in which similar rejection was demonstrated for963

a 3-m radius detector. In this case we demonstrate that964

such rejection can be preserved even in the much larger965

detector under consideration here, which is critical for966

next-generation NLDBD sensitivity.967

Several other configurations for the 50-kt detector give968

results with similar sensitivity. Fig. 12 shows the impact969

of the various photon detector models, with only small970

losses in sensitivity for the 500-ns (FasterPMT) and 1-ns971

(FastPMT) models, of less than 1% and approximately972

3% in lifetime, respectively. Only standard PMTs show973

a significant degradation of sensitivity, and this detector974

is also seen to perform best with no cut on solar an-975

gle, due to the degraded direction resolution achieved for976

this configuration. For the LAPPD-instrumented detec-977

tor, we see that the impact of scanning the decay time978

for values from 2.5 to 10 ns for LAB+PPO changes the979

sensitivity by less than 0.02 × 1028 years, and the sensi-980

tivity improves for slower rise times, but the impact of981

the change from a rise time of 100 ps to 1 ns is less than982

0.04 × 1028 years. As such, variation of the decay and983

rise time of the scintillation time profile at the scale ex-984

amined, without other changes to LS optical properties,985

are not thought to have a large impact on sensitivity to986

NLDBD. It should be noted that this conclusion is spe-987

cific to our particular choice of direction reconstruction988

methodology, and conclusions may differ for other ap-989

proaches.990

B. Precision CNO measurement991

We also evaluate scenarios for CNO solar neutrino de-992

tection in a manner akin to the large-scale WbLS de-993

tector studies presented in [44] and [42]. We assume a994

conservative 50% fiducial volume to mitigate contribu-995

tions from backgrounds in external regions. We make the996

same assumptions about location and background rates997

as in those studies and, as in the NLDBD case, further998
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FIG. 12. Half-life sensitivity for 0νββ achieved for a 50-kt
pure LS detector with an 8m radius balloon of Te-loaded pure
LS at 5% loading, as a function of solar angle cut and photode-
tector model. Angular resolution is based on that found in
Sec. IV, assuming the as-measured properties of LAB+PPO
without considering possible delays to the scintillation profile,
and we use 3%/

√
E energy resolution, as assumed in [42].

details can be found therein. Instead of the hit-based999

lookup reconstruction scheme applied in those studies, 1000

we employ a Gaussian smearing based on the expected 1001

number of hits, as determined in Sec. IV. Since quench- 1002

ing effects are fully simulated, we take only the part of 1003

the width that is due to photon counting, so as not to 1004

double count that effect. The resolution is scaled with 1005

energy according to photon statistics. The rest of the fit- 1006

ting procedure remains the same as that described in the 1007

mentioned analyses, though we consider the use of a con- 1008

straint on the pep flux at 1.4% from the global analysis 1009

of [76], which leverages the information afforded by the 1010

full pp-chain and solar luminosity on experimental data. 1011

Application of this constraint follows the methodology of 1012

the recent Borexino discovery [77, 78]. 1013

Since the angular resolution evaluated at 2.6 MeV is 1014

expected to be much finer than at energies more relevant 1015

to the CNO search, for this study, we instead use resolu- 1016

tion values determined using simulated electrons at 1.0 1017

MeV. For consistency, the energy resolution is also recal- 1018

culated at 1.0 MeV. At this energy, we find that in the 1019

50 kt, LAPPD-instrumented detector, the angular reso- 1020

lution achieved by the fitter is 70◦ for 1% WbLS and 65◦ 1021

for LAB+PPO, as opposed to 40◦ and 36◦ respectively 1022

at 2.6 MeV. The energy resolution is assumed to vary 1023

∝ 1/
√
E and the angular resolution is assumed to be flat. 1024

This does not fully incorporate expected improvements 1025

in resolution at higher energies, and degradation at lower 1026

energies. A more sophisticated study implementing the 1027

full energy dependence is underway. This result is in- 1028

tended to guide the reader as to the capabilities of this 1029

style of detector. Energy cuts are applied to the CNO 1030

solar neutrino fit region, following the approach in [42]. 1031

We consider a threshold of 0.6 MeV in all cases. 1032

It is of interest to see the direction reconstruction per- 1033

formance at these energies, with the acknowledged caveat 1034

that improvements are likely possible with more sophis- 1035

ticated analysis techniques. Appendix B lists the direc- 1036

tion resolution achieved for both the 1- and 50-kt detec- 1037

tors, for each target material, with each photon detector 1038

model, at both 1 MeV and 2.6 MeV. 1039

Fig. 13 shows the results for the precision with which 1040

the CNO flux could be determined, in both the 1- and 50- 1041

kt detectors, for each combination of target material and 1042

photodetector model. The 1-kt results are seen to have 1043

little dependence on TTS for a WbLS deployment. Due 1044

to the small target mass (500-ton fiducial volume, after a 1045

50% cut to reject external events) the sensitivity is signif- 1046

icantly reduced in this smaller detector, and the depen- 1047

dence on target material is notably stronger, due to the 1048

reduced impact of dispersion for the shorter path lengths. 1049

However, a pure LS detector can still achieve an excel- 1050

lent measurement of CNO neutrinos, with dependence on 1051

photodetector model, due to the impact of direction res- 1052

olution on background rejection efficiency. Better than 1053

5% can be achieved in an LAPPD-instrumented detec- 1054

tor. In the 50-kt detector a stronger dependence on TTS 1055

is observed across the spectrum of target materials, al- 1056

though the achievable sensitivities are reasonably com- 1057

parable across different photodetector models, with the 1058

largest variations observed for 5% and 10% WbLS, where 1059

tradeoffs between angular resolution and light yield be- 1060

come important. 1061

We find that in 5 years of data taking, the CNO flux 1062

could be determined to a relative uncertainty of 18% (8%) 1063

in the 50-kt, LAPPD-instrumented 10% WbLS detector 1064

when the pep flux is unconstrained (constrained to 1.4%), 1065

and to 1% in the same detector filled with LAB+PPO, 1066

with the pep flux either constrained or unconstrained. By 1067

contrast, Borexino’s discovery includes a 1σ uncertainty 1068

of 42% above and 24% below their measured flux, includ- 1069

ing statistical and systematic uncertainties [78]. We note 1070

that the result for the pep-constrained case is not very 1071

sensitive to the fraction of scintillator in WbLS (1–10% 1072

perform similarly) whereas in the pep-unconstrained case 1073

the performance degrades with reduced scintillator frac- 1074

tion. This is understood because the angular resolution 1075

is found to be similar for different WbLS materials at 1076

1 MeV (approximately 70◦), so the light yield becomes 1077

the critical component in determining performance. A 1078

more comprehensive study of these effects will be forth- 1079

coming in a future publication. 1080

VII. CONCLUSIONS 1081

In this paper we have considered the low-energy per- 1082

formance of both 1- and 50-kt detectors, with a range 1083

of target materials. We focus on new measurements of 1084

WbLS, and their impacts on detector performance, and 1085

consider both pure water and pure scintillator detectors 1086



16

100 101 102

Scintillator Fraction

0

25

50

75

100

125

150

175
R

el
at

iv
e 

un
ce

rt
ai

nt
y 

to
 th

e 
C

N
O

 fl
ux

 (%
)

80 1000

10

20

PMT, no pep constraint
PMT, pep constraint  = 1.4%
FastPMT, pep no constraint
FastPMT, pep constraint = 1.4%
FasterPMT, no pep unconstraint
FasterPMT, pep constraint = 1.4%
LAPPD, no pep unconstraint 
LAPPD, pep constraint = 1.4%

100 101 102

Scintillator Fraction

0

5

10

15

20

25

30

R
el

at
iv

e 
un

ce
rt

ai
nt

y 
to

 th
e 

C
N

O
 fl

ux
 (%

)

80 90 100 110
1.00

1.25

1.50

1.75

2.00

PMT, no pep constraint
PMT, pep constraint = 1.4%
FastPMT, no pep constraint
FastPMT, pep constraint = 1.4%
FasterPMT, no pep constraint
FasterPMT, pep constraint = 1.4%
LAPPD, no pep constraint
LAPPD, pep constraint = 1.4%

FIG. 13. (Top) Precision achieved for a measurement of the
CNO flux in a 1-kt detector, as a function of the percentage of
LS in the target material, where a value of 102 refers to pure
LS, and of the photodetector model. Detector performance
is based on that found in Sec. IV, assuming the as-measured
properties of WbLS and LS, without considering possible de-
lays to the scintillation profile. The angular resolution and
energy resolution have been recalculated at 1 MeV, accord-
ing to the methodology outlined in earlier sections. The inset
shows a zoom in on the pure LS sensitivity for the 1-kt de-
tector, to illustrate the importance of photon detector model
for this configuration. (Bottom) CNO precision in the 50-kt
detector, as a function of %LS and photodetector model.

for comparison. We also consider the impact of slowing 1087

the scintillation light in both the pure LS and the WbLS.1088

We consider four models for photon detectors, with time1089

resolution of 1.6 ns, 1 ns, 500 ps, and 70 ps. We study1090

detector performance in terms of energy, vertex, and an-1091

gular resolution, and go on to the interpret the results in1092

terms of sensitivity to the CNO solar neutrino flux, and1093

a search for NLDBD.1094

While LS outperforms WbLS for these particular1095

physics goals, many factors motivate the choice of target1096

material for a particular detector. A large-scale WbLS1097

detector would preserve a long-baseline program, offering1098

similar sensitivity to neutrino mass hierarchy and CP vi-1099

olation as an additional DUNE module [42], along with1100

a broad program of low energy physics. Other factors1101

to consider include practical considerations such as cost,1102

risk, deployment procedures, and purification and recir-1103

culation requirements. In this paper we consider some of1104

the potential physics and performance trade offs between1105

such a large-scale WbLS deployment, a standard water1106

Cherenkov detector, and a pure LS fill, and explore how1107

these trade offs change across parameter space. It should1108

be noted that, while an improvement on earlier work,1109

some model assumptions persist in this analysis, such as1110

the scattering model and exclusion of noise. These may1111

have an effect on the results, and will be validated as1112

part of the ongoing measurement program. Other as-1113

sumptions, such as exclusion of reflections, and charac-1114

terization using centrally generated events, are expected1115

to have a small effect, due to the prompt time cuts and1116

fiducial volumes used for the analysis, although both as-1117

sumptions will be further validated with ongoing work.1118

Different optical properties dominate many of the ef-1119

fects under consideration. Due to the higher refractive1120

index, more Cherenkov photons are generated in pure1121

scintillator than in water or WbLS, which competes with1122

increased absorption and scattering in this material. Ef-1123

fects of absorption and reemission can be seen in the1124

large detector, where more reemitted photons are de-1125

tected than direct scintillation photons.1126

We evaluate energy resolution using the width of the1127

detected hit distribution. As expected, this increases1128

with fraction of scintillator in the target, with minimal1129

impact from the photon detector model. We employ a1130

likelihood-based evaluation of vertex and direction re-1131

construction. The scintillation component of WbLS im-1132

proves the vertex resolution but degrades the angular res-1133

olution relative to pure water. The faster time profile of1134

WbLS compared to pure LS makes the identification of1135

the Cherenkov population more challenging, thus hinder-1136

ing direction reconstruction.1137

Dispersion effects play a significant role in the ability1138

to separate Cherenkov photons, particularly in the larger1139

detector. We see that the impact of faster timing pho-1140

ton detectors on low-energy reconstruction performance1141

is important in the larger detector size in order to fully1142

leverage this effect for reconstruction. The higher refrac-1143

tive index of pure LS increases the effects of dispersion for1144

this material. The optimal low-energy angular resolution1145

in a scintillating detector is achieved for pure LS, under1146

the assumption of 70-ps time resolution. For time resolu-1147

tions of 1 ns or worse, water and WbLS perform better.1148

The difference in performance between WbLS and pure1149

LS is much less significant in the larger detector, where1150

5% and 10% WbLS perform similarly to pure LS. It is1151

worth noting that studies of direction reconstruction at1152

high energies may yield different conclusions, given much1153

higher photon statistics.1154

The fast time profile of WbLS motivated consideration1155

of delaying the time profile, to understand the impact on1156

detector performance. Slow scintillators are under active1157
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development, in part for their potential to offer improved1158

angular resolution for low-energy events. This possibility 1159

was studied for both 10% WbLS and for pure LS. We 1160

observe minimal impact on either position or direction 1161

reconstruction for pure LS, but the angular resolution 1162

of WbLS can be significantly improved by slowing the 1163

scintillation light, to that equivalent to pure LS or even 1164

slower, with relatively small impact on vertex resolution. 1165

We consider the impact of the observed detector per- 1166

formance for both CNO solar neutrino detection, and 1167

potential for deployment of a containment vessel of Te- 1168

loaded pure LS in a larger WbLS detector, for a search 1169

for Majorana neutrinos via NLDBD. We find that the 50- 1170

kt detector has sensitivity to the CNO neutrino flux of 1171

better than 20% under conservative assumptions with no 1172

constraint on the pep flux, better than 10% in a lightly 1173

loaded WbLS detector when considering a constraint on 1174

the pep flux, as was done for the recent Borexino discov- 1175

ery [78], and 1% for a pure LS detector. A 1-kt total 1176

mass detector has reduced sensitivity due to the reduced 1177

statistics, but a pure LS deployment can still achieve a 1178

sub 5-percent measurement. For NLDBD we find a half 1179

life sensitivity of T 0νββ
1/2 > 1.4× 1028 years at 90% CL for 1180

10 years of data taking, which equates to a mass limit of 1181

mββ < 4.5 − 11.1 meV. These results both have a weak 1182

dependence on photon detector model, with only small 1183

degradation in sensitivity for TTS values up to 1 ns. 1184
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Appendix A: Best tprompt cut values1395

The best tprompt cuts for the results in this paper are1396

reported here. The tprompt cut was scanned from -1 ns 1397

to 5 ns in 0.25 ns steps, and from 5 ns to 10 ns in 1 ns 1398

steps. The value that resulted in the smallest angular 1399

resolution was chosen as the best. Note that prompt cuts 1400

were not benificial to many conditions (seen as a tprompt 1401

of 10 ns here), but were especially useful in the case of 1402

very fast timing (LAPPD), materials with a great deal 1403

of dispersion (pure LS), or materials with slow rise and 1404

decay constants. The tprompt values are shown for the 1405

scintillator fraction study in Table I, for the decay time 1406

study in Table II, and for the rise time study in Table III. 1407

Appendix B: Angular resolution 1408

Table IV reports the achieved angular resolution for 1409

both the 1- and 50-kton detectors, for each target ma- 1410

terial, as a function of photon detector model, at both 1411

1 MeV and 2.6 MeV. 1412
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Size Photodetector Water cut (ns) 1% WbLS cut (ns) 5% WbLS cut (ns) 10% WbLS cut (ns) Pure LS cut (ns)

50 kt PMT 6.00 8.00 10.00 10.00 0.00

50 kt FastPMT 10.00 10.00 10.00 10.00 0.00

50 kt FasterPMT 5.00 9.00 10.00 0.00 0.50

50 kt LAPPD 2.25 9.00 0.25 0.00 0.00

1 kt PMT 2.25 5.00 10.00 10.00 0.00

1 kt FastPMT 6.00 2.00 9.00 10.00 0.00

1 kt FasterPMT 0.50 1.00 9.00 10.00 0.00

1 kt LAPPD 3.00 0.75 9.00 0.25 0.50

TABLE I. The best tprompt cut for each condition in the results of the scintillator fraction study, presented in Sec. IV C.
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Size τr (ns) τ1 (ns) 10% WbLS cut (ns) Pure LS cut (ns)

50 kt 0.1 10.0 3.00 0.00

50 kt 0.1 9.0 10.00 0.00

50 kt 0.1 8.0 10.00 0.00

50 kt 0.1 7.0 9.00 0.00

50 kt 0.1 6.0 0.00 0.00

50 kt 0.1 5.0 0.00 0.00

50 kt 0.1 4.5 0.25 0.00

50 kt 0.1 4.0 0.00 0.00

50 kt 0.1 3.5 0.00 0.00

50 kt 0.1 3.0 0.00 0.00

50 kt 0.1 2.5 0.00 0.00

50 kt 1.0 10.0 1.50 0.50

50 kt 1.0 9.0 1.25 0.50

50 kt 1.0 8.0 1.00 0.25

50 kt 1.0 7.0 0.75 0.50

50 kt 1.0 6.0 1.00 0.50

50 kt 1.0 5.0 0.75 0.00

50 kt 1.0 4.5 0.50 0.25

50 kt 1.0 4.0 0.00 0.00

50 kt 1.0 3.5 0.50 0.00

50 kt 1.0 3.0 0.25 0.00

50 kt 1.0 2.5 0.25 0.25

1 kt 0.1 10.0 0.75 0.25

1 kt 0.1 9.0 0.75 0.00

1 kt 0.1 8.0 0.75 0.25

1 kt 0.1 7.0 0.75 0.00

1 kt 0.1 6.0 0.75 0.00

1 kt 0.1 5.0 0.75 0.00

1 kt 0.1 4.5 0.75 0.25

1 kt 0.1 4.0 10.00 0.25

1 kt 0.1 3.5 8.00 0.00

1 kt 0.1 3.0 7.00 0.00

1 kt 0.1 2.5 10.00 0.00

1 kt 1.0 10.0 0.50 0.25

1 kt 1.0 9.0 0.75 0.25

1 kt 1.0 8.0 0.75 0.50

1 kt 1.0 7.0 0.50 0.25

1 kt 1.0 6.0 0.50 0.50

1 kt 1.0 5.0 0.50 0.25

1 kt 1.0 4.5 0.50 0.50

1 kt 1.0 4.0 0.50 0.50

1 kt 1.0 3.5 0.75 0.25

1 kt 1.0 3.0 0.50 0.50

1 kt 1.0 2.5 0.50 0.25

TABLE II. The best tprompt cut for each condition in the results of the decay time study, presented in Sec. V. These cuts were
found with the LAPPD photodetector model.
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Size τr (ns) τ1 (ns) 10% WbLS cut (ns) Pure LS cut (ns)

50 kt 0.1 2.5 0.00 0.00

50 kt 0.2 2.5 0.00 0.00

50 kt 0.3 2.5 0.00 0.00

50 kt 0.4 2.5 0.00 0.00

50 kt 0.5 2.5 0.00 0.00

50 kt 0.6 2.5 0.00 0.00

50 kt 0.7 2.5 0.00 0.00

50 kt 0.8 2.5 0.00 0.00

50 kt 0.9 2.5 0.25 0.25

50 kt 1.0 2.5 0.25 0.25

50 kt 0.1 5.0 0.00 0.00

50 kt 0.2 5.0 0.00 0.00

50 kt 0.3 5.0 0.25 0.00

50 kt 0.4 5.0 0.00 0.00

50 kt 0.5 5.0 0.00 0.25

50 kt 0.6 5.0 0.00 0.00

50 kt 0.7 5.0 0.50 0.00

50 kt 0.8 5.0 0.50 0.50

50 kt 0.9 5.0 0.75 0.00

50 kt 1.0 5.0 0.75 0.00

1 kt 0.1 2.5 10.00 0.00

1 kt 0.2 2.5 7.00 0.00

1 kt 0.3 2.5 0.25 0.25

1 kt 0.4 2.5 0.25 0.25

1 kt 0.5 2.5 0.25 0.00

1 kt 0.6 2.5 0.50 0.25

1 kt 0.7 2.5 0.50 0.25

1 kt 0.8 2.5 0.50 0.25

1 kt 0.9 2.5 0.50 0.25

1 kt 1.0 2.5 0.50 0.25

1 kt 0.1 5.0 0.75 0.00

1 kt 0.2 5.0 0.75 0.25

1 kt 0.3 5.0 0.75 0.25

1 kt 0.4 5.0 0.75 0.25

1 kt 0.5 5.0 0.75 0.25

1 kt 0.6 5.0 0.50 0.50

1 kt 0.7 5.0 0.75 0.50

1 kt 0.8 5.0 0.50 0.50

1 kt 0.9 5.0 0.50 0.50

1 kt 1.0 5.0 0.50 0.25

TABLE III. The best tprompt cut for each condition in the results of the rise time study, presented in Sec. V. These cuts were
found with the LAPPD photodetector model.
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Photodetector

Detector size (kt) Energy (MeV) Material PMT FastPMT FasterPMT LAPPD

1 1.0 Water 38.5 38.2 37.3 37.7

1 1.0 1% WbLS 68.4 67.8 67.3 64.6

1 1.0 5% WbLS 85.5 85.6 85.9 86.0

1 1.0 10% WbLS 93.1 93.1 92.7 74.8

1 1.0 Pure LS 102.0 85.0 58.8 44.8

1 2.6 Water 32.5 32.5 32.6 32.4

1 2.6 1% WbLS 38.4 37.3 35.6 33.7

1 2.6 5% WbLS 55.1 54.9 54.5 54.2

1 2.6 10% WbLS 68.2 68.0 68.4 63.0

1 2.6 Pure LS 89.5 62.7 32.6 29.4

50 1.0 Water 44.9 43.0 44.7 43.8

50 1.0 1% WbLS 70.2 69.9 70.1 69.9

50 1.0 5% WbLS 86.7 86.3 82.0 73.6

50 1.0 10% WbLS 93.2 92.8 78.8 71.8

50 1.0 Pure LS 85.4 73.6 67.7 64.8

50 2.6 Water 33.1 33.1 33.0 33.0

50 2.6 1% WbLS 40.4 40.4 40.5 40.4

50 2.6 5% WbLS 56.5 56.4 56.3 47.8

50 2.6 10% WbLS 68.1 68.1 53.0 44.7

50 2.6 Pure LS 58.5 41.9 37.8 36.2

TABLE IV. The angular resolution in degrees selected with the best tprompt cut for each detector configuration explored.
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