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4Pacific Northwest National Laboratory, Richland, WA 99352, USA24

5Department of Physics and Astronomy, University of Alabama, Tuscaloosa, AL 35405, USA25

6Physics Department, Stanford University, Stanford, CA 94305, USA26
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We study the sensitivity of nEXO to solar neutrino charged-current interactions,59

νe+
136Xe→136Cs∗ + e−, as well as analogous interactions predicted by models of fermionic dark60

matter. Due to the recently observed low-lying isomeric states of 136Cs, these interactions will61

create a time-delayed coincident signal observable in the scintillation channel. Here we develop a62

detailed Monte Carlo of scintillation emission, propagation, and detection in the nEXO detector to63

model these signals under different assumptions about the timing resolution of the photosensor read-64

out. We show this correlated signal can be used to achieve background discrimination on the order of65

10−9, enabling nEXO to make background-free measurements of solar neutrinos above the reaction66

threshold of 0.668 MeV. We project that nEXO could measure the flux of CNO solar neutrinos with67

a statistical uncertainty of 25%, thus contributing a novel and competitive measurement towards68

addressing the solar metallicity problem. Additionally, nEXO could measure the mean energy of69

the 7Be neutrinos with a precision of σ ≤ 1.5 keV and could determine the survival probability of70

7Be and pep solar νe with precision comparable to state-of-the-art. These quantities are sensitive to71

the Sun’s core temperature and to non-standard neutrino interactions, respectively. Furthermore,72

the strong background suppression would allow nEXO to search for for charged-current interactions73

of fermionic dark matter in the mass range mχ = 0.668–7 MeV with a sensitivity up to three orders74

of magnitude better than current limits.75

I. INTRODUCTION76

Over the past several decades, liquid xenon (LXe) time77

projection chambers (TPCs) have achieved world-leading78

sensitivities in areas such as direct dark matter detection79

and searches for neutrinoless double-beta decay (0νββ)80

[1–4]. Some of the benefits of LXe TPCs include their81

self-shielding and monolithic structure, as well as their82

scalability to achieve large exposures. Recent observa-83

tions of low-lying isomeric states in 136Cs indicate that84

LXe TPCs, particularly enriched Xe detectors such as85

the proposed nEXO detector [5], also have the potential86

to expand their physics program through studies of 136Xe87

charged-current (136Xe-CC) interactions of the form:88

νe +
136 Xe →136 Cs∗ + e− (1)89

In this interaction, an incoming electron neutrino is90

absorbed by a 136Xe nucleus, depositing its energy into91

the detector in the form of an excited 136Cs nucleus pref-92

erentially in its lowest lying Jπ = 1+ state with energy93

E1+= 589 keV [6] and an electron. The electron will have94

energy Ee = Eν − Ethresh, where Ethresh = E1+ + Q =95

668 keV is the reaction threshold in terms of total energy96

and Q = 79 keV is the reaction Q-value [7].97

Following the interaction, the 136Cs nucleus will de-98

excite to either the 140 keV isomeric state (∼ 70%99

branching) with lifetime 90 ± 5 ns, or the 74 keV iso-100

meric state (∼ 30% branching) with lifetime 157 ± 4 ns101
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before finally transitioning to its ground state (0.6% of102

the 1+ states are expected to decay to the ground state103

through prompt transitions) [6]. These transitions can104

occur through either γ-ray de-excitation or internal con-105

version. From the ground state, the nucleus will eventu-106

ally β-decay to 136Ba, however the lifetime of this decay107

is sufficiently long (τ ≈ 13 days) that it is not expected108

to be part of the same event [8]. A partial level diagram109

is shown in Figure 1. The decay will deposit a total en-110

ergy Evis = Eν − Q = Ee + E1+ in the detector with a111

minimum of Emin = E1+ = 0.589 MeV. The transition112

through an isomeric state will create a time-delayed co-113

incident signal which can be used to tag the interaction114

described by Eq. 1 and reject backgrounds.115

Double-beta decay isotopes, such as 136Xe, are ideal116

targets for this interaction; they are stable against sin-117

gle beta decay and the odd-odd daughter generally pro-118

vides a complex low-energy level structure that allows119

for low interaction thresholds and the possibility of long-120

lived isomers [9]. LXe 0νββ detectors are well suited121

for this analysis for several reasons. These detectors are122

typically optimized for O(MeV) energy deposits given123

Q136Xe
ββ = 2.45 MeV. Since Eq. 1 is an absorption reac-124

tion, it will deposit the total neutrino energy, minus a125

small offset, into the detector, resulting in O(MeV) en-126

ergy deposits given the relatively high flux of neutrinos127

in this range (solar and supernovae) [10]. Furthermore,128

0νββ LXe TPCs often use xenon that has been isotopi-129

cally enriched in 136Xe (∼ 90% 136Xe)[11], providing sig-130

nificantly greater exposure per unit target mass to 136Xe-131

CC interactions than LXe TPCs optimized to search for132

dark matter which preferentially use natural xenon (∼9%133

136Xe) [4, 12].134

Previous phenomenological studies predicted the exis-135

tence of isomeric states of 136Cs, suggesting that their136

characteristic time delays could enable background sup-137

pression factors as large as O(1010) in LXe TPCs [13].138

Only recently have the relevant isomeric states been ex-139

perimentally observed and their lifetimes measured [6],140

making it possible to quantitatively assess the impact141

of this signature on experimental sensitivity. While142
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FIG. 1: A simplified level diagram indicating the
136Xe-CC interaction and subsequent de-excitation of
the 136Cs. 70% of the decays from the 1+ state are
expected to pass through the 140 keV isomeric state
(red) with some unknown fraction further passing
through the 74 keV isomeric state (red-dashed) creating
a triple coincidence. The remaining 30% are expected
to de-excite via the 589− 422− 314 keV transitions,
with 98% of those states passing through the 74 keV
isomeric state (green), and 2% proceeding promptly to
the ground state via the 105 keV state (purple) [6, 25].
Spin-parity assignments shown in parenthesis are
currently under tension [6, 26].

prior experimental work has utilized the 136Xe-CC chan-143

nel, none have been positioned to take advantage of144

the delayed coincidence signature unique to these tran-145

sitions [14, 15]. In this study, we incorporate the newly146

measured isomer lifetimes into detailed Monte Carlo sim-147

ulations using a realistic model of the nEXO detector to148

accurately project its sensitivity to these signals.149

In particular, this work will study how the planned150

nEXO experiment can use 136Xe-CC ineractions to serve151

as a solar neutrino detector, combining the low back-152

ground rate of radiochemical detection from isotopic153

specificity [16–18] with the real-time measurement ca-154

pabilities of liquid-scintillator/Cherenkov-based experi-155

ments [19–21]. Furthermore, this charged-current chan-156

nel allows LXe TPCs like nEXO to directly measure the157

incoming neutrino energy rather than a broad recoil spec-158

trum [13, 22]. This unique combination of abilities could159

allow nEXO to make measurements that complement ex-160

isting and planned solar neutrino experiments and help161

address several important questions in the field of parti-162

cle astrophysics [19, 21, 23, 24].163

One such open question in solar physics is the heavy164

element (Z ≥ 3) composition of the Sun. This “Solar165

Metallicity” question arises from a discrepancy between166

helioseismological and spectroscopic solar measurements167

which has given rise to two contrasting sets of solar mod-168

els: the high metallicity models (HZ) and the low metal-169

licity models (LZ) [27]. A third method of measuring this170

composition, which might help resolve the discrepancy,171

is to directly measure the flux of neutrinos produced172

by the Carbon-Nitrogen-Oxygen (CNO) cycle within the173

Sun [22, 28, 29].174

Another important question is the temperature of the175

Sun’s core, which is primarily constrained using the 8B176

neutrino flux [30]. An independent measurement can be177

obtained by measuring the mean energy of the neutrinos178

produced from 7Be electron capture in the Sun’s core.179

Unlike laboratory 7Be sources, which decay by electron180

capture from discrete atomic shells, solar 7Be captures181

electrons from a hot plasma continuum due to thermal182

ionization within the Sun’s core. This is expected to in-183

duce a distortion and shift of approximately 1.3 keV to184

the resulting neutrino spectrum compared to its terres-185

trial counterpart. By precisely measuring this line-shift,186

one can make a direct measurement of the average tem-187

perature of the solar core and check consistency with 8B-188

derived values [31].189

A final question where LXe TPCs could contribute190

through measurement of solar neutrinos is the exis-191

tence of non-standard neutrino interactions (NSI) oc-192

curring in the Sun which could act as modifications on193

the Mikheyev–Smirnov–Wolfenstein Large Mixing Angle194

(MSW-LMA) description for neutrino oscillations in mat-195

ter. By measuring the survival probability, Pee, of elec-196

tron solar neutrinos at Earth such effects can be either197

measured or constrained [20, 22, 32].198

In addition to solar neutrinos, this work will also dis-199

cuss how this detection channel will enable nEXO to200

search for fermionic dark matter (FDM) coupling to elec-201

trons through the addition of a new χ−W ′ − e− vertex202

to the Standard Model (SM), where χ is the FDM par-203

ticle and W ′ a new dark sector boson. Because of this204

coupling, χ is capable of undergoing charged current in-205

teractions with SM particles, similar to that of Eq. 1,206

though it may not preferentially excite the lowest lying207

1+ state as neutrinos do [33, 34].208

We begin with a brief overview of LXe TPCs and the209

proposed nEXO detector in Sec. II. In Sec. III the Monte210

Carlo (MC) simulation developed for this work and the211

analysis performed on these MCs is discussed, giving es-212

timates for the background and signal efficiencies of the213

136Xe-CC channel. This is followed by a brief overview of214

the backgrounds expected in nEXO in Sec IV. In Sec. V215

these results are applied to the case of solar neutrinos.216

Then, in Sec. VI, projections are given for regions of FDM217

parameter space that the nEXO detector could probe.218

Finally, Sec. VII discusses how these results could scale219

to future generations of LXe TPCs.220

II. THE NEXO DETECTOR221

The proposed nEXO detector, which we analyze in de-222

tail here, plans to deploy 5 tonnes (3.3 fiducial tonnes)223

of xenon enriched to 90% in 136Xe in a 1.3 m square-224

cylindrical liquid xenon TPC. The experiment is de-225

signed to search for 0νββ with a half-life sensitivity of226

T 0ν
1/2 > 1028 years [11]. Particles interacting with LXe227

produce both scintillation and ionization signals which228
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can be used to reconstruct the energy, position, topol-229

ogy and timing of events in the fiducial volume. The230

scintillation signal in nEXO, consisting of vacuum ultra-231

violet (VUV) photons, will be read out promptly by232

more than 7, 000 silicon photomultiplier (SiPM) chan-233

nels placed around the barrel of the TPC. The ionization234

signal will be measured using approximately 4,000 charge235

readout channels tiling the anode plane at the top of the236

detectors [11, 35, 36].237

The scintillation signal itself provides a measurement238

of the energy and time of the event. The timing pro-239

file of the scintillation signal, which is critical for the240

present work, is driven by three factors: 1) the scintilla-241

tion time of LXe, which contains a fast (τs = 4 ns) and a242

slow (τt = 26 ns) component [37–40], 2) the travel time243

of photons in the detector which depends on the size of244

the detector, coverage of optical sensors, and reflectivity245

of surfaces, and 3) the timing resolution of the detec-246

tor readout channels. nEXO has demonstrated multiple247

VUV-sensitive SiPMs meeting its requirements [41–43];248

for this work the SiPMs are assumed to be consistent with249

the measurements of Hamamatsu Photonics HPK VUV4-250

Q-50 [44] devices reported in [43]. The details of nEXO’s251

scintillation readout system are still under development,252

but timing resolution is expected to be in the range of253

σ = 1—50 ns. Early prototype systems have reported254

single-photon coincidence resolutions of 11 ns [45]. In255

this work, we scan across different values of σ to study its256

impact on the results, but choose an aggressive σ = 1 ns257

as our reference point. The electronics noise in the scin-258

tillation readout channel of nEXO is expected to be suf-259

ficiently low to achieve a signal-to-noise ratio for single260

photoelectrons of > 10/1, firmly placing nEXO in the261

photon-counting regime.262

The ionization signal provides a complementary mea-263

surement of the event’s energy, as well as the event’sX/Y264

position, topology, and, in conjunction with the scintilla-265

tion signal, Z-position. The time profile of the ionization266

signal is determined by the longitudinal diffusion of the267

electron cloud and the drift velocity of the electrons in268

the LXe [46–48].269

By measuring the energy of events through both the270

scintillation and ionization channels, LXe TPCs are able271

to achieve energy resolution on the order of σ/E ∼ 1%272

at the MeV scale [11, 49, 50]. The prompt energy of273

a 136Xe-CC signal is expected to be sufficiently higher274

than the threshold of the nEXO detector so that 136Xe-275

CC signals can be triggered on the prompt event, with276

the smaller delayed event being readout as part of the277

same event window [11].278

nEXO’s proposed location is SNOLAB which would279

provide a 2 km overburden of rock, reducing the flux280

of cosmic-ray muons by more than a factor of 107 com-281

pared to the surface. In order to further mitigate ra-282

dioactive backgrounds, nEXO will employ a nested de-283

tector scheme. The center of nEXO will be the LXe TPC,284

which will be surrounded by a spherical cryostat contain-285

ing 33 tonnes of HFE-7200 which will act as both thermal286

insulation and neutron shield. A second spherical cryo-287

stat will surround the HFE layer and contain vacuum288

to act as thermal isolation. Finally, around the vacuum289

layer will be a cylindrical volume of height 12.8 m and290

diameter 12.3 m containing 1.4 kilotonnes of ultrapure291

water that will act as both a radiation shield and an ac-292

tive muon veto system. The majority of muons which293

are expected to produce events within the LXe are those294

that pass within 3.35 m of the TPC due to the trans-295

verse scale of the hadronic showers produced. At these296

distances, simulations predict that the nEXO muon veto297

system will be > 95% efficient [51].298

III. 136Xe-CC SIMULATION AND ANALYSIS299

To estimate nEXO’s ability to use the time-delayed300

coincident signal produced by 136Xe-CC interactions, we301

have developed Monte Carlo models that enable detailed302

simulations of both the scintillation and ionization signals303

that would be detected by nEXO. As fast timing is the304

most important handle for tagging these interactions, our305

scintillation model includes realistic detector effects and306

timing resolution.307

A. Scintillation308

The scintillation model begins with a probability dis-309

tribution function (PDF) that models the time profile of310

xenon scintillation, which takes the form311

S(t) =
ps
τs

e
−t
τs +

pt
τt
e

−t
τt (2)312

where ps = 0.05 and pt = (1 − ps) are the probabili-313

ties of electrons and γ-rays exciting the singlet or triplet314

Xe excimers respectively and τs = 4 ns and τt = 26 ns315

are the corresponding lifetimes of the excimers [37–40].316

This scintillation emission PDF is then convolved with317

the photon travel time PDF obtained by simulating the318

propagation of 106 photons for events uniformly sampled319

from nEXO’s fiducial volume using the Chroma simula-320

tion package [11, 52, 53] and fitting the simulated data321

with an empirical analytic model of the form322

T (t; t0 = 0) = Aδ(t) +
B

τB
e

−t
τB +

C

τC
e

−t
τC +

D

τD
e

−t
τD (3)323

for computational ease. The normalization factor for this324

PDF has been absorbed into the amplitude parameters325

of the fit. Finally, the detector timing resolution, σ, was326

included by convolving the resulting photon distribution327

with a normalized Gaussian function, G(t;σ), to create a328

detector response function, R(t;σ).329

R(t;σ) = S(t) ∗ T (t) ∗G(t;σ) (4)330

To study the effect of detector timing resolution on the331

results, resolutions from σ = 1 ns to σ = 50 ns were332

considered.333

With Eq. 4 to model the shape of a single scintilla-334

tion pulse, the PDF of the detector scintillation signal335
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FIG. 2: Example scintillation MC samples for a 157 ns decay time along the 74 keV decay path with incoming
energy Eν = 668 keV and detector timing resolutions σ = 1, 10, 20, and 30 ns. The best fit signal PDF is shown for
each MC sample along with the best fit background PDF consisting of a single scintillation pulse with no delayed
component.

for a 136Xe-CC event, P (t), is then created by adding to-336

gether two response functions to model both the primary337

interaction and the delayed transition from the isomeric338

state:339

P (t) =
1

Np +Nd
· [Np ·R(t− t0)+Nd ·R(t− t0− td)] (5)340

where the number of scintillation photons produced in341

the prompt and delayed pulse are given by Np and Nd,342

the time of the event is given as t0, and the time of the de-343

layed 136Cs de-excitation is given as td. Np and Nd are344

modeled by randomly sampling a decay path of 136Cs345

using the branching ratios given in Ref. [6], then using346

the corresponding prompt/delayed energies to simulate347

the numbers of scintillation photons with the Noble Ele-348

ment Simulation Technique [54], which models scintilla-349

tion yields and fluctuations. The average photon detec-350

tion efficiency (PDE) of nEXO’s fiducial volume, given351

in Ref. [11], is then used to compute the number of de-352

tected photons in each event. Due to limitations in the353

nuclear data, our simulations only consider cases where a354

single delayed signal comes from the 140 keV state or the355

74 keV state. This conservatively omits the possibility of356

transitions between the two isomeric states, which would357

create two delayed signals and would be more readily358

separated from backgrounds [6].359

In addition to the primary scintillation photons dis-360

cussed above, secondary photo-electron (p.e.) signals can361

also be created through instrumental effects. UV-induced362

light emission from passive materials, i.e. the delayed flu-363

orescence of detector components, is expected to be neg-364

ligible; in nEXO’s open-field-cage design [55], the only365

non-metallic materials visible to the active volume are366

pure silicon, fused silica, and thin MgF2 films used in367

reflective coatings [56], none of which exhibit significant368

fluorescence in their pure form. We therefore assume369

that the dominant sources of secondary photon signals in370

nEXO are SiPM processes such as correlated avalanches371

(CAs), in which an avalanche from an absorbed photon372

creates a second avalanche in the same device, and ex-373

ternal cross-talk (ExCT), in which the primary avalanche374

results in the emission of a photon that exits the device375

and can be detected by another channel [43]. The prob-376

ability that a detected photon causes a delayed corre-377

lated avalanche, or “after pulse,” has been measured to378

be PAP ≈ 10% in Ref. [43] and was modeled in the MC379

with a binomial distribution. A timing PDF for these380

after-pulses was calculated from the data in Ref. [43] us-381

ing the method in Ref. [57] and sampled in the MC. The382

charge contained in each after-pulse, QAP (t), was deter-383

mined using the recharge rate reported in Ref. [43]. The384

average number of ExCT photons emitted into LXe has385

been measured to be 1.23±0.43 photons per avalanche by386

Ref. [58] and 0.5+0.3
−0.2 photons per avalanche by Ref. [59].387

In this work, we assume a weighted average of these two388

measurements of λExCT = 1 photon per avalanche. Be-389

cause ExCT photons are in general not VUV, a separate390

Chroma simulation was performed in which 106 photons391

were propagated from the face of SiPMs spread across392

the barrel of nEXO with wavelengths and opening angles393

given by Ref. [44, 59]. The average travel time distri-394

bution of ExCT photons in nEXO was extracted from395

this simulation, and the probability of an ExCT photon396

being detected in nEXO given an initial SiPM avalanche397

was found to be pExCT ≈ 3%. The production and de-398

tection of ExCT photons in nEXO was modeled in the399

MC using a Poisson and binomial process and the de-400

tection time was sampled from the simulated PDF. To401

calculate the production of delayed ExCT (dExCT)—402

ExCT generated from an after-pulse—it was assumed403

that the average number of dExCT photons produced in404

the LXe scales linearly with the charge in the avalanche405

so that λdExCT (t) = λExCT
QAP (t)

limt′→∞ QAP (t′) . After being406

produced in the MC, dExCT photons were propagated407

using the same method as ExCT photons.408
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FIG. 3: (left) The calculated ROC curve for the 136Xe-CC detection channel in nEXO with incoming energy
Eν = 668 keV. (right) The expected signal efficiency in nEXO with the 136Xe-CC detection channel at 7.8 · 10−9

background efficiency as a function of incoming energy.

Finally, a single p.e. cut is applied to each channel to409

ensure proper timing reconstruction of the event—this410

removes channels that detect more than one photon as411

well as those which contain after-pulses.412

Using this MC, we evaluate nEXO’s ability to identify413

charged-current interactions using delayed coincidence414

signals in the scintillation channel. We generate sam-415

ples of both signal events (i.e. charged-current interac-416

tions with delayed coincidences) and background events417

(events in which there is no delayed transition) with en-418

ergies from 668–7000 keV. Example events can be seen419

in Figure 2, with varying values of the time resolution,420

σ. Our discriminator uses a likelihood fit with three pa-421

rameters (td the decay time of the 136Cs, t0 the event422

time, and R the ratio of Np to Nd) performed on each423

MC event, and we calculate the log likelihood ratio of the424

event where t0 and R are considered nuisance parameters425

and profiled out [60]. The likelihood score then provides426

a discriminant on which we can cut to separate signal-like427

events from background-like events.428

These results were used to create the receiver operat-429

ing characteristic (ROC) curve shown in the left panel of430

Figure 3, which illustrates how the efficiency for detecting431

136Xe-CC signals changes as a function of the background432

rejection efficiency. The time-delayed coincident scintil-433

lation signal produced by 136Xe-CC interactions enables434

background discrimination on the order of 10−9 with cor-435

responding signal efficiencies of approximately 75%. In436

nEXO, this is sufficient discrimination power to operate437

at the level of < 0.5 expected background events in 10438

years of livetime [11].439

B. Ionization440

Our simulation of the ionization signals uses the441

Geant4-based nexo-offline framework developed in442

Refs. [11, 35]. This code produces waveform-level sim-443

ulated signals which include charge transport (i.e. drift,444

diffusion, and induction/collection) as well as models of445

the shaping and noise of the readout electronics.446

Resolving the time structure of 136Xe-CC events us-447

ing the ionization channel will not be possible due to448

the much slower ∼mm/µs-scale electron drift velocity in449

liquid xenon [46]. However, LXe TPCs are designed to450

determine the position of energy depositions with resolu-451

tion of ∼ 5 mm in the X-Y direction and up to 0.7 mm in452

the Z direction [1, 61], allowing these detectors to recon-453

struct the event topology. This ability permits classifi-454

cation of events as multi-site (MS) (events with multiple455

reconstructed interaction points within the detector) and456

single-site (SS) (events with a single reconstructed inter-457

action point).458

The electron and delayed de-excitation signal pro-459

duced in a 136Xe-CC interaction are expected to con-460

stitute a single interaction point. A subset (< 5%) of461

the prompt de-excitations of the 136Cs produced are be-462

lieved to proceed through internal conversion, in which463

case the event will often be SS. However, the majority464

of 136Xe-CC events (> 95%) are expected to de-excite465

via γ-emission [62], with the resulting γ-ray traveling on466

average ∼ 3 cm from the primary event location, creat-467

ing a MS event. In contrast, the dominant background,468

the double-beta decay (2νββ) of 136Xe, will tend to cre-469

ate SS events, providing a separate handle in the ion-470

ization channel with which to discriminate against back-471

grounds [11].472

This discrimination was verified explicitly by simulat-473

ing 106 2νββ and 136Xe-CC events within the fiducial474

volume of nEXO with energy roughly equal to the un-475

weighted average solar neutrino energy expected in this476

analysis, Evis = 1.25 MeV [35]. The Geant4 nuclear477

de-excitation data for 136Cs was modified to reflect the478

recent level scheme proposed by [6].479

Various clustering algorithms were applied to these480

simulated data sets to separate the MS signals from the481

SS backgrounds. Although these algorithms were able482

to separate signal and background, their discrimination483

power was insufficient to provide any benefit to the anal-484

ysis over simply making more aggressive selection cuts on485

the scintillation channel alone. For this reason, the ion-486
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ization channel in this analysis was only used for energy487

and position reconstruction, but was not used for timing488

or topological discrimination.489

IV. BACKGROUNDS AND SYSTEMATICS490

A. Backgrounds491

The primary background for 136Xe-CC events are in-492

teractions with no delayed emission, but which have493

a statistical fluctuation in photon detection time caus-494

ing them to pass the likelihood-based selection criteria.495

These backgrounds in nEXO change significantly depend-496

ing on the energy range. A comprehensive background497

model in the range from 1 MeV to 3.5 MeV is reported in498

Ref. [11]. Between 0.6–2.5 MeV, backgrounds are dom-499

inated by the 2νββ decay of 136Xe and γ-rays from the500

decay of trace 40K in the detector components. In the501

mid-energy range, 2.5–5 MeV, the backgrounds are sig-502

nificantly lower and dominated by other radioactive com-503

ponents in the detector, such as de-excitation γ-rays from504

the 232Th decay chain. At higher energies, 5–7 MeV,505

experience with the EXO-200 detector predicts a low-506

intensity, featureless background spectrum dominated by507

(n,γ) activation [63]. This activation can originate from508

multiple sources including cosmogenic muons, sponta-509

neous fission, and (α, n) reactions originating from expo-510

sure to Rn and dust during construction and assembly.511

We assume installation procedures will be designed to512

keep the generation of radioactivity-induced neutrons at513

acceptable levels so that cosmogenic activation will be514

the dominant source of such backgrounds. Under this515

assumption, we expect O(1) event at these energies in516

the lifetime of nEXO. In total, between 589 keV–7 MeV,517

nEXO expects (6.4± 0.4)× 107 background events in 10518

years of runtime (2.2± 0.1× 106 counts/(ton·yr)), where519

the vast majority of these events are 2νββ and 40K de-520

cays and occur between 589 keV and 2.4 MeV [11].521

A second class of background events are those which522

create a false delayed-coincidence signal either by pile-523

up (multiple unrelated background events occurring in524

proximity to one another in both time and space, mim-525

icking the time-delayed coincident signal of 136Xe-CC in-526

teractions), or by the radioactive decay of nuclei with527

de-excitation patterns similar to that of 136Cs.528

To derive an upper limit on the pileup rate, the prob-529

lem is made both simpler and more conservative by ig-530

noring the energy of the prompt de-excitation signal and531

only addressing the rate at which events of compara-532

ble energy to the delayed signal occur close enough in533

time and space as to be mistaken for the 136Xe-CC sig-534

nal. The primary source of such low-energy backgrounds535

in nEXO is expected to be 2νββ events, as well as the536

β-decay of 85Kr (QKr = 687 keV). Based off EXO-200537

measurements, we estimate a 85Kr contamination rate of538

(1.8±0.2) ·103 atoms per kg of Xe [49, 64]. Taking a time539

window of 5⟨τCs⟩ = 550 ns, a spatial window of 5 cm, and540

assuming 5% energy resolution at the delayed energies,541

the expected number of coincident backgrounds in nEXO542

is < 10−5 events per 10 years (< 2×10−7 events/(ton·yr)543

[6, 11, 13]. Even under these conservative assumptions,544

the pile-up rate is subdominant to the backgrounds aris-545

ing from fluctuations in the photon detection times.546

In terms of background events with a real CC-like co-547

incidence signature, the most common source of delayed548

signals expected in nEXO are: 1) the β-decay of 85Kr549

which has a 0.4% branching ratio to an isomeric state of550

85Rb with lifetime τRb = 1015 ns and energy 518 keV,551

and 2) the β-decay of 212Bi (QBi = 2.25 MeV) which552

will feed the ground-state of 212Po which itself will α-553

decay to 208Pb with a Q-value of 8.9 MeV and lifetime554

τPo = 299 ns. Both signals can be rejected by the energy555

of the delayed component, which is significantly higher556

than the 136Cs isomeric transitions. In addition, back-557

ground events with a delayed structure can also arise558

from cosmogenic activation where spallation and fission559

products from a muon incident on the detector create un-560

stable isotopes which may decay through isomeric tran-561

sitions. Such potential backgrounds must not only have562

similar de-excitation structure to 136Cs (energy and life-563

time), but must also be produced in the LXe and be fed564

by another decay process with sufficiently long lifetime565

to escape nEXO’s veto system (T1/2 >∼ 25 min) , but566

also sufficiently short as to not be removed by nEXO’s567

purifier (T1/2 <∼ 2 days). We investigate this using ded-568

icated Geant4 simulations of cosmogenic production and569

spallation in nEXO [51], and cross-reference the results570

with a list of isotopes with isomeric transitions from the571

NNDC database [65]. We restrict this search to isomers572

with energies between 37–210 keV and half-lives between573

1–1000 ns. We estimate that the total rate of such decays574

in the LXe volume will be less than 0.05 events in 10 years575

of runtime, making this background subdominant to the576

statistical background.577

B. Systematic uncertainties578

The primary sources of systematic uncertainty ex-579

pected in a 136Xe-CC analysis come from the uncertainty580

in overall solar neutrino flux on earth (1 − 20% rela-581

tive uncertainty) [22] and the uncertainty in the Gamow-582

Teller transition strength (∼11%), which is measured by583

charge-exchange reaction experiments [68, 69] and is in-584

cluded in the CC cross section [70]. In this work, we as-585

sume that by the time the nEXO detector would be built586

and have collected 10 years of data, measurements of587

this transition strength could have advanced sufficiently588

to reduce the latter uncertainty to negligible levels [71].589

Should this not be the case, the 136Xe-CC measurement590

of the 7Be neutrino flux could serve as an in-situ calcula-591

tion of this transition strength and reduce the uncertainty592

to ∼ 9% for the measurement of other components of the593

solar neutrino spectrum [22, 67].594

V. APPLICATION: SOLAR NEUTRINOS595

To date, solar neutrino studies for LXe TPCs have fo-596

cused on the detection of higher-energy 8B solar neutri-597
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nos through coherent elastic neutrino-nucleus scattering598

(CEνNS) [72, 73] or of the higher-flux pp solar neutri-599

nos through electron scattering [74, 75]. Here we show600

that the low reaction threshold of 136Xe-CC interactions601

allows this detection channel to measure low-energy com-602

ponents of the solar neutrino spectrum such as CNO, 7Be,603

and pep neutrinos with background discrimination suf-604

ficient to reject the otherwise-overwhelming 2νββ back-605

ground that has limited the projected sensitivity in previ-606

ous electron-scattering-based studies [76]. The expected607

solar neutrino spectrum in nEXO is shown in Figure 5.608

The 136Xe-CC interaction rate over the energy range609

Ei to Ef is given below in units of interactions per sec-610

ond:611

Φ(Ei, Ef ) = NXe

∫ Ef

Ei

ϕν(E)Pee(E)σ(E)ϵ(E)dE (6)612

where NXe is the number of 136Xe atoms in the active613

volume, ϕν(E) the total solar neutrino flux on Earth [22,614

66], Pee(E) the electron neutrino survival probability at615

Earth [32], σ(E) the 136XeGS → 136Cs1
+

charged-current616

cross-section [13], and ϵ(E) the 136Xe-CC signal efficiency617

(Figure 3).618

Using the ROC curves from the likelihood-based scin-619

tillation analysis developed in Sec. IV, we choose a point620

which achieves a background efficiency of 7.8 · 10−9 so621

that the total expected background rate in nEXO will622

be ≤ 0.5 events per 10 years. The resulting signal ef-623

ficiencies as a function of energy are shown in Figure 3624

(right). These efficiencies are calculated as a function of625

the as-yet-unknown timing resolution, σ, of the scintil-626

lation readout, which degrades the signal efficiency for627

a fixed background rejection power. We calculate the628

expected number of 136Xe-CC events that nEXO will ob-629

serve as a function of σ, shown in Figure 4. Choosing630

σ = 1 ns as a reference point, we find that nEXO can631

expect to observe on average 14.7 CNO events, 136 7Be632

events, 12.5 pep events, and 1.7 8B events in 10 years of633

runtime.634

We then estimate the sensitivity of nEXO to various635

parameters of interest by generating 10, 000 toy MC spec-636

tra using our computed rates and the predicted spectra637

for each species of solar neutrino. Each toy is fit using an638

extended likelihood fit [77] with free parameters for the639

number of events produced by each species of neutrino,640

as well as a parameter for the peak position (in energy) of641

the 7Be line. The results of this analysis, again reported642
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as a function of σ, are illustrated in Figures 6, 7 & 8 and643

are discussed below.644

Detecting CNO neutrinos is a significant experimen-645

tal challenge due to their relatively low energy and646

flux [21, 23, 29]. To date, only the Borexino experiment647

has made a direct measurement of the CNO flux [66, 78].648

Although the expected CNO event rate in nEXO (shown649

in Figure 4) is significantly lower than that observed by650

Borexino—due to two orders of magnitude difference in651

target mass between the two detectors—the low back-652

ground rate enables a measurement of the CNO flux653

which could potentially reach a statistical uncertainty of654

25%, only a factor of ∼2 less precise than Borexino’s655

world-leading result. We illustrate these projections in656

Figure 6 [66]. Such a measurement would provide an in-657

dependent confirmation of the Borexino results using an658

entirely new detection channel, and could improve our659

knowledge of the solar metallicity in a joint analysis.660

nEXO will also be able to use 136Xe-CC interactions661

to measure 7Be solar neutrinos. While a measurement of662

solar metallicity in nEXO based solely on the 7Be flux is663

not expected to be competitive, such an analysis could664

supplement the CNO measurement. Furthermore, the665

charged-current interaction provides a powerful measure-666

ment of the average energy of the 7Be neutrinos; as men-667

tioned previously, this provides a unique measurement of668

the temperature conditions in the solar core [31]. The669

precision of this measurement depends not only on the670

timing resolution of the detector (which drives the detec-671

tion efficiency), but also the detector’s energy resolution672

at the 7Be energy. Most LXe TPCs can achieve O(1%)673

resolution at these energy scales [50, 79]; nEXO expects674

to achieve ∼ 2%, provided calibration related system-675

atics can be sufficiently constrained [11]. We illustrate676

our projections for nEXO’s precision in Figure 7. As-677
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suming a σ = 1 ns timing resolution, nEXO can make a678

measurement of the 7Be peak position with uncertainty679

±1.5 keV, an order of magnitude more precise than the680

measurement from KamLAND (±16 keV) [80]681

Finally, nEXO provides sensitivity to NSI through682

measurements of Pee(E) [32]. We illustrate nEXO’s mea-683

surements with the 7Be and pep components in Figure 8.684

While nEXO will not be able to measure these effects685

at pp energies due to the 136Xe-CC threshold (though686

the proposed XLZD LXe TPC could do so via electron-687

scattering (ES) channels [75]), or 8B energies due to lim-688
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ited statistics, the precision at 7Be and pep energies of-689

fers sensitivity to NSI comparable to the current world-690

leading measurements from Borexino [32].691

VI. APPLICATION: FERMIONIC DARK692

MATTER693

We also study the prospects for nEXO to use 136Xe-CC694

interactions to search for fermionic dark matter (FDM)695

coupling to the SM. This interaction channel is sensitive696

to models in which the leptonic sector of the SM is em-697

bedded into a larger dark sector which contains a new698

dark gauge boson, W ′, and an electron-flavor carrying699

dark matter particle, χ, with an inert left-handed com-700

ponent and a right-handed component which completes701

the lepton right-handed doublets. Because of its electron-702

flavor, χ can couple to the SM through a new χ-W ′-e−703

vertex which gives rise to charged-current interactions704

analogous to Eq. 1 where νe is effectively replaced with705

χ [33, 34].706

The charged-current interaction rate depends on the707

energy scale of the coupling, Λ, and the mass of the par-708

ticle, mχ. This rate in natural units (ℏ = c = 1) is given709

as710

R(mχ) = NXenXe
ρχ
2mχ

F(Z+1,mχ−Q)
|p⃗e|

16πmχM2
Xe

|Mk|2

(7)711

where NXe is the number of 136Xe atoms in the active712

volume, nXe = 82 the number of neutrons in the target713

isotope, ρχ = 0.3 GeV/cm3 the local dark matter density,714

F(Z + 1,mχ − Q) the Fermi screening function, p⃗e the715

outgoing electron’s 3-momentum, MXe = 126.6 GeV the716

mass of the 136Xe atom, andMk the parton spin averaged717

nucleon level matrix element [33, 34].718

We compute nEXO’s sensitivity to these signals by as-719

suming no signal is present and calculating the upper720

limit on the observed event rate at a 95% confidence721

level. We consider only FDM interactions which ex-722

cite the 136Cs to its lowest lying 1+ state. If excita-723

tion to other states is appreciable, this will set a con-724

servative limit as any higher energy states would add to725

the overall rate. Additionally, we confine our analysis726

to FDM candidates ranging in mass from mχ = Ethresh,727

to an upper-limit of mχ = S136Cs
n +Q = 6.9 MeV where728

S136Cs
n = 6.8 MeV is the neutron separation energy of729

136Cs [83–85].730

The expected FDM energy spectrum is modeled as a731

Gaussian centered at E = mχ − Q with a width given732

by the projected energy resolution of nEXO. This ap-733

proximation is validated by simulating 106 FDM signals734

in nEXO for various mχ using the full Geant4-based735

nexo-offline framework [11, 35].736

Due to the powerful scintillation-based background dis-737

crimination, solar neutrino charged-current events are738

expected to be the dominant background for an FDM739

search with nEXO. Unlike backgrounds arising from am-740

bient radioactivity, the solar neutrino background cannot741
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FIG. 9: 95% CL sensitivity of nEXO to FDM
charged-current interactions. LHC constraints are set
by searches for pp → lν, which constrain
charged-current operators via constraints on
helicity-non-conserving contact interaction models [86].
Only the results for 1 ns timing resolution are shown
under the assumption of an HZ solar model background.

be rejected on an event-by-event basis, since it will create742

the same event signature as an FDM interaction. Spec-743

tral information provides the only handle with which to744

discriminate against this background.745

We simulate the expected solar neutrino background746

spectrum with no signal present, assuming HZ solar mod-747

els and 1 ns timing resolution. An extended likelihood748

fit is applied to each simulated dataset [77] and the 95%749

confidence interval (CI) upper limit on the rate of dark750

matter detection is calculated using MC trials [60]. The751

median upper limits are converted to cross-section upper752

limits using Eq. 7 and our results are shown in Figure 9.753

754755

Figure 9 also shows the exclusion limits set by the756

EXO-200 LXe TPC [14] and the LHC at center of mass757

energies
√
s = 8 TeV [34, 86]. The EXO-200 analysis758

(234.1 kg·yr exposure) performed a similar search for759

charged-current interactions on Xe, considering all iso-760

topes of Xe present in the detector (∼ 80% 136Xe and761

∼ 20% 134Xe) and all possible excited states of Cs, ex-762

tending beyond the mχ = S136
n + Q limit of the present763

analysis. However, the analysis does not make use of764

the isomeric transitions, which were observed after its765

publication [6], and thus is background-limited at lower766

masses. The LHC constraint is set by searches for miss-767

ing energy in CMS proton-proton collisions, which pro-768

duces constraints on the direct production of electron-769

coupling FDM. In addition to the region excluded by770

Run 1 of the LHC, the exclusion limit predicted to be set771

by Run 2 (
√
s = 13 TeV) is shown as a dashed line [87].772

Although the Run 2 data has been published [88, 89], it773

has not yet been analyzed in the context of this model. In774

addition to the constraints shown in Figure 9, electron-775

coupling FDM can also be excluded based on cosmologi-776

cal constraints from FDM decay, though these limits be-777
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come relevant at higher masses [90]. We project that778

nEXO will have significantly improved reach compared to779

previous experiments, primarily driven by exposure and780

the reduction in backgrounds provided by the 136Xe-CC781

channel. While the results do depend on timing reso-782

lution, this effect is subdominant as they scale linearly783

with signal efficiency which is ∼ ×2 between σ = 1 and784

σ = 50 ns resolution (Figure 3 right).785

The impact of the time-delayed coincident signal is786

most prominent at energies below ∼ 5 MeV, where787

naturally-occurring radioactive backgrounds are domi-788

nant. Due to the discrimination power of this signal chan-789

nel, an electron-coupling FDM search in nEXO could ex-790

pect more than three orders of magnitude improvement791

in sensitivity to unexplored parameter space, in addition792

to extending the searchable parameter space by a direct793

detection experiment to significantly lower masses than794

previous studies [14]. At higher energies, this analysis795

could be extended beyond 7 MeV if the neutron sepa-796

ration channels of 136Cs are suppressed, as recent stud-797

ies indicate [91], or by either modifying the analysis to798

account for free neutrons in the detector [15] or broad-799

ening the analysis to search for additional excited states800

of 136Cs and even 134Cs [14] forgoing the background re-801

jection of the time-delayed coincident signal and instead802

relying on the naturally low background rate at these803

energies as discussed in Sec. IV.804

VII. BEYOND THE TON SCALE805

In addition to nEXO, larger LXe TPCs are conceivable806

such as the upcoming generation of dark matter detec-807

tors [75, 93] which are expected to have similar 136Xe808

exposure as nEXO. For this reason, such detectors might809

have comparable capabilities to nEXO in regards to the810

136Xe-CC channel with the caveat that the larger size811

of these detectors will result in longer photon transport812

times [94], which could impact their discrimination effi-813

ciency. Detailed optical transport simulations of these814

detectors will be needed to precisely estimate their capa-815

bilities.816

Here, we consider beyond-the-next-generation experi-817

ments such as the Origin-X concept [95], which would818

deploy either 3 ktons of natural xenon, or 300 tons of819

enriched xenon [92, 96]. Such a detector would have a820

dramatically increased exposure and would enable pre-821

cision measurements of the solar neutrino spectrum via822

the 136Xe-CC channel. To account for the longer photon823

transit time, we use simulation results from Ref. [53],824

which reports a Chroma simulation similar to that used825

in Sec. III but for a 7.4 m LXe TPC. This simulation826

assumes an absorption length of 20 m and a scattering827

length of 30 cm for VUV photons [53, 92]. In such a828

large detector, Rayleigh scattering dominates the propa-829

gation of VUV photons, resulting in longer transit times830

and broader scintillation pulses than in the case of nEXO.831

We illustrate our simulated pulse shapes in Figure 10. We832

then incorporate the updated pulse shape for the Origin-833
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FIG. 10: A comparison of the expected photon travel
time in the nEXO detector and a 3 kton natural xenon
Origin-X detector with σ = 1 ns timing
resolution [53, 92]. The increased travel time results in
∼ 35% loss in signal efficiency compared to a nEXO
scale LXe TPC.

X detector into our likelihood-based isomer tagging al-834

gorithm (Sec. III) and re-evaluate the signal/background835

discrimination.836

The dominant background for such a detector is as-837

sumed to be 2νββ which will scale with 136Xe mass, while838

other backgrounds scale roughly with the surface area of839

the detector and will be strongly attenuated near the840

edges due to the self-shielding of the xenon. We there-841

fore consider only 2νββ backgrounds and optimize the842

discrimination to provide background leakage to the level843

of 0.5 events per 10 years. Additionally, we assume that844

given the scale of future detectors, pile-up on scintillation845

channels (i.e. multiple photons interacting in the same846

sensor) will be negligible. Similarly, we omit the effects847

of (d)ExCT which has already been found to be close to848

negligible at the level of nEXO, and conservatively as-849

sume photosensors with the same PDE as the SiPMs for850

nEXO.851

We project that such a detector will achieve ∼ 35%852

worse signal efficiency than nEXO due to the extended853

scintillation pulse shape, but with ∼ ×100 the 136Xe ex-854

posure [92]. The end result is that an Origin-X detector855

would observe ∼ 65 times the 136Xe-CC event rate of856

nEXO at the same level of background leakage.857

We recalculate the expected 136Xe-CC event rates us-858

ing the models in Sec. V and show the results in Table. I.859

Considering only statistical uncertainties, an Origin-X860

scale experiment could provide > 5σ discrimination be-861

tween the LZ and HZ solar models, definitively answering862

the solar metallicity question. Such a detector would also863

precisely measure the predicted 7Be line-shift and pro-864

vide the most precise measurements of Pee at 7Be and865

pep energies (as well as pp energies via ES [75]) to date.866

To make a CC measurement at 8B energies it will be867

necessary to extend the analysis beyond the neutron sep-868

aration energy, as discussed in Sec. VI.869
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Measurement nEXO Origin-X Current Result

ϕCNO 29% 4% 15% (Borexino [66])

δBe ±1.5 keV ±0.08 keV ±16 keV (KamLAND [80])

Pee(EBe) 10% 6% 9% (Borexino [67])

Pee(Epep) 29% 4% 26% (Borexino [67])

Pee(EB) 78% 15% 5% (SNO [20])

TABLE I: The expected uncertainties for nEXO and an Origin-X style LXe TPC [92] using 3 ktons of natural LXe
in a 7.4 m cylindrical TPC compared to the current leading results assuming HZ models [81], and 1 ns timing
resolution. In the case of Pee(EBe), the Origin-X uncertainty is limited by the uncertainty in the overall flux of
7Be [22, 67].

VIII. CONCLUSION870

The observation of low-lying isomeric states in the nu-871

clear structure of 136Cs has opened a new path for neu-872

trino physics using detectors containing 136Xe. The time-873

delayed coincident signal created by the isomeric levels of874

136Cs can enable background discrimination on the order875

of 10−9, which is more than sufficient to counterbalance876

the 2νββ backgrounds created by the 136Xe and, in fact,877

can allow LXe TPCs such as nEXO to perform searches878

with background rates below 1 event per 10 years.879

In this work we demonstrate that nEXO is capable880

of studying solar neutrinos, in addition to its primary881

goal of 0νββ detection, with precision approaching state-882

of-the-art. Specifically, the nEXO detector is predicted883

to measure the flux of CNO neutrinos and the survival884

probability of low energy solar neutrinos with statisti-885

cal precision comparable to Borexino’s world-leading re-886

sults [67, 78]. Additionally, because it will be able to re-887

construct the energy of incoming solar neutrinos event-888

by-event, nEXO is expected to make an order of mag-889

nitude improvement on the measurement of the 7Be en-890

ergy [80], with ∼ 1σ sensitivity to the predicted line-shift.891

In addition to solar neutrino studies, the 136Xe-CC in-892

teraction channel is expected to allow nEXO to extend893

the searchable parameter space of LXe TPCs to electron-894

coupling FDM with mass as low as 668 keV, and to search895

for almost three orders of magnitude smaller interaction896

strengths for these FDM models compared to current897

constraints [14, 34, 97].898

Beyond nEXO, 136Xe-CC studies in future generations899

of LXe TPCs hold great potential for pushing the bound-900

aries of astroparticle physics. The next generation LXe901

dark matter detectors plan to have up to twice the 136Xe902

exposure as nEXO and so may be able to make measure-903

ments with precision comparable to or better than this904

work. A complete evaluation of these exciting possibil-905

ities will depend on the details of the detector’s optical906

transport and cosmogenic backgrounds [75, 93, 94]. At907

the kiloton scale, a detector in the vein of the Origin-X908

concept [92] could provide unprecedentedly precise mea-909

surements in multiple aspects of solar neutrino physics910

including a potential 5σ measurement of the 7Be line-911

shift [31, 98], and—assuming uncertainty in the Gamow-912

Teller transition strength can be reduced [68, 69]–a defini-913

tive answer to the solar metallicity problem via a preci-914

sion measurement of the CNO neutrino flux [27].915
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