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1. Introduction

The current experimental and theoretical research of the physics of mas-
sive neutrinos is based on the standard paradigm of three-neutrino mixing
which describes the oscillations of neutrino flavors measured in solar, atmo-
spheric and long-baseline experiments (see Refs. [1-3]). In the three-neutrino
mixing framework (3v), the three active neutrinos v, v,, v, are superposi-
tions of three massive neutrinos v1, v, 3 with respective masses my, ms,
mg, which determine two independent squared-mass differences: the small
solar squared-mass difference

Amio, = Am3, ~ 7.5 x 1075 eV?, (1.1)
and the larger atmospheric squared-mass difference
Amiy = |Am3, | ~ ‘Am§2| ~23x1073eV?, (1.2)

with Amzj = mj, —mj [4-6].
The completeness of the 3v mixing paradigm has been challenged by the
following indications in favor of short-baseline neutrino oscillations:

1. The reactor antineutrino anomaly |7], which is an about 2.80 deficit
of the rate of 7, observed in several short-baseline reactor neutrino
experiments in comparison with that expected from the calculation of
the reactor neutrino fluxes [8,9].

* Presented at the 52"¢ Winter School of Theoretical Physics, “Theoretical Aspects of
Neutrino Physics”, Ladek Zdroj, Poland, February 14-21, 2016.
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2. The gallium neutrino anomaly [10-14], consisting in a short-baseline
disappearance of v, measured in the gallium radioactive source exper-
iments GALLEX [15] and SAGE [16] with a statistical significance of
about 2.90.

3. The LSND experiment, in which a signal of short-baseline v, — 7,
oscillations has been observed with a statistical significance of about
3.80 [17,18].

A neutrino oscillation explanation of these anomalies requires the exis-
tence of at least one additional squared-mass difference

Am%BL Z 1 er N (13)

which is much larger than the solar and atmospheric squared-mass differ-
ences and requires the existence of at least one massive neutrino v4 in ad-
dition to the three standard massive neutrinos vy, vo, v3 (see the review in
Ref. [19]). Since from the LEP measurement of the invisible width of the
Z boson we know that there are only three active neutrinos (see Ref. [20]),
in the flavor basis the additional massive neutrinos correspond to sterile
neutrinos [21], which do not have standard weak interactions.

Sterile neutrinos are singlets of the Standard Model gauge symmetries
which can couple to the active neutrinos through the Lagrangian mass term.
In practice, there are bounds on the active—sterile mixing, but there is no
bound on the number of sterile neutrinos and on their mass scales. Therefore,
the existence of sterile neutrinos is investigated at different mass scales. This
review is devoted to the discussion of sterile neutrinos at the eV scale, which
can explain the indications in favor of short-baseline neutrino oscillations
listed above. However, there are other very interesting possibilities which
are under study: very light sterile neutrinos at a mass scale smaller than
0.1 eV, which could affect the oscillations of solar [22—24] and reactor [25-31]
neutrinos; sterile neutrinos at the keV scale, which could constitute warm
dark matter according to the Neutrino Minimal Standard Model (vMSM)
[32-37]; sterile neutrinos at the MeV scale [38-41]; sterile neutrinos at the
electroweak scale [42,43] or above it [43,44], whose effects may be seen at the
LHC and other high-energy colliders. Let us also note that there are several
interesting models with sterile neutrinos at different mass scales [45-61].

The possible existence of sterile neutrinos is very interesting, because
they are new particles which could give us precious information on the
physics beyond the Standard Model (see Refs. [62,63]).

2. Beyond three-neutrino mixing

The Standard Model of electroweak interactions [64—66] based on the
SU(2)r, x U(1)y gauge symmetry is a superb theory which can explain the



Sterile Neutrinos 713

majority of terrestrial experimental observations. However, it does not ac-
count for neutrino masses, whose existence have been proved without doubt
by the measurement of neutrino oscillations in solar, atmospheric and long-
baseline neutrino oscillation experiments (see Refs. [1,20,67-70]). The sim-
plest way to extend the Standard Model in order to take into account neu-
trino masses is through the introduction of SU(2);, x U(1)y singlet fields
which are traditionally called ‘“right-handed neutrino” fields or “sterile neu-
trino” fields. The adjective “right-handed” indicates that they do not belong
to SU(2)1, left-handed multiplets. Therefore, they are “sterile”, because they
do not have Standard Model weak interactions. Moreover, assuming that
they have zero hypercharge!, they are neutral and can be called “neutrino”
fields. Many models which extend the Standard Model include these right-
handed sterile neutrino fields (see Refs. (62,63, 73-76]). In the following,
we consider the general theory of neutrino mixing in which we have the
three standard active left-handed flavor neutrino fields ver,, v,1,, -1, and Ny
sterile right-handed flavor neutrino fields vg R, ..., vn,r. The most gen-
eral Lagrangian mass term which can be written with these fields is (the
superscript (F) indicates the flavor basis)

1 T
Linass = B V£F) ct MVIEF) + H.c., (2.1)

where (the superscripts (a) and (s) indicate, respectively, the column matri-
ces of active and sterile neutrino fields)

C
(a) Vel, VsiR
F v ¢ :
- ( <>> o =] = | e
VR Z/TL I/gNsR
and C is the unitary charge-conjugation matrix”, such that C ’y?; Cl=—y,

and CT = —C. For any field 9, the charge-conjugated field ¥¢ is given by

P¢ = C@T and charge conjugation transforms the chirality of a field (e.g. ¥
is left-handed). In general, M is a complex symmetric mass matrix, which
can be diagonalized with the unitary transformation (the superscript (M)
indicates the mass basis)

VL
W =™ with M= ] (2.3)

UNL

! We do not consider here the exotic possibility of a small nonzero hypercharge of
the right-handed neutrino fields, which would imply that neutrinos are Dirac and
millicharged particles (see Refs. [71,72]).

2 We use the notations and conventions from Ref. [20].
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where N = 3 4+ N is the total number of neutrino fields. The matrix U/ is a
N x N unitary matrix such that

U MU = diag (mq, ..., my) , (2.4)

with real and positive masses my,...,my (see Refs. [20,77]). The La-
grangian mass term (2.1) becomes

N N
1 1 S
Linass = 3 kaygLCkaL +H.c. = —3 Z myvip vkl + Hec.
k=1 k=1
N
= 1S min (2.5)
k=1

with the massive Majorana neutrino fields vy = v, + v, which satisfy the
Majorana constraint v, = v;. Hence, in the general case of active-sterile
neutrino mixing, the massive neutrinos are Majorana particles®.

The physical effects of the unitary transformation (2.3) are due to the
noninvariance of the weak interaction Lagrangian. Let us first consider the
leptonic charged-current weak interaction Lagrangian. In the flavor basis
where the mass matrix of the charged leptons ¢, = e, £, = p, {; = 7 is
diagonal, we have

Lo = _9 Z E’YPVQLW;—I-H.C.

a=e,lU,T

5

N
_ _% SNl Uokvit W) + He. (2.6)
2 k=1 a=e,,T

It is convenient to write Lcc in the following matrix form

Loc = —\%Ewpyia)wg +H.c. = —%EVPUVS\/I)WJ + H.c. (2.7)
with
(&
=|p], M= and U=Ulyy. (28
T

The mixing matrix U is a 3 x N rectangular matrix formed by the first three
rows of U. Therefore, the number of physical mixing parameters is smaller

3 However, it is not excluded that the mixing is such that there are pairs of Majorana
neutrino fields with exactly the same mass which form Dirac neutrino fields.
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than the number necessary to parameterize the unitary matrix &/. This is
due to the arbitrariness of the mixing in the sterile sector, which does not
affect weak interactions. A careful analysis (see Ref. [20]) shows that the
3 X N mixing matrix U can be parameterized in terms of 3 + 3Ny mixing
angles and 3 + 3Ny physical phases, of which 1 4+ 2Ny are Dirac phases and
N — 1 are Majorana phases. For such parameterization, it is convenient to
use the scheme

(ﬁ ﬁ Wab> R23wl3R12

a=1b=4

U= diag (1,6“21, . .,ei/\Nl) . (2.9)

3xXN

The unitary N x N matrix W% = W% (04, 1n4) represents a complex ro-
tation in the a—b plane by a mixing angle 6, and a Dirac phase nq. Its
components are

Wab('ﬁaba nab):| s = 57"3 + (Cab - 1) (67“(15811 + 57"b55b)
+Sab (ein“bémésb — e_i”abérbésa) , (2.10)

where cgp = cosVUqp and sg, = sinty,. The order of the product of W
matrices in Eq. (2.9) is arbitrary. The orthogonal matrix R = W (6, 0)
represents a real rotation in the a—b plane. The square brackets with sub-
script 3 X N indicate that the enclosed N x N matrix is truncated to the
first three rows. The Majorana phases Ao1, ... An1, which are physical only
if massive neutrinos are Majorana particles, are collected in a diagonal ma-
trix on the right*. Moreover, not all the phases 74, in the product of W
matrices in Eq. (2.9) are physical, but one can eliminate an unphysical phase
for each value of the index b =4,..., N (see Ref. [20]).

Scheme (2.9) has the advantage that in the limit of vanishing active—
sterile mixing, the mixing matrix reduces to the three-neutrino (3v) mixing
matrix in the standard parameterization
TG — [R23W13R12]3X3 diag (17 61’)\21’61')\31)

c12€13 512€13 size”'ms
= | —s12c23 — c12523513€"3  c12c93 — S12523513€"M3 523C13

512823 — C12¢23513€"M3  —c12893 — S12¢23513€"% ca3C13
1 0 0
x [0 e 0 . (2.11)

0 0 e

4Tt is possible to choose any other diagonal matrix with IV — 1 phases, as for example
diag (e”‘“, 1,e82 e”‘N?), etc.
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It is convenient to choose in Eq. (2.9) the order of the real or complex
rotations for each index b > 4 such that the rotations in the 3-b, 2-b and
1-b planes are ordered from left to right. In this way, the first two lines,
which are relevant for the study of the oscillations of the experimentally
more accessible flavor neutrinos v, and v, are independent of the mixing
angles and Dirac phases corresponding to the rotations in all the 3-b planes
for b > 4. Moreover, the first line, which is relevant for the study of v,
disappearance, is independent also of the mixing angles and Dirac phases
corresponding to the rotations in the 2-b planes for b > 3. For example, one
can choose

_ 3N R2N 171N 34 2415714 R2317713 P12
U = [WWNRNWIW . MR MRS IBRY],

x diag (1,61“21, N .,eiANl) , (2.12)
or

U — [W3N .. W34W2N .. W24R1N .. R14R23W13R12]3XN

x diag (1,6“21, N .,eMm) . (2.13)

Let us now consider the neutrino neutral-current Lagrangian

_ g (@) p, (@) _ 9 (M) tr7,, (M)
Lne = ——F— PV 7, = ——F— PUTU Z,. (2.14
NC 2 cos Vw YLOTL 2e 2 cos Uw R L4 ( )
Since the rectangular 3 x N mixing matrix U is formed by the first three
rows of the unitary matrix U, we have

UUT =13,3  but  UTU # 1yen. (2.15)

Therefore, the GIM mechanism [78| does not work in neutral-current weak
interactions [79] and it is possible to have neutral-current transitions among
different massive neutrinos®.

The introduction of sterile neutrinos is allowed by the fact that it has
no effect or small effects® on the effective number of active neutrinos which
contributes to the decay of the Z-boson. This number has been determined
with high precision to be close to three by the LEP experiments [84]

N{?) = 2.9840 4 0.0082 . (2.16)

® This is a special case of the general theorem that the weak leptonic neutral current
is nondiagonal in the mass basis if the leptons of a given charge and chirality have
different weak isospins [80].

6 Sterile neutrinos at mass scales larger than the muon mass affect the determination
of the Fermi constant Gy through muon decay [81]. Those at mass scales larger than

mz/2 can induce a kinematical suppression of NB [82,83].
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In this review, we will consider sterile neutrinos at the eV scale, for which
NP i given by [82,83]

N 2
NP =" > UzUx| =3. (2.17)
7,k=1 |la=e,u,T

Hence, there is no constraint on the number and mixing of these light sterile
(2)

neutrinos from the high-precision LEP measurement of N;™’.

3. Short-baseline neutrino oscillations

The standard framework of 3v mixing can be extended with the introduc-
tion of non-standard massive neutrinos only if their mixing with the active
neutrinos is sufficiently small in order not to spoil the successful 3v mix-
ing explanation of solar, atmospheric and long-baseline neutrino oscillation
measurements [4-6]. In other words, the non-standard massive neutrinos
must be mostly sterile, i.e.

Uai? < 1 (a=e,p,7; k=4,...,N). (3.1)

In the following, we will always assume this constraint.

In this review, we consider mainly the so-called 3 + 1 scheme in which
there is a non-standard massive neutrino (mostly sterile) at the eV scale
which generates a new squared-mass difference

Am%BL ~1 eV2 s (32)

in order to explain the anomalies found in some short-baseline (SBL) neu-
trino oscillation experiments (see Section 3). We assume that the three stan-
dard massive neutrinos are much lighter than the eV scale. We will consider
also the so-called 3 4 2 scheme in which there are two non-standard massive
neutrinos (mostly sterile) at the eV scale’. We do not consider schemes in
which Am2g; is obtained with one or more very light (or massless) non-
standard massive neutrinos and the three standard massive neutrinos have
almost degenerate masses at the eV scale (e.g., the 1+ 3, 1+ 3+ 1 and
2 4+ 3 schemes), because this possibility is strongly disfavored by cosmo-
logical measurements [94] and by the experimental bound on neutrinoless
double-8 decay (assuming that massive neutrinos are Majorana particles;
see Refs. [95,96]). Let us emphasize that these mixing schemes must be
considered as effective, in the sense that the existence of more non-standard

" In the literature, one can also find studies of the 3 + 3 [85,86], 34+ 1+ 1 [87-91], and
1+3+4+1[92,93] schemes.
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massive neutrinos is allowed, as long as their mixing with the three active
neutrinos is sufficiently small to be negligible in the analysis of the data of
current experiments.

For the study of neutrino oscillations in vacuum, it is convenient to use

the following general expression of the probability of (1;0)4 — (55) oscillations
[97,98)

Py o) = Sap =4 ) |Uakl? (bap — [Usk|?) sin® Ag,
I/a—>V,3 k;ﬁp
. . (+)
+8 Z |UajUBjUakUpk| sin Ay sin Ajpcos | Aji — Nagjk | -
7>k
J.k#p
(3.3)
where
AmipL . .
App = B NaBjk = arg [UajUngakUﬁk] , (3.4)

and p is an arbitrary fixed index, which can be chosen in the most convenient
way depending on the case under consideration. In the case of three-neutrino
mixing, there is only one interference term in Eq. (3.3), because for any
choice of p, there is only one possibility for j and k& such that j > k.

We are interested in the effective oscillation probabilities in short-baseline
experiments, for which As; <« Asg; <« 1. Let us consider the general 3 + Ny
case in which Amil ~ Am%BL and Agy =~ 1 for k > 4. Choosing p =1 in
Eq. (3.4), we obtain

=) (=)
Va—V3

N
PP~ 605 — 4 |Uakl? (8ap — Usil?) sin® Ay
k=4

N N
. . (+)
+8Z Z ’UajU,BjUakUﬁk’ S Akl S11 Ajl COS <Ajk — naﬁjk> .
k=4 j=k+1
(3.5)
Considering the survival probabilities of active neutrinos, let us define
the effective amplitudes

sin? 208) = AUai? (1~ [Uatl?) = AUs2 (@ = epp i k2 4), (36)

where we have taken into account the constraint in Eq. (3.1). Dropping the
quadratically suppressed terms also in the survival probabilities, we obtain

N
P((_S)BI({) ~1-— Z sin? 200 sin? Ay, (a=-e,pu,T). (3.7)
VoV k=4
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(k)

Hence, each effective mixing angle ¥4 parameterizes the disappearance of
(=) . .. 1 (&)
v, due to its mixing with vy.
. yege . (=) (=) .
Let us now consider the probabilities of short-baseline v, — v transi-
tions between two different active neutrinos or an active and a sterile neu-

trino. We define the transition amplitudes
sin? 279 = 4| Ui |*|Ugi|? (e # B; k> 4), (3.8)

which allow us to write the transition probabilities as

P(SBL) Zsm 29 B)SIH Ar1

Va—)Vﬁ k=4
N N i ' +)
+22 Z sin 219&5 sin 219% sin Ay sin Ajq cos <Ajk - nagjk> .
k=4 j=k+1
(3.9)
k)

From the first line, one can see that each effective mixing angle 19& 5 baram-

eterizes the amount of (V_ci — (V_lg) transitions due to the mixing of (I/_o)[ and (1/_5
with (V}) The second line in Eq. (3.9) is the interference between the (Jgg and

(I/_j) contributions, which depends on the same effective mixing angles.
Considering now the transitions between two different active neutrinos,
from Egs. (3.6) and (3.8), one can see that for each value of k > 4, the
(k) )

transition amplitude sin 2 of and the disappearance amplitudes sin 219(

and sin 219(6 /62 depend only on the elements in & column of the mixing matrix
and are related by® [101]

sin? 20%) ~ 1 gin 299%) sin 219( ) (a=e,u,T). (3.10)

op =
This relation is very important, because it constrains the oscillation sig-
nals that can be observed in short-baseline appearance and disappearance
experiments in any 3 + Ng mixing scheme with sterile neutrinos. Its exper-
imental test is crucial for the acceptance or rejection of these schemes. In

particular, since both sin? 219&12 and sin? 29%) are small for a, B =eu, T
the amplitudes of the short-baseline transition probabilities between active
neutrinos are quadratically suppressed. We will see in Section 4 that the
current short-baseline data have an appearance—disappearance tension due
to the constraint in Eq. (3.10).

8 This relation was derived in the case of 3+ 1 mixing (see Eq. (3.13)) in Refs. [99,100].
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In the following part of this section, we discuss briefly the main peculiar
characteristics of short-baseline oscillations in the cases of 3+ 1 and 3 + 2
neutrino mixing.

3.1. 3+1 mixing

In the case of 3 + 1 neutrino mixing [99, 100,102, 103], we have Am3, =
AmgBL and Ag; ~ 1 in short-baseline experiments. The transition and
survival probabilities can be written as

PBBY i 204 5in? Agy (a#P),

(=) (=) —
I/a—)l/ﬁ

P((_S)BI(JZ) ~ 1 —sin? 2044 sin® Agy , (3.11)

Va—Va

with the transition and survival amplitudes

sin? 2005 = 4Uaa*[Usal® (o #6),
sin® 2000 = 4|Uad|?® (1 — |Uaal?) , (3.12)

and with the appearance-disappearance constraint [99, 100]
sin® 20,5 =~ 1 sin® 204, sin® 205 (a=re,p,T). (3.13)

The transition and survival probabilities in Eq. (3.11) depend only on
the largest squared-mass difference Am3, = Am2g; and on the absolute
values of the elements in the fourth column of the mixing matrix. The
transition probabilities of neutrinos and antineutrinos are equal, because the
absolute values of the elements in the fourth column of the mixing matrix
do not depend on the CP-violating phases in the mixing matrix. Hence,
even if there are CP-violating phases in the mixing matrix, CP violation
cannot be measured in short-baseline experiments. In order to measure the
effects of these phases, it is necessary to perform experiments sensitive to
the oscillations generated by the smaller squared-mass differences AmiTM
[104-106] or AmZgy, [107].

3.2. 8+2 mixing

In the case of 3 + 2 neutrino mixing [85, 108-111], we have Am2, =~
Am?11 = Am%BL and As; =~ A4 ~ 1 in short-baseline experiments. From
Eq. (3.7), we obtain the short-baseline survival probabilities of active neu-
trinos

P(ES)BIZL ~ 1 —sin® 200 sin? Ay; — sin? 290 sin® A5, (a=¢e,p,7),
Va—Vq

(3.14)
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and from Eq. (3.9), we obtain the short-baseline transition probabilities

P((—S>B%z) ~ sin” 219&4,5)’ sin? Agy + sin? 20 sin® A5
Va—Vg

af

+2sin 219(4) sin 219(5) sin Ay sin A A (i)
of af 41 S A51 COS | As4 TaB54 (a#p).
(3.15)

The appearance and disappearance amplitudes are related by the general
constraint in Eq. (3.10). The 3 4+ 2 scheme has the important characteristic
that CP violation is observable in short-baseline experiments through the
asymmetries

SBL SBL
AT — ) _ )
~ 4sin 21922 sin 20&‘2 sin Ay sin Asg sin Asgsinnegss (3.16)
for a # 5.

4. Global fits of short-baseline data

The results of several analyses of short-baseline neutrino oscillation data
have been published after the discovery of the LSND anomaly in the middle
90s [85, 87,99, 100, 102, 108, 110, 112-125]. The interest in short-baseline
neutrino oscillations was renewed after the discovery in 2006 of the gallium
neutrino anomaly [10-14,126-132] and especially after the discovery in 2011
of the reactor antineutrino anomaly [7,14,19,89,91-93,101, 133-144].

Here, we review the results of the global fit of short-baseline neutrino
oscillation data presented in Ref. [19], in which the data of the following
three groups of experiments have been considered:

(A) The (I;; — (1;6) appearance data of the LSND [18], MiniBooNE [146],
BNL-E776 [147], KARMEN [148], NOMAD [149], ICARUS [150] and
OPERA [151] experiments”.

(B) The following Ve disappearance data: (1) the data of the Bugey-4 [154],
ROVNO91 [155], Bugey-3 [156], Gosgen [157]|, ILL [158]|, Krasno-
yarsk [159], Rovno88 [160], SRP [161], Chooz [162], Palo Verde [163],
Double Chooz [164], and Daya Bay [165] reactor antineutrino exper-
iments with the new theoretical fluxes [7-9, 75]; (2) the data of the

9 The correct but more complicated analysis of the ICARUS and OPERA data pre-
sented in Ref. [152] (see also Ref. [153]) have not been considered because it would
not change significantly the results of the global fits.
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GALLEX [15] and SAGE [16] gallium radioactive source experiments
with the statistical method discussed in Ref. [13], considering the re-
cent 1Ga(3He,>H)*Ge cross-section measurement in Ref. [166]; (3)
the solar neutrino constraint on sin? 20, [14,167-170]; (4) the KAR-
MEN [171] and LSND [172] ve+'2C — 2Ng+e™ scattering data [134],
with the method discussed in Ref. [137].

(C) The constraints on (J,i disappearance obtained from the data of the
CDHSW experiment [173], from the analysis [85] of the data of atmo-
spheric neutrino oscillation experiments, from the analysis [136, 174]
of the MINOS neutral-current data [175] and from the analysis of
the SciBooNE-MiniBooNE data neutrino [176] and antineutrino [177]
data.

The MiniBooNE data require a special treatment, because they show
an anomalous excess in the low-energy bins [146, 178] which, as explained
later, induces a tension in the global analysis of the data of short-baseline
neutrino oscillation experiments [136,137]. Hence, we will discuss two types
of global fits: “total” (TotGLO) and “pragmatic” (PrGLO). In the total fits,
all the data listed above of short-baseline neutrino oscillation experiments
are taken into account. In the pragmatic fits [91], the anomalous low-energy
bins of the MiniBooNE experiment [146, 178] are omitted.

Table I summarizes the statistical results obtained from global fits of the
data above in the 3+ 1 and 3 + 2 schemes. Besides the total and pragmatic
fits, there is also a 3 + 1-noMB fit without MiniBooNE data and a 3 + 1-
noLLSND fit without LSND data which are explained below.

From Table I, one can see that in all fits which include the LSND data,
the absence of short-baseline oscillations is nominally disfavored by about 6o,
because the improvement of the x? with short-baseline oscillations is much
larger than the number of oscillation parameters.

In both the 3 + 1 and 3 + 2 schemes, the goodness-of-fit in the total
analysis is significantly worse than that in the pragmatic analysis and the
appearance—disappearance parameter goodness-of-fit is much worse. This
result confirms the fact that the MiniBooNE low-energy anomaly is incom-
patible with neutrino oscillations, because it would require a small value of
Am?, and a large value of sin®29,,, [136,137], which are excluded by the
data of other experiments (see Ref. [91] for further details)!’. Note that
the appearance—disappearance tension in the 3+ 2-TotGLO fit is even worse

% One could fit the three anomalous MiniBooNE low-energy bins in a 3 + 2 scheme
[142] by considering the appearance data without the ICARUS [150] and OPERA
[151] constraints, but the required large transition probability is excluded by the
disappearance data.
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TABLE 1

Results of the global fit of short-baseline data taking into account all MiniBooNE
data (TotGLO), only the MiniBooNE data above 475 MeV (PrGLO), without Mini-
BooNE data (noMB) and without LSND data (noLSND) in the 3+ 1 and 3 + 2
schemes. The first three lines give the minimum x? ((x2;,)cLo), the number of
degrees of freedom (NDFgro) and the goodness-of-fit (GoFgro) of the global fit
(GLO). The following five lines give the quantities relevant for the appearance—
disappearance (APP-DIS) parameter goodness-of-fit (PG) [145]. The last three
lines give the difference Ax% between the x? without short-baseline oscillations
and (x%,:,)cLo, the corresponding difference of number of degrees of freedom
(NDFno) and the resulting number of ¢’s (nono) for which the absence of os-
cillations is disfavored.

3+1 3+1 3+1 3+1 3+2 3+2
TotGLO PrGLO noMB noLSND | TotGLO PrGLO
(Xzin)aro | 306.0 276.3 2512 291.3 299.6 271.1
NDFqaro 268 262 230 264 264 258
GOFGLO 5% 26% 16% 12% 7% 28%
(XZin) App 98.9 77.0 50.9 91.8 86.0 69.6
(Xain) pis 194.4 1944 1944 1944 192.9 192.9
Axig 13.0 5.3 6.2 5.3 20.7 8.6
NDFpg 2 2 2 2 4 4
GoFpg 0.1% % 5% 7% 0.04% 7%
Ax%o 49.2 47.7 48.1 11.4 55.7 52.9
NDFxo 3 3 3 3 7 7
noNo 6.40 6.30 6.40 2.60 6.10 5.90

than that in the 3 + 1-TotGLO fit, since the Ax%G is so much larger that it
cannot be compensated by the additional degrees of freedom'!'. Therefore,
we think that it is very likely that the MiniBooNE low-energy anomaly has
an explanation which is different from neutrino oscillations'?. The cause
of the MiniBooNE low-energy excess of ve-like events is going to be inves-
tigated in the MicroBooNE experiment at Fermilab [182], which is a large
Liquid Argon Time Projection Chamber (LArTPC) in which electrons and
photons can be distinguished .

' This behavior has been explained in Ref. [179]. It was found also in the analysis
presented in Ref. [93].

12 Only some part of the MiniBooNE low-energy anomaly can be explained by taking
into account nuclear effects in the energy reconstruction [144,180, 181].

13 Tn the MiniBooNE, mineral-oil Cherenkov detector, ve-induced events cannot be dis-
tinguished from v,-induced events which produce only a visible photon (for example,
neutral-current 7° production in which only one of the two decay photons is visible).



724 C. GIUNTI

In the following, we adopt the “pragmatic approach” advocated in
Ref. [91] which considers the PrGLO fits without the anomalous MiniBooNE
low-energy bins as more reliable than the TotGLO fits, which include the
anomalous MiniBooNE low-energy bins.

The 3 4+ 2 mixing scheme was considered to be interesting in 2010 when
the MiniBooNE neutrino [178] and antineutrino [183] data showed a
CP-violating tension, but this tension almost disappeared in the final Mini-
BooNE data [146]. In fact, from Table I, one can see that there is little
improvement of the 3 + 2-PrGLO fit with respect to the 3 + 1-PrGLO fit, in
spite of the four additional parameters and the additional possibility of CP
violation. Moreover, the p-value obtained by restricting the 3 + 2 scheme
to 3 4 1 disfavors the 3 + 1 scheme only at 1.1o. Therefore, we think that
considering the larger complexity of the 3 + 2 scheme is not justified by the
data and in the following, we consider only the 3 + 1 mixing scheme.

Figure 1 shows the allowed regions in the sin? 2196#7Am42u, sin? 20—
Am?; and sin? 249,,,~Am3, planes obtained in the 3 + 1-PrGLO fit. These

. . (=) (=) =) 5.
regions are relevant, respectively, for v, — v, appearance, v, disappear-
(=) . . .
ance and v, disappearance searches. Figure 1 shows also the region allowed
(=) (=) . =) 5.
by v, — V. appearance data and the constraints from v, disappearance

and (V;i disappearance data. One can see that the combined disappearance
constraint in the sin® 29,,~Am3; plane excludes a large part of the region

allowed by (V_,i — (lj_e) appearance data, leading to the well-known appearance—
disappearance tension [19,91-93,101,135-137,140,142,179| quantified by the
parameter goodness-of-fit in Table I. The best-fit values of the oscillation
parameters are (Am3 )pr = 1.6eV2, (|Uea|?)pr = 0.028, (|Upa]?)ps = 0.013,
which imply (sin? 29.,)ps = 0.0014, (sin? 20¢¢)pr = 0.11 and (sin? 20, )bt =
0.050.

It is interesting to investigate what are the impacts of the MiniBooNE
and LSND experiments on the global analysis of short-baseline neutrino
oscillation data. With this aim, we consider two additional 3 + 1 fits: a
3 4+ 1-noMB fit without MiniBooNE data and a 3 + 1-noLSND fit without
LSND data. From Table I, one can see that the results of the 3 + 1-noMB
fit are similar to those of the 3 4+ 1-PrGLO fit and the nominal exclusion of
the case of no-oscillations remains at the level of 60. On the other hand,
in the 3 + 1-noLSND fit, without LSND data, the nominal exclusion of
the case of no-oscillations drops dramatically to 2.60. In fact, in this case,
the main indication in favor of short-baseline oscillations is given by the
reactor and gallium anomalies which have a similar statistical significance
[14]. Therefore, it is clear that the LSND experiment is still crucial for the
indication in favor of short-baseline 7, — 7, transitions.
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Fig.1. Allowed regions in the sin? 20, Am3y, sin? 20,.-Am3, and sin? 20,
Am3, planes obtained in the pragmatic 3 + 1 global fit PrGLO of short-baseline

neutrino oscillation data compared with the 30 allowed regions obtained from (17,; —

(1/_6) short-baseline appearance data (APP) and the 30 constraints obtained from (V_e)

short-baseline disappearance data (v, DIS), (J; short-baseline disappearance data
(v, DIS) and the combined short-baseline disappearance data (DIS). The best-fit
points of the global (PrGLO) and APP fits are indicated by crosses.

5. Conclusions

The reactor, gallium and LSND anomalies can be explained by neutrino
oscillations if the standard three-neutrino mixing paradigm is extended with
the addition of light sterile neutrinos which can give us important informa-
tion on the new physics beyond the Standard Model.

The global fits of short-baseline neutrino oscillation data in the frame-
work of mixing schemes with one or more sterile neutrinos suffer from a
tension between the results of appearance and disappearance short-baseline
neutrino oscillation experiments. This tension can be alleviated adopting
the “pragmatic approach” advocated in Ref. [91], in which the anomalous
MiniBooNE low-energy excess of ve-like events is neglected from the global
analysis of short-baseline neutrino oscillation data. The cause of the Mini-
BooNE low-energy excess is going to be investigated in the MicroBooNE
experiment at Fermilab [182].

Moreover, the cosmological data indicate a tension between the neces-
sity to have a sterile neutrino mass at the eV scale and the expected full
thermalization of the sterile neutrinos through active—sterile oscillations in
the early Universe [140, 179, 184—186]. This problem led several authors to
propose new mechanisms that can relieve the tension: a large lepton asym-
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metry [187-198|, new neutrino interactions [199-211], entropy production
after neutrino decoupling [212], neutrino decay [213], very low reheating
temperature [214,215], time varying dark energy components [216], a larger
cosmic expansion rate at the time of sterile neutrino production [217], infla-
tionary freedom [218].

Because of the scarcity of data and the tensions between different data
sets, the possible existence of light sterile neutrinos at the eV scale is con-
troversial and needs new reliable experimental checks. Fortunately, there
is an impressive program of new experiments which are planned to check
the existence of eV sterile neutrinos (see the reviews in Refs. [19,219-225])
with high-precision investigations of neutrino oscillations over short base-
lines by using very accurate detectors for investigating the disappearance of
reactor electron antineutrinos (DANSS [226], NEOS [227], Neutrino-4 [22§],
PROSPECT [229], SoLid [230], STEREO [231]) and electron neutrinos pro-
duced by very intense radioactive sources (BEST [232], CeSOX [233]). New
accelerator experiments will perform robust investigations of short-baseline
<1;,j — U, transitions (JSNS2 [234], SBN [235]) and (5,1 disappearance (KPipe
[236], SBN [235]). Hence, we are confident that the question of the existence
of the light sterile neutrinos indicated by the reactor, gallium and LSND
anomalies will be answered in a definitive way in the next years.

Moreover, light sterile neutrinos have important effects that could be
observed in  decay experiments [237-242|, in neutrinoless double-3 decay
experiments [14,243-251], in solar neutrino experiments [14,93,107,168-170,
252], in long-baseline neutrino oscillation experiments [104-106,253-258], in
atmospheric neutrino experiments [259-268], in supernova neutrino experi-
ments [116,269-276], in indirect dark matter detection [277], in high-energy
cosmic neutrinos experiments [278-280], and in cosmology (see Refs. [19,
281-285]).

Let us finally emphasize that the discovery of the existence of sterile neu-
trinos would be a major discovery which would have a profound impact not
only on neutrino physics, but on our whole view of fundamental physics, be-
cause sterile neutrinos are elementary particles beyond the Standard Model.
The existence of light sterile neutrinos would prove that there is new physics
beyond the Standard Model at low energies and their properties can give im-
portant information on this new physics.

This work was partially supported by the research grant of the Theoreti-
cal Astroparticle Physics number 2012CPPYP7 under the program PRIN
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