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We study the optimization of a green-field, two-baseline reactor experiment with respect to the
sensitivity for electron antineutrino disappearance in search of a light sterile neutrino. We consider both
commercial and research reactors and identify as key factors the distance of closest approach and detector
energy resolution. We find that a total of 5 tons of detectors deployed at a commercial reactor with a closest
approach of 25 m can probe the mixing angle sin? 20 down to ~5 x 1073 around Am? ~ 1 V2. The same
detector mass deployed at a research reactor can be sensitive up to Am?> ~20-30 eV? assuming a closest

approach of 3 m and excellent energy resolution, such as that projected for the Taishan Antineutrino

Observatory. We also find that lithium doping of the reactor could be effective in increasing the sensitivity

for higher Am? values.
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I. INTRODUCTION

Neutrino physics as an experimental science started with
the discovery of Cowan and Reines using neutrinos from a
reactor in 1956 [1]. Since then, reactor measurements have
been a mainstay in the quest to understand neutrino
properties. KamLAND [2], Double Chooz [3], Daya Bay
[4], and RENO [5] have played central roles in establishing
the oscillation of the three active neutrino flavors. In the
near future, the JUNO experiment will provide the best
measurement of the so-called solar parameters 6;, and
Am3, as well as determine the mass ordering [6]. In the run-
up to the 2011/2012 measurement of 8,3, the question of
how to predict the reactor antineutrino spectrum received
renewed attention [7,8] and the surprising result was an
upward correction to the predicted inverse beta decay (IBD)
event rate by approximately 6%. This, in turn, gave rise to
the so-called reactor antineutrino anomaly (RAA) [9],
which would be naturally explained if the 7, mixed with
an additional species of neutrino with a mixing angle
sin®20 ~ 0.1 and Am?> > 1 eV?2. For a review of the status
of the field at that time, see Ref. [10]. Enormous exper-
imental progress has been made since then and we refer the
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reader to the global fitting literature for details, see, e.g.,
Ref. [11-17]; for a more experiment-centered review,
see Ref. [18].

As far as reactor neutrino experiments are concerned,
modern experiments (i.e., those conducted after 2011)
[19-23] all rely on a comparison of measured event rate
spectra at different baselines and are thus independent of
flux predictions. Nonetheless, reactor flux predictions
have been subject to intense study [24-27]; see also
Refs. [11,12,14,15,17,28-32]. Moreover, the rate anomaly
has not, as yet, been resolved, though it may be less
significant than originally suggested.! The spectral
anomaly known as the 5-MeV bump [22,23,34-36] is
entirely unresolved; solutions grounded in nuclear physics
have been proposed (see, e.g., Refs. [27,37-40]) and it is
likely not due to new physics [41]. The experiments we will
discuss here will contribute data on neutrino fluxes, but this
is not a focus of our work. Instead, we ask what the best
possible reactor neutrino experiment would look like to
either find a light sterile neutrino or to exclude a sizable
mixing. We also focus exclusively on electron (anti)
neutrinos and their potential mixing with a sterile neutrino.
This choice is motivated, to some degree, by the fact that all
data on v, - v, and U, — U, at this point are mutually
consistent. The same cannot be said of the v, — v, and
v, — U, data sets; additionally, the global disappearance

'Recent work [33], if confirmed, would provide a simple and
consistent solution to the RAA by shifting the ratio of >*°Pu to
23U in the integrated beta spectrum. In this case, beta and
neutrino data would be in good agreement with both summation
and conversion calculations of the reactor flux.
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data are known to be inconsistent with the global appear-
ance data when interpreted in the context of a truly sterile
fourth neutrino [13,18,42,43]. On top of all of this, an
eV-scale sterile neutrino of the sort indicated by terrestrial
oscillation anomalies is severely constrained by cosmo-
logical observations [44—47]. Our hope is that a careful
study of neutrino disappearance at reactors will facilitate
future analyses of the global neutrino data set.

The reason nuclear reactors are the electron neutrino”

source of choice is threefold:

(1) They are free, in the sense that they are constructed
for purposes other than neutrino physics.

(2) They are very bright, with experimentally accessible
fluxes of up to 10"% cm=2s7!,

(3) They produce antineutrinos which can be cleanly
detected via IBD, which both provides a flavor tag and
has a large (relative to other weak-interaction proc-
esses) cross section of approximately 6 x 107 cm?
per fission.

Other sources of electron neutrinos which have been
considered for sterile neutrino searches include radioactive
sources [48—55],3 beta-beams [59,60], kaon beams [61],
beam-driven beta-decay sources [62] and stored muon
beams [63]. None of these other electron neutrino sources
shares all of the advantages of nuclear reactors—in
particular they all would be quite costly and require
detectors much larger than what will be considered here.
On the other hand, some of these approaches like beam-
driven beta-decay sources and stored muon beams would
yield far better sensitivities than possible at a reactor. But
the question remains: what sensitivities are a possible with
a reactor source? This is the subject of the present study.

II. GREEN-FIELD STUDIES

For the neutrino energies available at nuclear reactors
and for the baselines that we will consider (less than
100 m), oscillations among the three neutrinos of the
Standard Model (SM) are negligible. Therefore, if a sterile
neutrino” exists and participates in oscillations, then any

*This paper deals only with electron flavor neutrinos and/or
antineutrinos and we rely on context to disambiguate these two
cases.

3Since this work first appeared, the BEST Collaboration has
reported an ~20% deficit in the antineutrino rate from a
chromium source relative to prediction [56]. These results can
be interpreted [57] as an ~5¢ indication of the existence of a
sterile neutrino. It would be premature to declare that a sterile
neutrino has been discovered; however, given the tension
between this result and solar neutrino data [58]. This underscores
the importance of fully addressing the anomalies in the reactor
sector in order to form a coherent picture of v, /v, disappearance.

We will use the term “sterile” neutrino to refer to a generic
fourth neutrino that participates in oscillations but not in weak
interactions. This state may have interactions beyond those of the
SM, but if these do not affect oscillations, then there is no need to
distinguish it from a truly sterile neutrino.

oscillations observed over these distances would be attrib-
utable to the new state. We may describe these oscillations
in the two-flavor limit, writing the 7, survival probability as

Am’L
P;; =1 —sin2293in2< " )
4F

v

(2.1)

Here, L is the baseline over which the neutrinos propagate
and E, is their energy. The parameter Am? is the difference
in the squares of the masses of two neutrino mass
eigenstates; sin’26 is the mixing angle describing the
amplitude of the oscillations. Probing sterile neutrinos
amounts to determining sin® 20 and Am?.

The overarching purpose of this study is to determine the
optimal configuration(s) for a two-baseline reactor neutrino
experiment with realistic operational assumptions. We
categorize these by the class of reactor at which they are
conducted—at either a commercial or a research reactor
facility. The salient difference between these is that the
former is much larger (R ~ 2 m) than the latter (R ~ 20 cm);
commercial cores are also more powerful and produce a
larger flux of antineutrinos. However, the layout of the
facilities at which these are housed prevents an experiment
from operating within a certain distance of the core, typically
of the order 10-25 m. Research cores, though less powerful,
are less constrained in this regard: one can operate an
experiment as close as 3—6 m from the core. The increase in
flux from the shorter allowed baseline partially offsets the
lower absolute rate of antineutrino production. We will
consider each of these scenarios in turn.

We note similar previous works presented in
Refs. [64,65]. Our work differs from these in two primary
ways. Firstly, our focus is to systematically study the
optimal physical configuration of the two detectors,
depending on the type of reactor core. In contrast, these
references are oriented more towards understanding the
effects of, e.g., backgrounds and systematic uncertainties in
dictating sensitivities. Secondly, our work benefits from
nearly a decade of additional experimental effort. In
particular, these references largely predate measurements
of spectral ratios [19-23,66—68], which favor decidedly
different regions of the sterile neutrino parameter space
than the traditional RAA. Our work serves as a complement
to these early efforts.

A. Methodology

We consider pseudoexperiments in which the spectrum
of reactor antineutrinos is observed at two baselines. We
treat the detector as pointlike, but the reactor core has finite
physical extent; we treat the latter as a perfect sphere.
Because of this, we cannot use the oscillation probability in
Eq. (2.1) as is—we must flux average P;; over the
production region. The effect of this is to average out
high-frequency oscillations: if the oscillation wavelength is
comparable to or smaller than the size of the production
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region, then the experiment will have muted sensitivity to
the associated value of Am?. Details on this procedure and
the resulting average survival probability are given in the
Appendix.

The analysis window is taken to be Epompy C
[2.0,8.0] MeV; we generally assume a bin size of
250 keV, but occasionally consider finer spacing. We
assume a constant, nonzero background in each energy
bin, ignoring any systematic uncertainty on this back-
ground and assuming that the near and far baselines
experience the same background rate per unit exposure.5
We consider two energy response models as limiting cases
of the detector resolution. The first is the response model of
the PROSPECT experiment, which the collaboration has
provided in the Supplemental Material to Ref. [69]. The
response may be roughly described as a Gaussian with

width ~7%/+/E/[MeV], though it includes a non-
Gaussian tail down to low energies. On the other end of
the spectrum is the upcoming Taishan Antineutrino
Observatory (TAO) experiment [70], for which the reso-
lution will be of the order ~1%/ / E[MeV]. We assume that
the TAO detector response is perfectly Gaussian.

For a given experimental configuration, specified by the
near and far baselines (L., and Lg,, respectively), we
form the following y* function:

%_
o}

2 _ NZ KM,N — P (sin® 20, Am?, {"’})>2

. (M,-F — ¢,P¥ (sin® 20, Am?, {'7,;})) }

(2.2)

The components of this expression are as follows:

(i) The MY and M? represent the numbers of pseudo-
data IBD counts in energy bin i in the near and far
detectors, respectively. These pseudodata are gen-
erated without oscillations.

(ii) The PY and P! are the predicted numbers of events
in energy bin i for oscillation parameters
{sin*26, Am?} and nuisance parameters {z,}, which
we discuss more below.

(iii) The oY and of are the statistical uncertainties
associated with the predictions. We account for
the nonzero background in forming ¢V and of;

we write

’In truth, the accidental background rate ought to be higher
closer to the reactor core. We are ignoring this for simplicity, but
note that this would require a more careful study under real-world
conditions. Given the commensurate increase in signal rate,
however, we do not expect this to dramatically change our
findings.

oNF — \/ng,p n 1+ VBN.F’
r

. (2.3)
where BY (BF) is the number of background events
per energy bin in the near (far) detector. The factor of
r in Eq. (2.3) is the ratio of reactor-off to reactor-on
times; this arises from background subtraction. The
expected raw number of events in each bin during
the reactor-on period is P?]’F + BN'F; during the
reactor-off period, this is rBY-¥. Reweighting the
(Poissonian) uncertainty on the latter by r~' and
adding this in quadrature with the uncertainty on the
former leads to Eq. (2.3). We have simplified our
analysis by taking r = 1, i.e., that the reactor-on and
reactor-off times are equal.

(iv) The ¢; are nuisance parameters for the flux in each
energy bin. Our analysis is flux-free in that we do not
introduce a prior on these nuisance parameters;
while we use the Huber-Mueller (HM) flux model
[7,8] to generate our pseudodata, our analysis is not
sensitive to this choice. These unconstrained nui-
sance parameters reduce the number of degrees of
freedom in the fit, leading to lower values of the y?
and, ultimately, less statistical significance. How-
ever, sensitivities derived in this fashion are more
robust than those that rely on a given flux model. We
may analytically minimize the y> with respect to
these nuisance parameters to obtain

MYPY  MPPF
@ T

¢ = o e
)+ (@)
(v) Lastly, the {5, } are the nuisance parameters describ-
ing our systematic uncertainties, which are assumed
to be consistent with the systematics described by
the STEREO Collaboration [71]:

(1) A 1.2% uncorrelated normalization uncertainty.

(2) A 1.0% uncorrelated energy scale uncertainty.

(3) A 0.3% correlated energy scale uncertainty.

We expect this to characterize the capabilities of next-
generation reactor experiments. We ignore the possibility of
(uncorrelated) systematic uncertainties in the measured
spectral shape in our initial studies; we discuss this further
in Sec. II E.

We only consider simple Ay? statistics here. In recent
years, it has been repeatedly emphasized that searches for
sterile neutrino oscillations do not satisfy Wilks’ theorem:
simple Ay? statistics do not provide the proper coverage in
the sin” 26—Am? parameter space, so converting Ay? values
to confidence levels using Gaussian statistics is formally
incorrect (see, e.g., Refs. [72,73]). Consequently, we
will avoid rigorously assigning confidence levels. That
said, statistical methods that aim to address these deficien-
cies (e.g., the CL; method [74] and Feldman-Cousins

(2.4)
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method [75]) are computationally intensive; performing
these at scale is beyond the scope of this work. Therefore,
we report our sensitivities as contour(s) along which
Ay* = 11.83—for two degrees of freedom, this would
correspond to 3o if Wilks’ theorem applied. In most cases,
the true significance will be less than this.

B. Research reactor optimization

We begin with research reactors. Because of their smaller
size and because they are not attached to the heat-extraction
apparatus of a commercial core, one could operate an
experiment with much shorter baselines at a research core.
For instance, the MINER experiment [ 76] can operate within
13 m of a low-power (1 MW,,) reactor. However, it is more
typical of the current generation of short-baseline experi-
ments to operate in the range 6-10 m. We consider baselines
as close as 3 m and as far as 50 m from a core whose radius is
taken to be 20 cm and whose power is set to 100 MWy,. The
total exposure is fixed at 1 yr, which we assume corresponds
to 90 d of effective reactor-on time, accounting for a finite
detector efficiency (~50%). Moreover, because research
reactors use high-enriched uranium fuel, the flux of anti-
neutrinos is entirely attributable to 23U fission. We calculate
the total number of events in each detector to be

Nreseareh 1.5 x 100

o 10 m\ 2 [ mye Te P 2
L 5 tonyr/ \ 100 MW,

Lgyy [m]

sin? 20, Am2 = 5 eV?

EEEET | | | CENEEEN
107%% 1072 1071 107! 107°%
0 1 L | 1 1
0 25 50
Lyear [m]
@

FIG. 1.

where my, is the detector mass, T the total exposure time and
€ an efficiency factor, which accounts for detector efficiency
and reactor up time.

The downside of operating so close to the core is
backgrounds: on one hand, operating close to the core
subjects, the detector to reactor-correlated neutron and
gamma backgrounds. On the other, the detector is neces-
sarily close to the surface subjecting the detector to
cosmogenic backgrounds. It is possible to mitigate either
source of background, but this presents a fundamental
challenge to the operation of such an experiment. We will
assume that a background rate of 250 events per ton-day of
reactor-on time spread uniformly over the analysis region at
both detector sites. This is broadly consistent with the
background rate achieved at PROSPECT [69].

In Figs. 1(a) and 1(b), we show representative sensitiv-
ities to oscillations with Am?> = 5 eV? for a PROSPECT-
like and TAO-like detector response, respectively. The
color conveys the sensitivity (Ay?> = 11.83) to sin?20
for each pair of near and far baselines; white space indicates
baseline pairs for which there is no sensitivity. The central
conclusion is that getting as close as possible to the reactor
core is the key factor in improving the sensitivity. Indeed,
the sensitivity is maximized when the spatial separation
of the two detectors corresponds to half the oscillation
wavelength L. at E, #4 MeV, where the event rate is
maximized:

4E E 5 eV?
L. = Y ~(2 Y . 2.6
ose = a2 ¥ (2 m) X (4 MeV) < Am? ) (2:6)

50

25

Lgay [m]

sin? 26, Am? = 5 eV?

| EEEEET | | | "CENNEEN @ |
1075 1072 1071 107" 10707
0 1 | L
0 25 50
Lyear [m]
(b)

The sensitivity (Ay> = 11.83) of a hypothetical two-baseline research reactor experiment to oscillations with Am? = 5 eV? as

a function of its near and far baselines, L, and Ly,,. Panel (a) shows results for PROSPECT-like response, while panel (b) shows results

for TAO-like response.
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Note that even in the case of a detector with TAO-
like energy resolution, the sensitivity barely reaches
sin?20 ~ 1072 for the closest conceivable baseline of
3 m. Constructing an experiment this close to a core will
be challenging; a less difficult case is a near baseline of
~6 m. In this case, the optimal sensitivity worsens slightly
to sin?26 ~ 3 x 1072

C. Commercial reactor optimization

Commercial reactors can be several orders of magnitude
more powerful than research reactors, meaning that one
does not need to operate an experiment at as short a
baseline to have an appreciable event rate. This is fortunate,
since one cannot conduct an experiment at such close
baselines, given the complicated layout of commercial
reactor plants. We take the radius of the core to be
2.0 m, the core power to be 4.5 GWy, and the exposure
to be 1 yr, which we assume corresponds to 365 d of
reactor-on time. Moreover, the fuel at commercial reactors
is typically low-enriched uranium, meaning the antineu-
trino flux is a nontrivial combination of the fluxes from the
four main fissile isotopes (>*°U, 233U, 23%Pu, 2*!Pu). We take
the following values for the effective isotopic fission
fractions:

{3350, 238U, 239y, 241Pu} = {0.56,0.07,0.31,0.06}.

We calculate the total number of events in each detector
to be

Ncommercial ~19x 107

total
2
o 20 m Mye L€ P @)
L 5 tonyr/ \4.5 GWy,

The closest baseline that any experiment has attained at a
commercial reactor is ~10 m at DANSS experiment [77],
the result of the specific construction of the Kalinin
Nuclear Power Plant. A more typical scenario is akin to
the NEOS experiment [19], which sits ~24 m from a
commercial core in a tendon gallery at the Hanbit Nuclear
Power Plant. We consider baselines between 10-100 m in
our simulations. The impact of this lack of closeness on
sterile neutrino searches is twofold. Firstly, because shorter
baselines allow for searches for larger oscillation frequen-
cies, the sensitivity of commercial reactor experiments to
larger values of Am? will be muted. Also, the larger core
size also causes high-frequency oscillations to average out.
Secondly, because the experiment is further from the
core, the backgrounds are less severe: reactor-correlated
neutron and gamma backgrounds are substantially attenu-
ated and higher overburdens can be achieved to reduce
cosmogenic backgrounds. We assume a background
rate of 90 events per ton-day of reactor-on time, roughly

corresponding to the background rate measured at
NEOS [19].°

In Figs. 2(a) and 2(b), we show sensitivities to oscil-
lations with Am? = 1 eV?. The color scale is the same as in
Figs. 1(a) and 1(b). The sensitivity is improved for
commercial reactors over research reactors, owing to the
much larger event rate: for a given common baseline, the
factors of ~45 in assumed power and ~4 in effective run
time lead to a factor ~100-200 in signal event rate at a
commercial core relative to a research core. As before, the
key factor in determining the sensitivity is allowing for as
short a baseline as achievable, subject to the constraints of
the facility. Moreover, we again observe that the separation
of the detectors should be roughly half the oscillation
wavelength in Eq. (2.6). The best sensitivity shown for the
TAO-like response corresponds to sin® 260 ~ 3 x 1073, but
even restricting the baselines to be no less than 25 m or
using the PROSPECT response model (or both) yields a
maximum sensitivity better than sin®260 ~ 1072 for this
value of Am?.

D. Comparisons

We aggregate our results for both the commercial and
research reactor cases in Fig. 3. The figure shows the
baseline-optimized sensitivity (Ay?> = 11.83) to sin?20
particular to a given Am?. We note that there is no achievable
configuration that maximizes the sensitivity at every such
value. The purple curves correspond to commercial reactors,
whereas green curves are for research reactors. The lighter
shade of either color exploits the full range of baselines, i.e.,
that a detector can be placed as close as possible to a given
type of core (10 m for commercial, 3 m for research). The
darker shade, in contrast, truncates the nearest baseline at
what we believe is a more realistic distance (25 m for
commercial, 6 m for research). The shading indicates the
effect of the detector resolution, ranging between the
PROSPECT (lower) and TAO (upper) responses.

For a fixed exposure, the sensitivity of a commercial
reactor experiment exceeds that of a research reactor
experiment by some (O(1-10) factor, a consequence of
the increased statistics at commercial experiments.
However these experiments are most sensitive to oscilla-
tions with different values of Am?, a consequence of the
different core sizes and permissible baselines. If one were
optimizing a sterile neutrino search for Am? <2-3 eV?,
then one would ultimately elect to operate the experiment at

®NEOS was able to achieve this background rate with an
overburdern of ~20 m.w.e. Generically, a detector at such short
distances would require a decent amount of shielding in order to
keep background rates low, but given that this has been achieved
at NEOS, we assume it will be possible in future experiments,
too. Given the large signal rates, we do not expect that our results
would be appreciably different if the background rate were
modestly larger than this.
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FIG. 2. The sensitivity (Ay> = 11.83) of a hypothetical two-baseline commercial reactor experiment to oscillations with Am? =
1 eV? as a function of its near and far baselines, L, and Li,. Panel (a) shows results for PROSPECT-like response, while panel

(b) shows results for TAO-like response.

a commercial reactor; conversely, for larger values of Am?,
one would choose a research reactor. This figure concretely
demonstrates the benefit of putting the detector closer to the
core for probing high-frequency oscillations—a transition
occurs around Am?* ~0.5 eV? (~2 eV?) for commercial
(research) reactors where the advantage of higher statistics
and shorter baselines dissipates.

To contextualize these sensitivities, we also show the
projected final 95% C.L. sensitivity of the ongoing
KATRIN tritium-decay experiment [79] in dashed gray.
While a research core would be the preferred method up to
Am? ~ 30 eV? if one could realize ultrashort baselines,
KATRIN is ostensibly the preferred technique for searches
above Am? ~ 15 eV? for more realistic configurations.
However, there is an important caveat in interpreting the
KATRIN sensitivity: this depends on the prior on the
effective neutrino mass squared, m2, that one extracts from
the experiment. If one insists that m? > 0—a sensible
physical criterion—then one derives the sensitivity shown
in the figure. However, one may reasonably insist on a
different prior on this quantity, given that historical tritium-
decay experiments have often found negative best-fit values
of this parameter; see Ref. [80] and references therein. If
one were to allow m? to take any value—positive or
negative—to avoid a biased measurement, then the result-
ing sensitivity changes; this is depicted in Fig. 3 of
Ref. [79] for the exclusion based on current data. We
are unaware of any study of this effect on the ultimate
sensitivity of KATRIN and do not attempt one here, but this
suggests that the constraint may not be robust below

Am? ~ 30 eV2. If this is the case, then research reactor
experiments may be the best path forward to exploring this
portion of the parameter space.

The last two components of Fig. 3 are the regions of
parameter space preferred by analyses of separate existing
datasets. The first is the 3o-preferred region from an
analysis of the Neutrino-4 experiment [78], shown in red
shading. The second is the 3(7—preferred7 region from a
recent global analysis of Bugey-3, DANSS, Daya Bay,
Double Chooz, NEOS and RENO from Ref. [15], shown in
blue shading. These are the regions that next-generation
reactor experiments will target—indeed, the presence of
closed 36 contours in existing analyses is what inspires the
next generation of experiments in the first place.® Our
results suggest that the optimal strategy to probe these
regions would be to build a commercial reactor experiment
to probe below Am? ~ 2 eV? and a research reactor experi-
ment to probe above this, and that they should both be as
close as can be achieved to their respective cores.

We have considered the effect of bin size on Fig. 3.
Specifically, we have looked at bins of width 100 keV for
both a PROSPECT-like and TAO-like response model at
both a commercial and research reactor facility. On balance,

"What this reference calls “36™ should more appropriately be
called the “Ay? = 11.83” exclusion.

There are, of course, practical applications of antineutrino
physics that will require research and development; see, e.g.,
Ref. [81] and references therein. However, these technologies
depend on a precise understanding of isotopic antineutrino fluxes
and are thus inextricably coupled to the oscillation anomalies.
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B Research, > 6 m
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FIG. 3. The baseline-optimized sensitivity (Ay> = 11.83) to sin?26 as a function of Am?>. The purple (green) curves are for a
commercial (research) reactor. The lighter band of either color represents the sensitivity with optimistic assumptions about the possible
closest baseline; the darker bands represent more realistic assumptions. The weakest (strongest) sensitivity of each color corresponds
to a PROSPECT-like (TAO-like) energy resolution. Also shown is the 95% C.L. sensitivity from KATRIN (dashed gray), as well as the
3o-preferred regions from Neutrino-4 [78] (red) and from the global analysis of Ref. [15] (blue).

the changes induced are not markedly different from Fig. 3.
We have also investigated the effect of 30-keV bins on
analyses with our TAO-like response and again find no
appreciable shift in sensitivity.

E. Exposure and systematics limitation

One can ask how the sensitivities shown in Fig. 3 can be
improved by either operating the experiment for a longer
period of time or by constructing a more massive detector.
To study this, we must include an effect that we have
ignored to this point. While our flux-free analysis does not
introduce any prior uncertainties on the flux, one should
account for systematic uncertainties on the measured
spectral shape, in addition to the systematics that we have
already included. We assume that this systematic is
uncorrelated between energy bins and that next-generation
experiments can achieve shape uncertainties as low as
0.5%, consistent with the value claimed by TAO [70]. This
is introduced to our y? in Eq. (2.2) via the replacement

(@) = (@Y + (PNog . (28)
where o, represents the shape systematic.

To demonstrate the interplay between the exposure and a
finite shape systematic, we consider a pseudoexperiment at a
research reactor with a near baseline of 6 m and a far baseline
of 9 m, roughly corresponding to the near and far baselines at
PROSPECT, that employs the TAO response model. In
Fig. 4, we show the sensitivity to sin 20 for fixed values of
Am? —1 eV?incyan and 5 eV? in magenta—as a function
of exposure. The vertical, gray line corresponds to the

5-ton-years exposure used in our previous analyses. The
dashed curves correspond to vanishing shape uncertainty.
For these, as the exposure is increased, the sensitivity
improves without bound: the increase in statistics leads to
an increasingly precise determination of the event rate at
each position and in each energy bin, resulting in sensitivity
that scales as ~(exposure)~!/2. In contrast, the solid curves
show the sensitivity including a 0.5% shape uncertainty. As
the number of raw counts is increased, the fractional
statistical uncertainty eventually becomes eclipsed by the

T T T T T
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FIG. 4. The sensitivity (Ay> = 11.83) to sin® 26 as a function of
exposure for a research reactor experiment with L,.,. = 6 m and
L = 9 m. Cyan (magenta) curves correspond to Am? = 1 eV?
(Am? = 5 eV?). Dashed curves correspond to vanishing shape
systematic uncertainty; solid curves take this to be 0.5%. The
vertical, gray line indicates our benchmark 5 ton-years exposure,
at which value each detector observes 3.2 x 10° events.
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shape uncertainty—the experiment becomes systematics
limited. Past this point, the sensitivity saturates at some
finite value. Inspection of Fig. 4 reveals that for our nominal
5-ton-year exposure, the experiment is already transitioning
from being statistically limited to being systematically
limited. Consequently, increasing the exposure beyond this
value results in a negligible increase in sensitivity to sin” 26.

III. STERILE NEUTRINO SENSITIVITY AT TAO

The TAO is a future experiment whose main purpose is to
produce a model-independent reference spectrum for the
physics program at JUNO [6]. Itis planned to start taking data
in 2022 and is expected to achieve an unprecedented
experimental resolution of the order ~1.0%/+/E[MeV].
Though it is a single-volume detector, its fiducial volume
may be virtually segmented, allowing for a multiple-baseline
measurement of the sort outlined in the previous section. The
segmentation is possible due to improvements in the cover-
age and efficiency of the photo sensors, as well as the precise
timing resolution; see, e.g., Sec. 8.5 of Ref. [70]. This is a
novel capability that has not been employed by existing
searches for sterile neutrino. We have previously considered
two detectors located at arbitrary baselines; here, on the other
hand, we consider a fixed (core-to-detector) baseline position
of 30 m and compare the spectra measured in each of its
virtual segments. We will virtually segment the detector into
either two or four equal-volume segments; the displacements
between the barycenters and the center of the detector are
(£3/8 R) and (£0.170R, +0.580R), respectively, R =
65 cm being the radius of the fiducial volume at TAO.
While virtual segmentation is an impressive capability of this
detector, the fixed geometry is a nontrivial restriction on a
multiple-baseline measurement.

We assume a total of 5-ton-year exposure at a commercial
core with a 2.0-m radius and a power of 4.5 GWy,, in broad
agreement with the TAO conceptual design report (CDR)
[70]. The fuel fractions of the core are assumed to be the same
as our green-field studies (Sec. II). Moreover, a total of 60
bins between 2.0 to 8.0 MeV in prompt energy are consid-
ered. Background events are spread uniformly over the
energy bins, assuming a total of 90 events per ton-day,
consistent with those at NEOS [19]; we do not consider shape
uncertainties on the background. Systematic uncertainties in
this experiment are assumed to be consistent with those at
STEREO [71]. Furthermore, a 0.5% bin-to-bin uncorrelated
shape uncertainty is taken into account.

For our experimental configuration, we form the follow-
ing y? function:

Npin Nseg M, — ¢P; l(sin220 Am? { }) 2
2 ij il P > e
; .
Nsys

+3° (Z—’;)z (3.1)

This expression closely resembles Eq. (2.2), the salient
difference being that we now index the Ny, (=2, 4)
segments with j. We account for the nonzero background
and shape uncertainty in a similar fashion as Eq. (2.3) by
defining o; ; as

0'2 = Pl,](] + Ggh X Pl]) + 2Bl

LJ

(3.2)

J?

were o, is the bin-to-bin shape uncertainty and B, ; is the
(uniform) background in each energy bin i of segment j.”
The ¢; are flux nuisance parameters in each energy bin. As
before, we analytically minimize the y?> with respect to

these nuisance parameters to obtain

Mi,Pi
2 o)t
73
>,

bi = (3.3)

where j runs over the detector segments. Lastly, the {r,}
are the nuisance parameters describing our systematic
uncertainties.

In Ref. [70], the HM flux model [7,8] is used to obtain
the antineutrino energy spectrum with an introduction of a
5% bin-to-bin uncorrelated shape uncertainty on the flux.
While we, too, use the HM fluxes, our analysis is not
sensitive to this choice; by using the ¢;, our analysis
employs a data-to-data spectral comparison, as compared to
a data-to-model one. This removes any model dependence
on our analysis, but reduces the number of degrees of
freedom in the fit, leading to lower values of the y* and,
ultimately, less inferred statistical significance. Therefore,
we expect the sensitivities obtained in this study to be less
aggressive but more robust. Another important difference
between our analysis and that of Ref. [70] is the assessment
of the backgrounds: the collaboration publishes a combined
rate of accidental, fast neutron and °Li/®He decay back-
grounds of ~450 events per ton-day, a more conservative
figure than that assumed in our study. We have consciously
elected to be more optimistic, given that the 90 events per
ton-day we consider has been achieved at NEOS [19]. We
also remind the reader that we only communicate sensi-
tivities as contours of constant Ay?, whereas Ref. [70]
provides the results of Gaussian CL; analysis. This is not,
strictly speaking, an apples-to-apples comparison of sensi-
tivities; however, the gross features of the analyses are
distinct enough that one can still draw important qualitative
conclusions.

We show our results in Fig. 5. The dashed and solid cyan
curves show the sensitivity (Ay> = 11.83) to sterile neu-
trinos for our analyses with two and four segments,
respectively. The dotted-dashed, magenta curve corre-
sponds to the 99.7% C.L., sensitivity from the TAO

*We are again assuming that the reactor-off and reactor-on
times are equal, leading to the factor of 2 in Eq. (3.2).
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FIG. 5. The sensitivity (Ay> = 11.83) to a sterile neutrino at
TAO. Cyan curves correspond to our analysis with four (solid) or
two (dashed) virtual segments. The dotted-dashed, magenta curve
corresponds to the 99.7% C.L., sensitivity presented in Ref. [70].
Also shown are the 95% C.L. sensitivity from KATRIN (dashed
gray), as well as the 3o-preferred regions from Neutrino-4 [78]
(red shading) and from Ref. [15] (blue shading).

CDR [70]. We also show the 95% C.L. sensitivity from
KATRIN in dashed gray, as well as the 3o-preferred regions
from Neutrino-4 [78] and from Ref. [15], in red and blue
shading contours, respectively.

In the region Am? < 1 eV?, our analysis is substantially
less sensitive than that of the CDR. This is a consequence of
the (in)dependence on the flux model in these analyses. By
comparing directly to the HM flux model, the CDR
analysis is sensitive to changes in the antineutrino spectrum
induced over the ~30-m baseline between the core and the
detector, affording sensitivity to lower values of Am?. In
contrast, by comparing data to data, our analysis is sensitive
only to changes induced over the ~1-m length scale
spanned by the detector. Therefore, sensitivity to longer-
wavelength oscillations is inevitably muted, and the
barycenter of the sensitivity curve shifts to higher values
of Am?. Furthermore, the addition of more segments
improves the overall sensitivity; the gains, however, are
modest. On one hand, increasing the number of segments
increases the number of degrees of freedom in the fit. On
the other, this also increases the (statistical) uncertainty of
the contents of any given energy bin. The former evidently
outweighs the latter, though only marginally. Lastly, we
note that the results of this analysis are largely independent
of the binning, despite the exceptional resolution available.
The reason for this is clear: there exists a trade-off between
increasing the number of bins and the statistical power of a

given bin. For the nominal operation parameters we have
employed, decreasing the bin size beyond 100 keV does
not lead to a meaningful gain in sensitivity. Of course,
increasing the exposure beyond the nominal 5 ton-years
would lead to an improvement, but the gains in sin® 20
are expected to be ~O(1) before systematics become
dominant.

On balance, the sensitivity to sterile neutrinos presented
in this study is less optimistic than the TAO CDR, but this is
a consequence of having fundamentally different search
strategies. Flux model independence is central to our
analysis, as it was in the previous section. We believe this
is conceptually more robust, though we have made some
assumptions that are more optimistic than those presented
in the CDR.

IV. LITHIUM-8 DOPING OF
RESEARCH REACTORS

As we have seen in the previous sections, the sensitivity
to oscillations with Am? > 2 eV? is significantly improved
if the near baseline is minimized as much as possible, due
to (1) the increased event rate, and (2) high-frequency
oscillations not averaging out. However, the physical layout
of the facility severely constrains the possible location of a
detector. Notice that because oscillations depend on the
quantity Am?L/E, the effect of reducing the baseline can
be emulated by increasing the energies of the interacting
antineutrinos. However, the energy spectrum of the anti-
neutrinos emitted in fission is, of course, immutable.'® In
order to reach higher energies, then, one would need to
consider a separate source of antineutrinos.

We consider precisely such a source, in the form of
antineutrinos produced via the decays of ®Li, produced by
neutron capture on ‘Li. The main advantage is that the
endpoint energy of these decays is ~13 MeV; this provides
the high energies desired to extend the sensitivity of a
sterile neutrino search to higher Am?. Using lithium at a
reactor to probe neutrino oscillations was previously
suggested in Ref. [82]; we aim to robustly study the
sensitivity to a sterile neutrino within this scheme. A
similar proposal exists in the form of IsoDAR [62,83],
but implementing a 3Li source at a nuclear reactor has the
advantage that no new facilities are required to produce the
neutrons that ultimately drive the source. If one can load
the reactor core with enough "Li, then the excess neutrons
produced in the core can, in principle, be used to generate
these f decays.

In Fig. 6, we show the flux-weighted IBD cross section
per 8Li decay against the same per >>U fission. Because the
IBD cross section grows roughly quadratically in energy,

'"This is not strictly speaking true: the spectrum changes
slightly as the composition of the reactor’s fuel evolves. Here, we
are referring to the impossibility of manipulating a given  decay
into yielding more energetic neutrinos.
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FIG. 6. The flux-weighted cross section per decay for IBD
detection of antineutrinos from 23°U fission (cyan) and from 3Li 8
decay (magenta).

the events associated with ®Li 8 decay are disproportion-
ately skewed to higher energies than those from fission.
This results in a larger integrated flux-weighted cross
section per decay; fewer antineutrinos are emitted per
decay, but they are much more inclined to interact with
the detector. However, while the per-decay rate of 8Li
events exceeds that of 23U, it is unlikely that the absolute
rate of 8Li decay in an experiment could be arranged to be
as large as the rate of >*U fission. More broadly, there are a
number of challenges in implementing ®Li decays at
nuclear reactors:

(i) Inserting ®Li into a commercial core is essentially
out of the question. This would require a significant
interruption of operation of a core used to generate
electricity and, consequently, income for the
operator.

(i) Research reactor cores, in contrast, are constructed
such that one may insert a sample of some material
into the core to absorb some excess neutrons without
disrupting the core. However, if one wanted to
achieve lithium decay rates equal to the fission rate,
then one would essentially need to absorb every
excess neutron over the operation of the experiment.
Apart from reactor physics constraints, this would
monopolize the facility, that is, no neutrons would
be available for any other user.

(iii) Lastly, while natural lithium is dominantly
(~92.4%) 'Li, the thermal neutron capture cross
section for ®Li is roughly three orders of magnitude
larger than that of "Li. Therefore, one would need
high-purity 7Li—around 99.9%—to ensure that the
majority of neutrons will ultimately produce ®Li; to
ensure that 90% of neutrons capture on ’Li, this
increases to nearly 99.99% purity. Scaling from
previous results on Li loading of HFIR [84] a
10% fraction of neutrinos may be possible in this
case. Note that high-purity ’Li is available in large

quantities and considered as coolant in molten salt
reactors.
In light of these restrictions, we expect that it may be
possible to achieve a rate of one ®Li decay for every five to
ten fission events at a research core.

We employ a pseudoexperiment with L,.,, = 6 m and
L, =9 m. The total exposure of the experiment is fixed to
be 5 ton-years, apportioned between the two detectors
according to their inverse-squared baseline, and we con-
tinue to assume that one year at a research reactor
corresponds to three months of reactor-on time with an
average power of 100 MW, The rate of background
events is still assumed to be 250 events per ton-day in
the region 2.0-8.0 MeV prompt energy, i.e., 41.7 counts per
ton-day per MeV; we assume that this rate extends out to
13 MeV. We further assume a TAO-like energy resolution
and employ 100-keV bins between 2.0 and 12.0 MeV in
prompt energy to take full advantage of this resolution. The
systematics budget is the same as in previous studies and
we ignore any bin-uncorrelated shape uncertainties.

The results are shown in Fig. 7. The cyan curve shows
the sensitivity (Ay> = 11.83) in the absence of any added
lithium. We note that this curve is slightly more sensitive to
oscillations with Am? > 20 eV? than the configuration-
optimized sensitivity in Fig. 3 suggests, owing to the
smaller bin size used here. Aside from the region around
Am? ~3—4 eV?, this sensitivity is not too far from the
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FIG. 7. The sensitivity (Ay?> = 11.83) of a lithium-loaded
research reactor to a sterile neutrino. The sensitivity without
8Li is shown in cyan while the magenta curves assume varying
numbers of lithium decays per fission, fs;: 1.0 (solid), 0.2
(dashed) and 0.1 (dotted). We also show the 95% C.L. sensitivity
from KATRIN (dashed gray), as well as the 3o-preferred regions
from Neutrino-4 [78] (red shading) and Ref. [15] (blue shading).
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optimal sensitivity for a 5-ton-year exposure; we expect this
to be representative of the capabilities of a multiple-
baseline experiment with baselines of this order. The
magenta curves introduce varying numbers of 8Li decays
per 23°U fission, which we denote £ ;: solid corresponds to
Sfa; = 1, dashed to fs; = 0.2 and dotted to f5; = 0.1. We
also show the projected sensitivity from KATRIN (dashed
gray) and the 3o-preferred regions from Neutrino-4 (red
shading) and from Ref. [15] (blue shading). The benefit of
including lithium decays is clear: for fs; = 1, the sensi-
tivity improves by as much as an order of magnitude,
particularly above Am? > 5 eV?2. In light of the aforemen-
tioned issues in the interpretation of the KATRIN constraint
in the region Am? <30 eV?, reactor experiments may be
the only means by which to robustly probe a sterile neutrino
in this region of parameter space—and a highly lithium-
loaded reactor may even exceed the sensitivity of KATRIN
above this value.

However, for reasons laid out above, there are a number
of impediments to achieving fs; = 1. It would be more
realistic to expect f5; in the range 0.1-0.2, in which case
the dashed and dotted magenta lines should guide our
interpretation of Fig. 7. The gains in sensitivity are more
modest in this case. To compensate for this, one could
envision increasing the exposure of the experiment. In
Fig. 8, we show how the sensitivity evolves with the
exposure. Cyan and orange curves correspond to the
sensitivities for normal reactor conditions (i.e., pure
25U) for Am? = 1 eV? and 30 eV?, respectively, whereas
the magenta and red curves correspond to lithium loading
with fy; = 0.1. Dashed curves assume negligible shape
systematics, whereas the solid curves introduce a 0.5%
shape uncertainty. Our calculations with negligible shape
uncertainty for a 5-ton-year exposure are in rough agree-
ment with the sensitivities in the systematics-dominated
limit. Moreover, the uranium-only and lithium-loaded
curves asymptote to their ultimate sensitivities in lockstep.
From Fig. 8, it is clear that increasing the exposure for pure
uranium does not recover the sensitivity to higher Am?
obtained from adding even a small amount of lithium.
Simply put, the increase in statistics between 2.0 and
8.0 MeV prompt energy is not enough to compensate
for the total absence of events between 8.0 and 12.0 MeV.
Given the choice between increasing the exposure of the
experiment and increasing the lithium loading of the
reactor, the latter is more effective in increasing the ultimate
sensitivity.

In summary, our analysis suggests that loading a research
core with highly enriched lithium is, from a physics
perspective, an attractive possibility for enhancing the
sensitivity of a reactor antineutrino experiment to a sterile
neutrino, especially for moderately large values of Am?.
That said, there are several practical hurdles that make any
realization of such a concept technically demanding.
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FIG. 8. The evolution of the sensitivity (Ay> = 11.83) as a
function of exposure for our lithium-enhanced research reactor
pseudoexperiment. Cyan and orange curves assume only 2>U is
present for Am? = 1 eV? and 30 eV?, respectively; magenta and
red curves introduce lithium with fs; = 0.1. Dashed curves
ignore shape systematics and solid curves assume a 0.5%
shape uncertainty. The vertical gray line indicates a 5-ton-year
exposure.

V. CONCLUSIONS

In this paper, we have studied the green-field site
optimization of short-baseline reactor experiments for their
sensitivity to neutrino oscillations, i.e., to U, disappearance.
The key to a sensitive experiment is the comparison of
neutrino spectra measured at different baselines, which
renders the results independent from reactor neutrino flux
predictions. We perform the optimization by placing
detectors at two baselines simultaneously and by finding
the combination of baselines which provides the best
overall sensitivity. We also find that the optimized differ-
ence of baselines is O(1) m and thus can, in principle, be
accommodated within a single detector with position
resolution, which we specifically illustrate with TAO.
We look at two types of facilities: commercial reactors,
with large, high-power cores and a closest approach of
10-25 m; and research reactors with compact, low-power
cores and a closest approach of 3-6 m. Experiments at
commercial reactors clearly outperform research reactor for
Am? < 1-2 eV? under a variety of scenarios, whereas for
larger Am?* > 2 eV? experiments at research reactors do
better. For all cases, getting as close as possible with the
best possible energy resolution is valuable. These results
are summarized in Fig. 3.

We have also investigated how the sensitivity scales with
exposure and find that is saturates at around 10 ton-years
even for systematics as small as 0.5%. We further extend
the analysis by looking at "Li doping of a reactor to create
higher-energy neutrinos. This results in enhanced sensi-
tivity to large values of Am? (~30 eV?) even for a modest,
and potentially realistic, lithium fraction, of the order 10%.
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Reactor neutrino experiments can offer a very good
sensitivity to oscillations from Am? = 0.1-30 eV? with
ton-scale experiments, where two or more baselines
may be realized in the same detector. Sensitivities below
sin? 20 < 1072 are possible even with reasonable system-
atics assumptions; pushing towards sin’26 < 107> how-
ever seems challenging. TAO has very good sensitivity but
does not compare to a purpose-built experiment because of
its relatively large distance to the reactor. Therefore, there is
a strong case for a dedicated, short-baseline, commercial-
reactor experiment with good energy resolution which
currently does not exist. To cover the full range of mass-
squared splittings, it is essential to use both research and
commercial reactors.
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APPENDIX: AVERAGING OSCILLATIONS
OVER PRODUCTION REGION

If the geometry of an experiment is such that the extent
of the core or detector (or both) is not small compared to the
|

F(q) = % + {4gRsin(2qL) cos(2¢R)

distance between them, or if the wavelength associated with
a particular oscillation is smaller than either of these, then
the expression for the oscillation probability in Eq. (2.1)
must be flux averaged over the production and detection
regions. In this case, the proper oscillation probability is
formally given by

J P&

P;; T B3=253= 1 °
< E€> fd3_)d3y‘_> _

(A1)

where X and y are the integration variables over the volumes
of the core and detector, respectively, and the factor of ﬁ

in either integral accounts for the inverse-square depend-
ence of the flux. For the pseudoexperiments we consider,
the detector is assumed pointlike; the integral over d°y
results in a trivial replacement y — L, the displacement
between the center of the core and the detector. Moreover,
we approximate the core to be a sphere of radius R.
Therefore, we may rewrite Eq. (A1) as

drd cos ¢r? sin®(gr/ L?>+r>+2rL cos ¢)

L*>+r*+2rL cos ¢

f drd cos ¢r
L>4+r?>4+2rLcos ¢

(Ps;) = 1 —sin?20 x

=1-sin*20 x F(q), (A2)

where we have employed Eq. (2.1) and abbreviated
q= A’” . The function F(g) may be evaluated analytically:

—4gL sin(2¢R) cos(2gL) — 2sin(2¢gL) sin(2¢R)

+4gP (L2 — RY)[Ci(24(L + R))  Ci(2g(L — R))]} {16q2RL _8(L = R?)In <ﬂ> }_], (A3)

where Ci(x) is the cosine integral function, defined as

Ci(x) =

[P as

L—-R

(A4)

One can verify from Eq. (A3) that F(gq) — sin?(¢L) as R — 0.
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