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The LSND [1], Gallium [2-5] and reactor [6—8] anomalies are intriguing indications in favor
of short-baseline neutrino oscillations due to sterile neutrinos at the eV scale. Here, I consider 3+1
active-sterile neutrino mixing (see Ref. [9]), in which there are three sub-eV massive neutrinos vy,
Vv, and v3 which are the main constituents of the three standard active neutrinos V,, vy, Vv, and
there is a fourth massive neutrino vy at the eV scale which is mainly sterile (v4 =~ Vv;).

In the framework of 3+1 active-sterile mixing, short-baseline (SBL) experiments are sensitive
only to the oscillations generated by the squared-mass difference Am3; ~ Am3, ~ Am3; > 1eV?,
with Am?k = m% — m2, that is much larger than the the solar squared-mass difference Am3y;, =
Am3, ~ 7.4 x 10~%eV? and the atmospheric squared-mass difference Amipy = |Am3, | =~ |[Am3,| ~
2.5 x 103 eV?, which generate the observed solar, atmospheric and long-baseline neutrino oscilla-
tions explained by the standard three-neutrino mixing [10]. The 3+1 active-sterile mixing scheme
is a perturbation of the standard three-neutrino mixing in which the 3 x 3 unitary mixing matrix U is
extended to a 4 x 4 unitary mixing matrix with |U,4|?, |U, u4\2, |Uz4|? < 1. The effective oscillation

probabilities of the flavor neutrinos in short-baseline experiments are given by [11]
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where a, 8 = e, U, 7,s, L is the source-detector distance and E is the neutrino energy. The short-
baseline oscillation amplitudes depend only on the absolute values of the elements in the fourth
column of the mixing matrix:

sin® 20,5 = HUau|* | Sep — [Upal’. 2)

Hence, the transition probabilities of neutrinos and antineutrinos are equal and it is not possible
to measure in short-baseline experiments any CP-violating effect generated by the complex phases
in the mixing matrix. CP violating effects due to active-sterile neutrino mixing can, however, be
observed in long-baseline [12-21] and solar [22] neutrino experiments.

Here I review the results of the 3+1 global fit of short-baseline neutrino oscillation data pre-
sented in Ref. [23], which includes the recent measurements of the MINOS [24], IceCube [25], and
NEOS [26] experiments.

It is well known (see Ref. [9]) that the global fits of short-baseline data are affected by the so-
called “appearance-disappearance” tension, that is present [27] for any number N; of sterile neutri-
nos in 3+N; mixing schemes which are perturbations of the standard three-neutrino mixing required
for the explanation of the observation of solar, atmospheric and long-baseline neutrino oscillations.
In Ref. [28], we proposed a “pragmatic approach” in which the appearance-disappearance tension is
alleviated by excluding from the global fit the low-energy bins of the MiniBooNE experiment [29],

. =) .. . . . ..
which have an anomalous excess of V,-like events that is widely considered to be suspicious be-
cause of the large background. Part of the MiniBooNE low-energy anomaly may be explained by
taking into account nuclear effects in the energy reconstruction [30,31], but this effect is not suffi-

. (=) ..
cient to solve the problem [32]. Some of the low-energy V,-like events can be due to photon events
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which are indistinguishable from v, events in the MiniBooNE liquid scintillator detector. These
photons can be generated by the decays of 7°’s produced by the neutral-current interactions of the

(=) . . L. . .
vy beam. When only one of the two photons emitted in the n° decay is visible, its signal cannot
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PrGlol16A PrGlol6B PrGlol7

X 262.0 530.3 595.1
NDF 244 519 579
GoF 20% 36% 31%
Am3, 1.6 1.6 1.7
|Uea)? 0.026 0.030 0.020
\Uyal? 0.013 0.011 0.015
sin*2%,  0.0014 0.0013  0.0012
sin® 20, 0.10 0.12 0.079
sin?2%,,  0.053 0.042 0.058
Axéo 48.3 47.3 47.4
NDFxo 3 4 4
noNo 6.4 6.1 6.1
Axpg 3.8 4.7 7.2
NDFpg 2 2 2
GoFpg 15% 9.7% 2.7%

Table 1: Results of the pragmatic 3+1 global PrGlo16A, PrGlo16B, and PrGlo17 fits of SBL data. The
first group of rows gives: the minimum )2 (xiin), the number of degrees of freedom (NDF), the good-
ness of fit (GoF), the best fit values of the mixing parameters Am3,, |Ue4|?, |Uya|?, and of the oscillation
amplitudes sin2219€u, sin? 20, sin2219,w. The second group of rows gives the x2 difference AXI%IO be-
tween the 752 of no oscillations and x%in and the resulting number of ¢’s (nono) for NDFno degrees of
freedom corresponding to the number of fitted parameters. The third group of rows gives the results for the
appearance-disappearance parameter goodness of fit [34]: the y? difference AX%G and the resulting goodness
of fit GoFpg for NDFpg degrees of freedom.

be distinguished from a(i/)e event in a liquid-scintillator detector. The suspicion that this photon
background may be responsible for the MiniBooNE low-energy excess motivated the realization
of the MicroBooNE experiment at Fermilab [33], which is able to distinguish between photon and
({/)e events by using a Liquid Argon Time Projection Chamber (LArTPC). Waiting for the results of
this experiment, it is reasonable to adopt the pragmatic approach of omitting from the global fit the
MiniBooNE low-energy data. In this paper I assume the pragmatic approach from the beginning.

The pragmatic global fit of short-baseline neutrino oscillation data [23] considers the following
three groups of experiments:

(A) The%/)“ —>(§/)e appearance data of the LSND [1], MiniBooNE [29] (without the anomalous
low-energy bins), BNL-E776, KARMEN, NOMAD, ICARUS, and OPERA experiments.

(B) The following%/)e disappearance data: 1) The ratios of measured and predicted [6-8] V, rates
of the short-baseline reactor experiments listed in Table 1 of Ref. [23]); 2) The Vv, spectra
measured in the Bugey-3 and NEOS [26] short-baseline reactor experiments; 3) the data of
the GALLEX and SAGE Gallium radioactive source experiments with the statistical method
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Figure 1: Allowed regions in the sin? 20,,~Am3, (a), sin®28,.~Am?, (b), and sin®20,,~Am3, (c) planes
obtained in the pragmatic 3+1 global PrGlo16A, PrGlo16B, and PrGlo17 fits of SBL data.

discussed in Ref. [4]; 4) the solar neutrino constraint on sin”29,, [23]; 5) the KARMEN and
LSND v, + 12C — lzNg,s, + e~ scattering data, with the method discussed in Ref. [35].

(C) The constraints on({/)ﬂ disappearance obtained from the data of the CDHSW experiment, from
the analysis in Ref. [36] of the data of atmospheric neutrino oscillation experiments, from
the analysis of the SciBooNE-MiniBooNE neutrino and antineutrino data, and the recent
constraints of the MINOS [24] and IceCube [25] experiments.

Table 1 and Figure 1 summarize the results of the following three global fits:

PrGlo16A. In this analysis we considered all the appearance and disappearance SBL data available
in 2016, except MINOS [24] and IceCube [25]. The PrGlo16A fit is an update of the PrGLO
fit presented in Ref. [9], with a similar set of data.

PrGlo16B. In this analysis we added the MINOS [24] and IceCube [25] data to the data considered
in the PrGlo16A fit, in order to clarify their effects on the results of the analysis.

PrGlo17. In this analysis we added the NEOS [26] data, which have been available to us in the
beginning of 2017.

From Table 1 one can see that all the three fits have an acceptable goodness of fit and the
case of no oscillations is disfavored at the level of about 665. On the other hand, the parameter
goodness of fit, decreases from 15% in the PrGlo16A fit to 9.7% in the PrGlo16B fit to 2.7% in the
PrGlo17 fit. This is a symptom of the increase of the appearance-disappearance tension caused by
the addition of the MINOS and IceCube data in the PrGlo16B fit and the addition of NEOS data in
the PrGlo17 fit.

Figure 1(a) shows the allowed regions in the sin2219u #—Am%Ll plane, which is relevant for(i/),i

. . (=) . .
disappearance. One can see that the constraints on v, disappearance given by the MINOS and
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Figure 2: Sensitivities of future experiments compared with the PrGlo17 allowed regions in Fig. 1.

IceCube data disfavor the low—Ami 1—high—sin2219uu part of the region allowed by the PrGlo16A
fit. This effect was expected [37] and is consistent with the results of the 3+1 global fit presented
in Ref. [38], which updated Ref. [39] with the addition of the IceCube data. The decrease of the
parameter goodness of fit from 15% in the PrGlo16A fit to 9.7% in the PrGlo16B fit is due to the
increase of the appearance-disappearance tension caused by the shrinking if the allowed range of
]U“4|2 from 0.0050 — 0.033 at 36 in the PrGlo16A fit to 0.0048 — 0.023 in the PrGlo16B fit.

Figure 1(b) shows the allowed regions in the sin® 21966—Amﬁl plane, which is relevant for(il)e
disappearance. One can see that the inclusion of the NEOS constraints has the dramatic effect of
fragmenting the allowed region in three islands with narrow Améz‘1 widths. The best-fit island is
at Am?Ll ~ 1.7eV?2. There is an island allowed at 20 at Am}11 ~ 1.3eV?2, and an island allowed at



Status of Light Sterile Neutrinos Carlo Giunti

30 at Am3, ~ 2.4eV2. Moreover, the NEOS constraints shifts the allowed range of |Ue4|? from
0.013 — 0.050 at 30¢ in the PrGlo16B fit to 0.0098 — 0.031 in the PrGlol7 fit. Therefore, the
appearance-disappearance tension is increased, as shown by the decrease of the parameter goodness
of fit from 9.7% in the PrGlo16B fit to 2.7% in the PrGlo17 fit.

Figure 2 shows a comparison of the sensitivities of future experiments with the PrGlo17 al-
lowed regions for: (a)(i/)u —>(§/)e transitions; (b)<;/)“ disappearance; (c),(d) ({/)e disappearance. It is
clear that these experiments will give definitive information on the existence of active-sterile short-
baseline oscillations connected with the LSND, Gallium and reactor anomalies.

In conclusion, the comparison of the PrGlo16A and PrGlo16B fits shows that, as expected [37,
38], the MINOS and IceCube constraints on(il)“ disappearance disfavor the low-Am3,~high-sin? 29,
and the low—Amz“—high-sin2 249, parts of the allowed region. The addition of the NEOS data in the
PrGlo17 fit has the more dramatic effect of reducing the allowed region to three islands with narrow
Am}H widths and 0.00048 < sin? 20, < 0.0020 at 36. The best-fit island is at Amf11 ~ 1.7eV2.
There is an island allowed at 20 at AmzzH ~ 1.3eV?, and an island allowed at 30 at Am}11 ~2.4eV2,
However, as illustrated in Fig. 2, the ongoing and planned experiments have the possibility to cover
all the allowed regions of the mixing parameters and we expect that they will reach in a few years a
definitive conclusion on the existence of the light sterile neutrinos that generate the short-baseline
oscillations indicated by the LSND experiment and by the Gallium and reactor neutrino anomalies.

Let me finally emphasize that the confirmation of the existence of sterile neutrinos would
be a major discovery which would have a profound impact not only on neutrino physics, but on
our whole view of fundamental physics, because it would prove that there is new physics beyond
the Standard Model at the low-energies accessible in laboratory experiments. The measurement
of the properties of the sterile neutrinos can give important information on this new physics (see
Refs. [40,41]).
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