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We comment on the claimed observation of sterile neutrino oscillations by the Neutrino-4 collabo-
ration. Such a claim, which requires the existence of a new fundamental particle, demands a level of
rigor commensurate with its impact. The burden lies with the Neutrino-4 collaboration to provide the
information necessary to prove the validity of their claim to the community. In this note, we describe
aspects of both the data and analysis method that might lead to an oscillation signature arising from
a null experiment and describe additional information needed from the Neutrino-4 collaboration to
support the oscillation claim. Additionally, as opposed to the assertion made by the Neutrino-4 col-
laboration, we also show that the method of ‘coherent summation’ using the L/ E parameter produces
similar results to the methods used by the PROSPECT and the STEREO collaborations.

I. NEUTRINO-4 EXPERIMENT

Neutrino-4 is a reactor neutrino experiment designed to
search for short-baseline sterile neutrino oscillations moti-
vated primarily by the Reactor Antineutrino Anomaly [7} 8]

* prospect.collaboration @ gmail.com! The 1.8 m3.Gd-dope.d .liquid scintillator detectqr is divided
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tor is composed of a 1.42 m? active volume. The detector is
mounted on a movable platform enabling a baseline coverage
of 6m to 12 m from the reactor.

Oscillation Search Strategy

The strategy to search for sterile neutrino oscillations de-
scribed in Ref. [10, 12} [13] is presented here for the sake of
completeness. For a given baseline (L) and energy (E), the
theoretical and experimental rates are defined as

oo 1 —sin?(26014) - sin?(1.27Am3, - Ly/E;)
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where N is the measured rate, ¢ and k are the energy and base-
line indices respectively, and sin?(26;4) and Am?2, are the
oscillation parameters. A binned test statistic is then defined
as

X (sin®(2610), Amiy ) = Y [(RYF — Ri%)?/(ARTE)]

ik

3)
where the energy and baselines are collapsed into
L/E,N(L/E;) = N(E;, L) and is described as ‘co-
herent summation’.

Neutrino-4 started data taking in June 2016 and has been
collecting data since. The latest posting on the arXiv
preprint [10] repository includes analysis performed on 720
reactor-on days and 417 reactor-off days. The data was di-
vided into three different groupings all consisting of 24 base-
line bins but varying in energy bin widths of 125, 250, and 500
keV. These bins were then collapsed into L/E bins by merging
adjacent points into groups of 8, 16 and 32 respectively. The
final fit using Eq. [3| was performed on an average of the three
cases. The corresponding L/E distribution and the best fit os-
cillation parameters are shown in Figure 47 of Ref. [13]].

II. USE OF PROPER STATISTICAL METHOD FOR
OSCILLATION SEARCH

The importance of using the right statistical approach in
search for oscillation signatures has been widely discussed in
literature [6, 9]]. In particular we call the reader’s attention to
Ref. [2] which among other things discusses the possibility of
over-estimation of the significance of results when using the
incorrect test statistic by short baseline disappearance experi-
ments. Sterile neutrinos at Am3, ~ eV? would induce oscilla-
tions of high frequencies that could generate variations of the

! The bin widths and procedure of merging bins into groups is unclear from
the article [[13].
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FIG. 1. The best-fit oscillation parameters (sin®(2614),Am3,) for
simulated Monte Carlo experiments generated using the duration, de-
tector response, and uncertainties based on the 179-day dataset pub-
lished by the STEREO experiment [3]. Even though the simulated
MC experiments are generated under the assumption of no sterile
neutrino oscillations, the best-fit oscillation amplitude sin®(2614)is
never zero. In particular, the plot on the right shows the marginalized
best-fit points in Am?; demonstrating a preference to oscillations at
high frequencies.

order or narrower than resolution of a typical short baseline re-
actor antineutrino detector. A consequence of high frequency
oscillations is that the fits performed using a binned test statis-
tic and finite data size prefers the oscillation hypothesis over
the no oscillation hypothesis. This is the case even when the
data does not result from true oscillations. The reason for this
is that within the given wide range of oscillation parameter
space, there always exist oscillations of some frequency that
fits well to the statistical fluctuations in the data. Additionally,
as described in detail in Ref. [6], the regions in parameter
space close to the bounded regions in sin®(26,4)have incor-
rect coverage if the confidence intervals are assigned using
Wilks’ theorem. Consequently, the test statistic distribution
described in Eq. 3| will not follow the standard x? distribu-
tion with two degrees of freedom under the Wilks’ theorem
assumption.

The above situation is illustrated using simulated Monte
Carlo (MC) datasets generated assuming 179 (235) reactor-
on (-off) days of STEREO experiment and all the relevant
statistical and systematic uncertainties. This corresponds to
the same size of dataset used by STEREO’s recent [3]] sterile
neutrino search. Fig. [T|shows the best-fit oscillation parame-
ters for fits performed on 5000 null oscillated simulated MC
experiments. All best-fit oscillation parameters show a non-
zero value of sin?(2614) with a preference to high frequencies
where the oscillations are in the range comparable to the bin
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FIG. 2. MC generated Ax? distribution compared with the Wilks’
theorem-predicted values for no oscillation hypothesis. An under-
coverage by the Wilks’ theorem values for the simulated MC datasets
shown in Fig. [1| for all values of Ax?. Also shown in the figure in
red and black vertical dashed lines are 1,2, and 3 o values for the
standard x? and data-generated Ay? respectively emphasizing the
key point that assigning significance based on standard x? leads to
significantly skewed results.

width of the analysis. For the same simulated MC datasets,
the Ax? distribution is shown in the Fig.[2] where Ax? is de-
fined as the difference in x? generated using the best-fit and
the true (null oscillated) parameters. It shows that this distri-
bution is significantly different from the Wilks’ theorem pre-
dicted 2 distribution for two degrees of freedom. It is worth-
while to note that:

e The median Ax? of simulated MC distribution is
at 4.64 which corresponds to a 90 % confidence
level (C.L.) under Wilks’ theorem assumption. In
other words, in absence of oscillations, data interpreted
through Wilks’ theorem would disfavor the null oscilla-
tion hypothesis at 90 % C.L. half of the time.

e The Ax? of 11.83 corresponding to Wilks’ theorem 3o
includes only 98% of the simulated MC experiments.
This implies that even in absence of sterile neutrino
induced oscillations, 1 in every 50 experiments would
wrongly disfavor the null oscillation hypothesis at 3¢.

This shows that experiments are predisposed to assign high
significance to null oscillation exclusion if relying on stan-
dard 2 distribution and further shows that a proper statistical
approach is a prerequisite for any discovery claim. Consid-
ering the importance of assigning proper significance, both
PROSPECT and STEREO approach this issue by assign-
ing the significance to the measured result by comparing the
data-suggested Ax? to the Ax? distribution generated using
experiment-specific simulated MC datasets. We likewise sug-
gest that any experiment searching for short baseline sterile

neutrinos — especially an experiment claiming oscillation ob-
servation — to use a similar MC-based approach so as not
to overestimate the significance of their result. We were not
able to find the use of MC-based statistical approach in any
of the Neutrino-4 published results [10-H13]]. Thus, we en-
courage Neutrino-4 experiment to demonstrate the oscillation
claim using a proper statistical approach for their analysis.

III. SYSTEMATIC EFFECTS MIMICKING OSCILLATION

In the previous section, we demonstrated that statistical
fluctuations could be mistaken for an oscillation signature in
absence of a proper statistical approach. The problem could
be exacerbated if there are unidentified, and thus unaccounted
for, oscillation-mimicking systematic effects. This can be es-
pecially true for an experiment with a small detector located
in close proximity to a reactor with little overburden. Here
we point out two such key systematic effects which are not
discussed by the Neutrino-4 experiment.

Neutrino-4 uses gadolinium-doped liquid scintillator (LS)
as the target and inverse beta decay (IBD) mechanism for de-
tecting neutrinos. The energy of the positron produced in the
IBD interaction acts as a proxy for the U, energy while the
neutron produced in the interaction captures on Gadolinium
producing 3 to 4 Mev gamma rays and is used to establish a
coincident signal. In a segmented detector of scale ~1 me-
ter like Neutrino-4, the IBD positron and/or the annihilated
~s lose some of their energy through escape or energy depo-
sition in inactive volume. This leads to an energy spectrum
that is position-dependent since the IBD interactions taking
place close to the edge of the detector have a higher fraction
of escape energy. Additionally, since the attenuation length of
high energy s produced from neutron capture on Gadolinium
is ~15 cm, the neutron capture efficiency also varies within
the detector volume. These edge effects could induce com-
plex correlations between energy and efficiency which could
induce an oscillation-like signature. The situation is further
complicated by the fact that the detector is mobile and each
detector segment spans over multiple baselines. However,
these complex detector effects can be accounted for in the os-
cillation search by using a fully validated detector MC simu-
lation. While it is not clear that these concerns introduce false
oscillations, they will certainly effect the estimation of sig-
nal significance, and must be accounted for in a full analysis.
There is no indication that Neutrino-4 has incorporated their
detector MC simulation in the theoretical rates from the Eq.
Therefore, we request Neutrino-4 experiment to provide more
details on the calculation of their theoretical rates alongside a
detector MC simulation that is fully validated using calibra-
tion data.

Short baseline reactor neutrino experiments have to over-
come challenging — often position- and energy-dependent —
background environments in the search for 7. oscillations.
The correlated cosmogenic backgrounds can be measured
during the reactor-off period and can be scaled to reactor-
on period and subtracted from the reactor-on data. In prin-
ciple, this works well if the detector has a good signal-to-
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FIG. 3. A comparison between L/ F fit and the default fit performed
with PROSPECT first oscillation search data using Gaussian CL [9]]
metho Both approaches use a total of 96 bins. Note that this
simple test only uses statistical uncertainties and hence shows better
coverage than the results shown in Fig. 5 of Ref. [4].

# Gaussian CLs method yields similar results to the simulated MC-based
method when defining exclusion regions [9} [14]

background (S:B) ratio, the reactor-off duration accounts for
a significant amount (~50 %) of data-taking, and there exists
no variations [| in cosmogenic backgrounds between reactor-
on and -off periods. As discussed on page 8 in Ref. [10], in an
earlier analysis, a fit performed using only 278 days of reactor-
off data was found to yield an oscillation parameter at 99%
C.L (~2.60 C.L). This could be an artifact of assigning incor-
rect significance based on using standard x? as discussed in
the previous section. Conversely, in conjunction with the low
S:B ratio of ~ 0.5 of Neutrino-4 experiment [1], it could also
suggest the possibility that the oscillation signature indicated
by fluctuations in the cosmogenic backgrounds gets enhanced
with addition of reactor-on data. It is also possible that this
is unrelated to the oscillation signature suggested by the IBD
data. To disambiguate between various scenarios, we encour-
age the Neutrino-4 collaboration to provide more details on
backgrounds and the background subtraction procedure em-
ployed in calculating the experimental IBD spectrum shown

in Eq.

IV.  OSCILLATION SIGNATURE USING L/E
OSCILLATIONS

It was claimed by the Neutrino-4 experiment on page 27
of Ref. [13] that ‘... without method of the coherent summa-
tion of data by L/E parameter, it is practically impossible to

2 There will still be atmospheric-dependent background fluctuations which
can be estimated [315]] based on the correlations between atmospheric con-

extract the effect of the oscillations from experimental data’.
The coherent summation method as defined in Section 19 of
[13] and reiterated earlier in this paper is a search for oscil-
lations using L/E as a combined baseline-energy parameter.
Neutrino-4 is the only short baseline reactor neutrino experi-
ment which performed a search for eV-scale sterile neutrinos
using this parameter. Most other contemporary short baseline
experiments including PROSPECT [4] and STEREO [3] use a
binned test statistic over both baseline and energy without col-
lapsing them into L/F bins. Although both methods are ex-
pected to yield similar results, the latter method is preferable
owing to the fact that systematic effects similar to the ones
described in the previous sections can be decoupled between
baseline and energy, the two parameters that induce oscilla-
tions. This makes interpreting and implementing of system-
atic uncertainties transparent and facilitates in avoiding biases
that might originate from complicated correlations between
baseline and energy.

To demonstrate the similarity of results, we present a com-
parison between the oscillation fits performed using both
L/E parameter and separate L and F parameters. The lat-
ter method is identical to the one used by the PROSPECT ex-
periment in its first search for sterile neutrino oscillations [4]].
We use the dataset which corresponds to 33 (28) live days
of reactor-on (reactor-off) PROSPECT data. Fig. [3| clearly
demonstrates that the search for oscillations using L/E as
the oscillation parameter yields nearly identical results in
both sensitivity and exclusion to the default fit performed by
PROSPECT.

V. SUMMARY

In conclusion, the sections above outline significant po-
tential issues with the oscillation search performed by the
Neutrino-4 collaboration.

e Using STEREO simulated MC datasets, we showed that
to unequivocally claim an oscillation signal a proper
assignment of significance is required, e.g. through a
high-fidelity set of Monte Carlo simulations, and that
Wilks’ theorem is inadequate.

e We have detailed potential oscillation mimicking sys-
tematic effects and suggested some instances where
more information from the Neutrino-4 collaboration
would be beneficial in clarifying the methods used by
the collaboration.

e Using the PROSPECT dataset as an example, we have
also established that the oscillation search using L and
E parameters separately is as good as, if not better than,
using the L/ F parameter, thus calling into question the
claim to the contrary made by the Neutrino-4 collabo-
ration.

ditions and the IBD-like backgrounds during the reactor-off period.
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