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How to measure the reactor neutrino flux below the inverse beta decay
threshold with CEvNS
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Most antineutrinos produced in a nuclear reactor have energies below the inverse beta decay threshold
and have not yet been detected. We show that a coherent elastic neutrino-nucleus scattering experiment
with an ultralow energy threshold like NUCLEUS can measure the flux of reactor neutrinos below
1.8 MeV. Using a regularized unfolding procedure, we find that a meaningful upper bound can be placed on
the low energy flux, but the existence of the neutron capture component cannot be established.
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I. INTRODUCTION

Nuclear reactors, as a steady and intense electron anti-
neutrino source, have played a crucial role in the study of
neutrino physics. In fact, neutrinos were first detected from a
nuclear reactor via the inverse beta decay (IBD) process v, +
p — et + n [1,2]. IBD has been commonly used to detect
reactor antineutrinos in scintillators because the correlated
signature of prompt positron emission followed by the
delayed neutron capture significantly reduces backgrounds.
However, since IBD has a 1.8 MeV threshold, the reactor
antineutrino spectrum below this energy has not been
measured.

There are two ways to calculate the reactor antineutrino
spectrum: the beta spectrum conversion method and the
ab initio summation method [3]. The conversion method
uses the experimentally measured electron spectrum from a
reactor core. Since no information on the fission yields and
branching ratios is needed in the conversion method, it has
better precision than the summation method. A limitation is
that the measured electron data only allow an estimate of
the reactor antineutrino spectrum between 2 and 8 MeV
[4-6].

The summation method predicts the antineutrino spec-
trum by summing over all contributions of fission products
from the nuclear data libraries, and can be used to calculate
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the antineutrino spectrum in a wide energy range. However,
the method is plagued by the pandemonium effect [7]
which arises from the limited efficiency of detecting
gamma rays from the deexcitation of high energy nuclear
levels, and which leads to an overestimate of beta branch-
ing fractions of lower energy states in the nuclear databases.
This in turn leads to an underestimate of the antineutrino
flux below 2 MeV [8].

The reactor antineutrino flux above the IBD threshold
has been well measured by large reactor neutrino experi-
ments such as Daya Bay [9], RENO [10], and Double
Chooz [11]. If the reactor neutrino flux is measured below
the IBD threshold, then it will help refine calculations of the
low energy antineutrino spectra using the summation
method, which may help circumvent the pandemonium
effect. Also, knowledge of the low-energy flux may help
understand if the assumed electron spectral shapes used to
convert the measured aggregate electron spectrum (from
the fission of each actinide) to the neutrino spectra are
correct. This will reduce systematic uncertainties when
converting the electron spectrum, which may shed light on
the 5 MeV bump [9-11].

Coherent elastic neutrino-nucleus scattering (CEvNS)
occurs when the momentum transfer is smaller than the
inverse radius of the nucleus. It was first observed by the
COHERENT experiment in 2017 with a cesium iodide
scintillation detector [12]. Recently, a measurement of
CEwNS of reactor neutrinos above ~6 MeV was reported
in Ref. [13]. As reviewed in Ref. [14], most studies have
focused on CEvNS as a new tool for the study of neutrino
properties and physics beyond the standard model using
known source neutrino spectra. Instead, we propose to use
the fact that CEUNS has no energy threshold to measure the
reactor antineutrino flux below the IBD threshold.
Although neutrino-electron elastic scattering also has no
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threshold, it can be neglected because its cross section is
three orders of magnitude smaller than that of CEvNS [12].

The detection of low energy antineutrinos with CEvNS
requires ultralow threshold detectors. The NUCLEUS
experiment [15,16], which uses cryogenic detectors, may
reach an unprecedented O(10) eV threshold and an O(eV)
energy resolution. The experiment has achieved a 20 eV
threshold using a 0.5 g prototype made from Al,O; [15]. In
a phased multitarget approach, a total 10 g mass of CaWQ,
and Al,O; crystals, and eventually 1 kg of Ge, is foreseen.
NUCLEUS-1 kg, as a Ge detector, is expected to have a flat
background with index below 100 counts/keV/kg/day and
an energy threshold of 5 eV [15]. Although a flat back-
ground close to the threshold is overly optimistic, since
Al,O3 has an order of magnitude smaller CEvNS signal
than CaWQ,, effectively, it will measure the background
for the signal in CaWQ,. As a result, we expect the
background shape to be constrained by the time
NUCLEUS-1 kg starts taking data. Since phonon energy
will be measured, the suppression and uncertainty due to
the nuclear quenching factor is eliminated [17,18]. The
detector will be placed on the surface at 72 and 102 m from
the two 4.25 GW reactor cores at the CHOOZ nuclear
power plant. Cosmic ray induced events are the primary
background.

In this paper, we show how to measure the reactor
neutrino flux below the IBD threshold in a NUCLEUS-like
CEuVNS experiment. The neutrino flux is obtained by
unfolding the observed CEvNS spectrum. Since simple
unfolding produces highly oscillatory solutions, it is
necessary to impose some degree of smoothness on the
unfolded distribution. This injects bias into the solution. We
perform regularized unfolding to minimize the amount of
bias introduced.

II. REACTOR NEUTRINO FLUX

According to the summation method, roughly 84% of the
total neutrino flux from a commercial reactor arises from
the beta decay of fission products of the principle fissile
isotopes: 23°U, 238U, 2*Pu, and ?*!Pu. The remaining 16%
comes from the capture of 0.61 neutrons/fission on 23U:
28U +n — 2¥U — 2¥Np —2*Pu. As a result of the two j
decays, 1.22 U, are emitted per fission. A prediction of the
reactor neutrino flux per fission with (without) the neutron
capture component is shown by the solid (dashed) line in
Fig. 1. Typical relative rates of 233U, 23U, 2*°Pu, 2*'Pu (per
fission) and the neutron capture process are given by
0.55:0.07:0.32:0.06:0.60 [19]. For the neutrino spectrum
above 2 MeV, we adopt the predictions of the conversion
method. We use the results of Ref. [6] for 23U and 233U,
which resolves the reactor antineutrino anomaly [20] and is
in a good agreement with the Daya Bay and RENO fuel
evolution data [21,22], and with STEREO data [23]. For
239y and 2*'Pu we use the results of Ref. [5]. The fission

dN,/dE, [1/fission/MeV]

E, [MeV]

FIG. 1. A typical prediction of the reactor antineutrino spec-
trum. The solid (dashed) line corresponds to the case with
(without) the neutron capture component.

components with energy below 2 MeV are taken from
Ref. [24], which is based on the summation method. The
neutrino flux produced by neutron capture is derived from
the standard beta spectra of >*°U and >*Np [19,25], and has
energies below about 1.3 MeV. As Fig. 1 suggests, roughly
70% of the neutrinos have energies below the IBD thresh-
old, and have not been experimentally detected.

III. CEvNS SPECTRUM

The differential CEvNS event rate as a function of the
nuclear recoil energy Ep is

dN T/dd) do (1)

dEg dE,dEg" "

where E, is the antineutrino energy and Ny is the number
of nuclei in the detector. The reactor antineutrino flux is
given by

dd P 1 dN,
dE, &4nd’ dE,’

(2)

where P = 4.25 GW ~2.65 x 10*> MeV/second is the
reactor thermal power and € = 205.3 MeV is the average
energy released per fission. The effective distance d.; =
(1/d? +1/d%)~"/? where d; =72 m and d, = 102 m are
the distances between the detector and reactor cores. The
reactor neutrino spectrum per fission is 2. The standard

dE,
model CEvNS cross section is given by [26]
do G%:M N 2 M NE R
S 1- F%(q), 3

where My is the nuclear mass, G is the Fermi coupling
constant, gy = N,, — (1 — 4sin? @y,)Z is the weak nuclear
charge in terms of the weak mixing angle 6y, and F(q) is
the nuclear form factor as a function of the momentum
transfer q [27]. Due to the low momentum transfer in
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FIG. 2. The minimum neutrino energy as a function of nuclear
recoil energy Ey in germanium.

CEvNS with reactor antineutrinos, the predicted signal is
not sensitive to the specific choice of the commonly used
form factors and its uncertainties [28].

In exposure time 7, the number of CEvNS events with

recoil energy in the jth bin [EL, EL™] is

B dN
N;,=t ——dEjp. 4
= R )

The minimum neutrino energy required to produce a
nuclear recoil energy Er in Ge is shown in Fig. 2. With
a threshold Eg . = 5(1) eV, only neutrinos with energy
above 0.41 (0.18) MeV can be detected. Events with Ep
above 120 eV are determined by the neutrino flux above
2 MeV and are decoupled from the neutrino flux below
2 MeV. Since we assume that the flux is well known above
2 MeV, we need only consider nuclear recoil energies
below 120 eV. To study the neutrino flux below 2 MeV, we
use m =29(31) bins between Egy, =5(1)eV and
Er =120 eV. The CEvNS spectra in a Ge detector
corresponding to the antineutrino spectra in Fig. 1 are
shown in the upper panel of Fig. 3. The relatively large
deviations in the bins with small recoil energy arise from
the neutron capture contribution.

We consider the following three scenarios assuming
a 1 eV energy resolution: scenario 1: t= 1 kgyear,
bkg = 100 counts/(keV kg day), Egg =5 eV; scenario
2: r=3kgyear, bkg=1count/(keVkgday), Eg g =5¢eV;
and scenario 3: t=300kgyear, bkg =1 count/
(keVkgday), Eg g = 1 eV. Our default configuration is
scenario 1 and the other scenarios are for future upgrades
with higher exposure, smaller background, and lower
energy threshold. Scenario 3 may be unrealistic in the
foreseeable future and is chosen to illustrate how difficult it
is to identify the neutron capture component of the flux.' In

'In principle, to establish the existence of the neutron capture
component, hypothesis testing using forward folding from the
predicted CEVNS spectrum can be carried out, but this requires a
more careful understanding of the background than currently
available.
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FIG. 3. CEwNS spectra for the neutrino spectra in Fig. 1. The

green histogram corresponds to the contribution from the high-
energy neutrino flux in the jth recoil energy bin, and
the horizontal line corresponds to a flat background of
100 counts/keV/kg/day.

scenario 3, there are 31 Ey bins as the threshold is lower.
Note that the effect of a 1 eV energy resolution can be
neglected since the bins are much larger.

IV. UNFOLDING

To extract the neutrino flux at low energy from the
CEvNS spectrum, we first split the integral over neutrino
energy in the range [0, 2] MeV into m bins. Then Eq. (4)
becomes N; = R;v; + h;, where h; is the contribution
from the high-energy neutrino flux (£, > 2 MeV), and we
take the low-energy neutrino flux per fission v; =

dN L .
aE | i —ming £, to be constant inside each neutrino energy
bin. The square response matrix is

INpP (B E}f! d
Rji = ”‘2 /.R dER / dEL/—O-» (5)
dndige JE, E dEg

i
v

and the contribution from the high-energy neutrino flux in
the jth recoil energy bin is

NP [E o dN d
h, r ~/_R dER/ Y dE, 7 (6)
drde Ej E,>2.0 MeV dE, dEg

We assume that the high-energy neutrino flux is known
with a 3% uncertainty. We have checked that this has a
negligible effect on the determination of the low-energy
neutrino flux.

The observed number of events in the jth Ex bin can be
written as

where b; is the flat background. The spectrum of 4; and b;
are shown in Fig. 3. We assume the actual number of events
observed in each bin is n;, where n; is an independent
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FIG. 4. The neutrino flux obtained by simple unfolding. The
true neutrino flux is the solid curve in Fig. 1 and coincides with
the x axis on the scale of this figure.

Poisson variable with expectation value p; = N; + b;.
Thus, the covariance matrix is V;; = cov[n;,n;] = 6;;n;.
The low-energy v flux is easily solved by inverting Eq. (7):

v=R"'(u—h—b). (8)

We will refer to this as simple unfolding. We take the
estimator f; to be n; as it minimizes

m

) = ZM 9)

=1 ni

where y? measures the significance with which the esti-
mated CEvUNS spectrum g deviates from the observed
spectrum n. However, the unfolded flux v obtained is
highly oscillatory and takes negative values; see Fig. 4.
The reason for these oscillations is as follows [29]. The
response matrix R smears fine structure in v and leaves
some residual fine structure in u. The effect of R™! in
Eq. (8) is to restore this residual fine structure.
Consequently, statistical fluctuations in the observed spec-
trum n, which resemble residual fine structure, get ampli-
fied to the oscillations in v. Note that the amplitude of the
oscillations covers many orders of magnitude. Because the
unfolding procedure introduces large uncertainties, our
unsophisticated modeling of the background is acceptable.

To ensure that the solution for the neutrino flux is
smooth, we include a regularization function S(v) to define
its smoothness. Instead of minimizing Eq. (9), we minimize
the regularized function [29],

o) =21®) +pSw). (10)
where f is the regularization parameter and
m=2
Sw) = Z(_Vi + 21 — Vipa)? = Gy (11)

i=1

This procedure is often called Tikhonov regularization [30].

(We adopt the summation convention except for repeated
indices denoting a diagonal element.) The regularization
function will take a large value if the neutrino flux solution
has a large average curvature. By using the conditions

d
M:DZJVJ—KJZO,

o, i=12,..m, (12)

we can solve for the unfolded neutrino flux # analytically
for a given n:

)= DK. (13)
Here,
Di;  RyRy K; Ry
B ka + ﬂ ij ) ka (nk k k) ( )

The estimated CEUNS spectrum fi can be computed by
plugging the unfolded # into Eq. (7):

j(p.n) = Ro(B.n) +h +b. (15)

The neutrino flux obtained by minimizing the regularized
function ¢ will generally not give the minimum 2.
The deviation from the minimum y? value indicates that
the model does not fit the data as well as it could. This is
a consequence of neglecting part of the experimental
information. The amount of information retained in a
statistical model can be formulated using the regularization
matrix [29],

oft; _ Ofi; 9by,
M. ="t — — = (RC). ., 16
K anj ai)k anl ( )U ( )
where
ov; . Ry
CijEE:z(D Do (17)

J Ji

The reduced effective number of degrees of freedom, which
quantifies the amount of experimental information ignored,
can be calculated by using the trace of the regularization
matrix,

Nao = m — Tr[M]. (18)

Note that on setting f = 0, we retrieve the simple unfolding
neutrino flux and the unbiased or least-y?> estimator fi = n.
To quantify the bias introduced by using the regularization
function, we define the weighted sum of squares [29]

[\S]

B:;Vl{’;i’ (19)
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FIG. 5. The 20 uncertainties in the determination of the low-

energy reactor neutrino flux with different  values for scenario 1.
The black curves are the neutrino spectra in Fig. 1. The true
neutrino flux is the solid curve which includes the neutron capture
component.

where b; = 0;(f.p) — v; >y Cij(f1; — nj) is the bias in
ith bin, and the covariance matrix for the Ei is
W = (CRC — C)V(CRC - C)". B measures the deviation
of the biases from zero.

Now we generate 3000 datasets by assuming a Poisson
distribution in each bin,

n; = Poisson(N; + b;), i=1,2,...m, (20)
where N; is either of the expected CEvNS spectra in
Fig. 3. We then repeat the following procedure for each
dataset. (1) Find the unfolded neutrino flux # from Eq. (13).
(2) Obtain the expected CELNS spectrum ji using Eq. (15).
(3) Calculate y°, N4, and B based on Egs. (9), (18),
and (19), respectively.

After carrying out this procedure we have 3000 values of
yx* and the corresponding Ny To test how well the
estimated CEuNS spectrum f fits the observed CEvNS
spectrum n, we calculate the confidence level for each
dataset for N4; with y? defined in Eq. (9). To make sure
that fi is statistically compatible with n, we only select those
A that fall within 2¢ and retain the corresponding neutrino
flux 2. Their envelope defines the 2¢ uncertainty in the
neutrino flux.

We tried several values of f from 20 to 5000. The 2¢
uncertainties in the neutrino flux for different values of
are shown in Fig. 5 for scenario 1. As expected, larger
suppresses the variance (at the expense of increased bias).
Note from Fig. 6 that the average bias B plateaus at values
that are not much larger than the number of bins m (which
is consistent with a strategy for selecting f that lowers f
until B ~ m [29]). This means that a wide range of f values
works without introducing too much bias. This is because a
linear neutrino flux works very well for scenarios 1 and 2,
which are not sensitive to E, below 0.41 MeV, and large
values of g force a linear neutrino flux. For all practical
purposes, the ff — oo limit, at which the variance is

361 scenario 2

34t

32r

scenario 1

N

OCO

200 400 600 800 1000

B

FIG. 6. The average value of bias B as a function of f for the
first two scenarios.

minimized, is reached for  ~ 1000. Figure 5 shows that
negative fluxes are permitted for f = 20. As a criterion for
selecting 5, we choose the smallest value of § that yields a
positive definite flux at all energies. Accordingly, we fix
f =230 (100) for scenario 1 (2). The 26 uncertainty bands
for scenarios 1 and 2 are shown in the left panel of Fig. 7.
We see that the neutron capture component is buried in the
uncertainties.

The reduced threshold of scenario 3 reveals the neutron
capture bump more completely. To demonstrate the full
capability of CEvNS, we show the 2¢ neutrino flux band
for this scenario in the right panel of Fig. 7. With such a
large exposure, the variance is significantly reduced. The
shape of the neutrino spectrum can be captured by using a
smaller value of  and correspondingly lower bias. Note
that our physical criterion that  be selected to give a
positive flux allows smaller values of £, in which case the
uncertainty bands will have considerable overlap. In this
sense, the result in the right panel of Fig. 7 is not robust, and
is only illustrative. A more restrictive criterion for the
choice of f needs to be devised. The question of the
viability of the experiment envisioned in scenario 3 is more
important.

— scenario 1, 8 = 230 scenario 3, 8 = 20

— scenario 2, 8 = 100 with neutron capture

—— fission only

dN,/dE, [1/fission/MeV]
o 4N W A OO N

0.5 1.0 1.5 0.2 0.5 1.0
E, [MeV] E, [MeV]

15 2.0

FIG. 7. Left: the 26 uncertainties in the determination of the
low-energy neutrino flux in scenarios 1 and 2. The true neutrino
flux is the solid curve which includes the neutron capture
component. Right: the 2¢ uncertainties in the determination of
the low-energy neutrino flux in scenario 3. The orange and green
bands correspond to neutrino flux models with and without the
neutron capture component, respectively.
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V. SUMMARY

Most of the reactor neutrino flux has not been
detected because it lies below the IBD threshold.
Measuring the low energy neutrino flux can help
improve theoretical models of the reactor neutrino
spectrum. We assessed the potential of a NUCLEUS-
like CEVNS experiment to measure the reactor neutrino
flux below 2 MeV. A regularized unfolding procedure
can be used to place an upper bound on the

low energy flux with achievable

improvements.

experimental
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