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Several neutrino experiments have reported results that are potentially inconsistent with our current
understanding of the lepton sector. A candidate solution to these so-called short-baseline anomalies is
postulating the existence of new, eV-scale, mostly sterile neutrinos that mix with the active neutrinos.
This hypothesis, however, is strongly disfavored once one considers all neutrino data, especially those
that constrain the disappearance of muon and electron neutrinos at short baselines. Here, we show that if
the sterile-active mixing parameters depend on the energy scales that characterize neutrino production
and detection, then the sterile-neutrino hypothesis may provide a reasonable fit to all neutrino data.
The reason for the improved fit is that the stringent disappearance constraints on the different elements
of the extended neutrino mixing matrix are associated to production and detection energy scales that
are different from those that characterize the anomalous appearance data at MiniBooNE. We show,
via a concrete example, that secret interactions among the sterile neutrinos can lead to the results

of interest.
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I. INTRODUCTION

In the era of the ground-breaking experiments that have
led to the discovery of neutrino oscillations and nonzero
neutrino masses [1-3], there have been several experi-
ments whose findings continue to challenge the standard
three-massive-active-neutrinos paradigm. We refer to these
as the short-baseline anomalies. The first hint for neutrino
flavor change at baselines that are inconsistent with what is
currently known about neutrino masses—in hindsight, the
baseline turned out to be too short—came from the LSND
experiment [4,5]. Data from LSND can be interpreted as
evidence for 7, — 7, oscillations. The MiniBooNE experi-
ment [6], originally designed to test the oscillation inter-
pretation of the LSND data, is consistent with an excess
of v,-like events at low energies [7-9]. MiniBooNE data
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can be interpreted as evidence for v, —» v, and ¥, — 7,
oscillations. In parallel, short-baseline reactor neutrino
experiments reported a deficit of electron antineutrinos
from reactor sources [10,11]. These data are consistent
with 7, disappearance but recent data and analyses indicate
that the so-called reactor anomaly may turn out to be the
result of a misestimation of the flux of antineutrinos from
nuclear reactors [12,13]. Finally, there is the so-called
gallium anomaly [14-16], which is consistent with short-
baseline v, disappearance and for which the BEST experi-
ment [17] has recently provided supporting evidence. In
this paper we will focus on the LSND and MiniBooNE
anomalies; the latter is still in great focus as it is currently
being tested by the Short-Baseline Neutrino (SBN)
Program at Fermilab [18-20].

The introduction of eV-scale mostly sterile neutrinos
can successfully explain the LSND and MiniBooNE
results [9,21,22]. However, this hypothesis is not favored
once all available neutrino data are considered in
tandem [23-25]. In particular, in the regions of parameter
space where one can fit the data from LSND and
MiniBooNE and satisfy constraints from solar and reactor
neutrino data, there is strong tension with muon neutrino
disappearance searches performed by, especially, the
IceCube [26] and MINOS [27] experiments. Here, we
argue that this tension can be significantly alleviated if one
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allows the active-sterile mixing parameters to depend on
the energy scales associated to neutrino production and
detection.' We further demonstrate that secret interactions
between the sterile neutrinos and a relatively light new
U(1) gauge boson can lead to the effect of interest.

II. ENERGY-DEPENDENT MIXING PARAMETERS

New neutrino interactions lead to energy-dependent
neutrino mixing parameters. In Ref. [29], we demonstrated
that, if the new particles are light enough, this energy
dependency can lead to observable effects in oscillation
experiments. To introduce the effect, one can focus on the
probability that a neutrino produced with energy E, as a v,
will be detected as a vy, @, f = e, u, 7, after propagating a
distance L, given by

2
m2—m2

_i )k
Py = ZU;jUﬂjUakU;;ke L (1)
Jjk

where j,k=1,2,3,..., and m; are the neutrino masses,
associated to the mass eigenstates v;. In Eq. (1), the elements
of the mixing matrix U,; (@ = e, u, 7) are proportional to the
couplings between the W boson, the charge lepton #,, and
the neutrino mass eigenstate v;. Quantum mechanical effects
lead the magnitude of the entries of U to “run”; ie., U
depends on the momentum-scale associated to the process
that leads to neutrino production or detection. Including
these renormalization-group-running (RG) effects, the prod-
ucts Uy,; Uy in Eq. (1) should be evaluated at the production
energy scale while the products Uy; Uy, in Eq. (1) should be
evaluated at the relevant detection energy scale.

The key point is that processes of neutrino production and
detection do not necessarily correspond to the same energy
scale, even at a single experiment. In experiments like LSND
and MiniBooNE, neutrinos are chiefly produced in pion
decay and therefore the relevant production energy scale is
the pion mass. In contrast, neutrino detection typically
occurs via neutrino charged-current scattering on nucleons,
so the relevant detection energy scale is a function of E, and
the nucleon mass, my. In this work (as in Ref. [29]), for the

detection energy scale, we choose \/2EZmy/(2E, + my),
the square root of the mean value of the Mandelstam
variable . The final ingredients in Eq. (1) are the neutrino

mass-squared differences mf — m?. While the mass param-

eters in general also depend on the energy scale, in neutrino
oscillations they correspond to the physical, on-shell masses,

'We point out the phenomenological study [28] where arbi-
trary energy dependence of mixing parameters was considered. In
this work we present a study where renormalization group effects,
induced within a particular model, are governing the evolution of
mixing angles.

as we argued in [29] (see also [30]). On-shell masses, of
course, do not run.

In [29], we presented different new-physics scenarios,
some of which were associated to the origin of nonzero
neutrino mass, where RG effects are significant for
the energy scales associated to neutrino experiments.
We also discussed, for the three-massive-active-neutrinos
paradigm, phenomenological implications for the long-
baseline T2K [31] and NOvA [32] experiments as well as
the flavor composition of astrophysical neutrinos observed
in IceCube [33] (see also [34]). Here, we extend these ideas
to the active-sterile neutrino mixing sector and illustrate
how the short-baseline anomalies can be resolved by this
mechanism.

III. THE MODEL

We add to the Standard Model (SM) particle content two
SM gauge-singlet fermions N and N’ (sterile neutrinos) and
a SM gauge-singlet scalar S, and assume

C, -
LD X“L,XHSN+ MN’'N + H.c., (2)

where L,, @ = e, u, 7, and H are, respectively, the SM lepton
and Higgs doublets, C, are dimensionless coupling con-
stants, A is the energy scale that characterizes the dimension-
five effective operator in Eq. (2)2 and M is the (Dirac) sterile
neutrino mass. We assume that S acquires a nontrivial
vacuum expectation value. In the context of the short
baseline anomalies, u, = C,(H)(S)/A ~0.01-0.1 eV and
M ~ 1 eV are required. After spontaneous symmetry break-
ing, Eq. (2) adds to the neutrino mass matrix, expressed here
in the extended weak-eigenstate basis (v,, N, N'):

x x x u, O
x x x o, 0
M,=| x x x pu 0. (3)
He Hy H: 0 M
0 0 0 M 0

The upper-left 3 x 3 submatrix in Eq. (3) (whose elements
are denoted with “x”) is given by U*diag(m,, m,, ms)U",
where m; are the mostly active neutrino masses.” In order to
address the LSND and MiniBooNE anomalies, we need
mixing between the mostly sterile states and the electron and

*We will not discuss the physics that leads to such a term at low
energies. It is enough to assume it involves fields that are at or
above the electroweak symmetry breaking scale so that this
physics does not contribute to the running of mixing parameters
at the energy scales of interest.

We are agnostic regarding the physics that leads to the mostly
active neutrino masses. It is unrelated to the presence of N and N’,
by design. One viable scenario for active neutrino mass gen-
eration is the canonical type-I seesaw mechanism [35-39].
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muon neutrinos, hence y, and p, need to be nonzero. Given
that data are mostly silent regarding mixing with v,, for
simplicity, we set y, = 0. For concrete numerical compu-
tations, we assume the so-called normal mass ordering and
that m; vanishes. The nonzero masses are derived from the
mass-squared differences, whose values agree with the best-
fit values in [40]. For the elements of the 3 x 3 “active”
neutrino mixing matrix U, we took the best-fit values for the
mixing angles from [40] and set the CP-violating phases
to zero.

The model is designed to minimize the running of the
mostly active mixing parameters. In particular, Eq. (3) is
such that, at leading order in u,/M, the mostly active
neutrino masses and mixing parameters do not depend on
u, or M. This is easy to understand. In the absence of
mostly active neutrino masses [“x” in Eq. (3)], Eq. (2) is
invariant under a U(1) global lepton-number symmetry
where N has lepton number +1 and N’ has lepton number
—1. In this case, one finds only one massive neutrino. After
symmetry breaking, the left-chiral projection of the massive
state—a Dirac fermion—is a linear combination of the
active neutrino states and N.

Upon diagonalizing M, the five mass eigenvalues are, to
leading order in u,/M, m,,m,y, m3, M, —M (the negative
sign is not physical). Since M > p,, m;, the heaviest two
states are mostly sterile neutrinos with approximately
identical masses and mixing with the active neutrinos. As
far as short-baseline oscillations are concerned, these can be
treated as one effective state v,. The effective parameters
characterizing v4 mixing with electron (6;4) and muon (6,4)
neutrinos read [23,41,42]

tan614_%, tan924 2% (4)

While here the p, parameters do not run below the
electroweak scale, the mixing angles in Eq. (4) are energy
dependent as long as M is the subject of relevant quantum
corrections. In order to induce a significant change of M
across the energy scales of interest, we introduce a new
U(1)" gauge interaction between the sterile neutrinos and a
new gauge boson Z’,

LD ¢NZ'N - g¢N'Z'N, (5)

where we assign equal and opposite U(1)’ charges to N and
N’ while none of the SM particles are charged. For previous
studies involving sterile neutrino interactions with novel
gauge bosons see, for example, [43—47]. Since there are two
sterile neutrinos with opposite U(1)" charges, the theory is
anomaly free. The new scalar field S is also charged under
U(1)" and we choose its charge to be such that NSisa U(1)’
singlet and the dimension-five term in Eq. (2) is gauge
invariant. When S acquires an expectation value, the Z’
vector boson acquires a mass M, that we assume to be of
order a few MeV.

The new gauge interaction from Eq. (5) introduces a
scale dependence to the parameter M,

) = i) (1- 28 (L)) )

2472 u

where u is the energy-scale where M is being evaluated, p
is a reference value, which we associate with low energies,
and ¢ (u) is the coupling constant at the energy scale . We
included contributions from N(1), N'(—1), and S(—1) for
the running of ¢/, where the U(1)’ charges of the fields are
indicated in parenthesis. As u increases, M (u) decreases and
the mixing angles in Eq. (4) increase with energy. This is
precisely the effect we require in order to improve the
consistency of the sterile-neutrino solution to the LSND and
MiniBooNE anomalies. Note that the decrease of M (u) with
energy has its analog in QED: the electron mass gets smaller
as the energy scale increases (see, for example, [48]).

As one runs towards lower energies, the running,
roughly speaking, “stops” once the virtual particles are
heavy relative to the energy scale. The massive particle
here is the Z'. Throughout, we fix M, =5 MeV. We
checked that an MeV-scale Z’ that couples only to sterile
neutrinos does not run into any experimental or observa-
tional bounds, even after one allows for active-sterile
neutrino mixing. In particular, constraints are significantly
weaker relative to the case where the new Z' couples
directly to active neutrinos [49].

IV. RUNNING OF STERILE NEUTRINO
MIXING ANGLES

The excess of electron (anti)neutrinos at LSND and
MiniBooNE can be explained by eV-scale sterile neutri-
nos. These induce neutrino oscillations for L/E, =
O(1 m/MeV), provided there is mixing with both electron
and muon neutrinos. The v, — v, oscillation probability,
assuming a short baseline (L/E, < 1 km/MeV) and one
eV scale mostly sterile neutrino v, with mass m, reads

2 Ami, L

P,, = sin’20,, sin iE
14

; (7)

where sin? 20, = 4|U,4|*|U,4|* and m} — m3? = Amj,. In
the language of the mixing angles introduced in Eq. (4),
Uey = sin6y and U,y = sin 0y cos 0.

For the Am3, values of interest, 6, is strongly con-
strained by experiments at the MeV scale, namely reactor
and solar neutrino experiments [50]. The results from
reactor experiments, however, are very dependent on flux
estimates [12] so we will chiefly focus on constraints from
solar experiments [51]. There are, nonetheless, uncertainties
from solar physics. These are captured by the existence
of various solar models that translate into different
bounds. Here, we will consider limits on 8, from two
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such models—GS98 and AGSS09 [52]. The latter translates
into the strongest bound on 6,.

For the Am?, values of interest, the strongest bounds on
0,, come from the MINOS [27] experiment. Another
powerful probe is the IceCube measurement of the
disappearance of TeV-scale muon neutrinos propagating
through the Earth; in the presence of eV-scale sterile
neutrinos, this effect is strongly enhanced by matter
effects [26,53]. While 8,4, is more strongly constrained
at the MeV scale, limits on 6,, come from experiments
where the neutrino detection process is characterized by
neutrino energies at or above 1 GeV.

Although disappearance data require sin” 0,4, sin” 6,4 to
be small, the MiniBooNE and LSND data require both
sin® @4, sin® @5, to be bounded from below [see Eq. (7)]. In
a nutshell, this is the source of the tension that ultimately
disfavors the eV-scale sterile neutrino hypothesis as the
solution to the short-baseline anomalies. If one allows for
the possibility that the sterile-active mixing parameters
depend on the energy scale, however, then the tension can
be alleviated.

When it comes to experiments sensitive to 0,4, including
IceCube and MINOS, the production energy scale is also,
like for LSND and MiniBooNE, the pion mass, while the
detection energy scales are somewhat higher: the neutrino
energies are £, ~0.1 GeV for LSND, E, ~ 0.8 GeV for
MiniBooNE, E, ~3 GeV for MINOS, and E, ~1,
000 GeV for IceCube. The range of detection energy
scales at LSND, MiniBooNE, and MINOS are indicated
in Fig. 1.

Figure 1 depicts the value of sin® #,, in blue and sin” ,,
in green as a function of y = \/@ the relevant energy
scale associated to a given production or detection

Am3 =1 eV?

S'“\z 0 1A

MINOS

. LSND | . MBH—
I 1 1 1
1073w . -
1072 107! 1
V@ [GeV]
FIG. 1. Renormalization group evolution of sin’>#;, and

sin 6,4. Here, ¢ (uo) = 1.41 and Am3; =1 eV2. See text for
details. The dashed horizontal lines indicate the constraints on
sin® @4 and sin’ #,, in the absence of quantum corrections. The

energy scales associated to neutrino detection at LSND, Mini-
BooNE, and MINOS are also indicated.

process. We choose sin’64(u = 5 MeV) = 0.0195, indi-
cated by the blue, horizontal, dashed line, so it saturates
the two-sigma solar bound assuming the AGSS09 solar
model and sin’0,4(u = 5 MeV) = 0.0025, depicted by the
green, horizontal, dashed line, so that when the mixing runs
to higher scales it satisfies the MINOS constraint at
90% C.L. for Am3, = 1 eV2 We choose ¢ (4 = 5 MeV) =
1.41 and M, =5 MeV, typical of ®B solar neutrino
energies. We perform the calculation for both the effec-
tive-four-neutrinos and the complete five-neutrinos picture
(solid and dot-dashed lines, respectively) noting that the
differences are negligible, as expected. In the five-neutrinos
picture, sin? 0,4 = |U4|*> + |U,s|*> while cos? 6,4 sin? 0,,=
|U,u|* + |U,s|. Figure 1 illustrates our main point. RG
effects can make the solar bound on sin” #,, significantly
weaker at LSND/MiniBooNE energy scales, by roughly a
factor of 4. For sin” 0,4, the running renders the MINOS
constraint only a little stronger, particularly compared to the
MiniBooNE scale. Combined, the running allows for larger

v, — v, appearance given the disappearance constraints.

V. CONSTRAINTS ON THE MIXING ANGLES

In order to quantify how much RG effects can improve
the likelihood of the eV-scale sterile-neutrinos hypothesis,
we first consider constraints on 64 and 6,, once RG
effects are taken into account. The solar neutrino con-
straints on 6, discussed earlier in the context of the
standard scenario also apply in the context of a running
014, except that those constraints limit 8,4 at low energies
(below 10 MeV). There are also high energy constraints
on @, from atmospheric neutrinos at Super-Kamiokande
and IceCube, discussed in [23]. While these are not as
strong as the solar constraints, since they constrain 6y, at
higher energies, they are competitive.

As already briefly discussed, sin? #,, is constrained by
short-baseline searches for v, disappearance. To discuss
the energy dependency, for illustrative purposes, we make
use of Eq. (IIl. 7) in [29]. In the absence of CP violation,
it reads

Amj,L
iE,

v

P,, =cos(0, —60,)* —sin20, sin 26, sin’

(8)

where 6, and 0, are the values of the mixing angle (here
6,,4) at production and detection, respectively. We can use
this expression to “map” the energy-dependent mixing
parameters into the standard energy-independent ones,
quoted by the different experiments as a function of Am7,
and obtained using the standard oscillation probability

P Amj,L
4E,

1 2 2
W—l sin“ 20 sin

©)
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One can see, for example, by comparing the amplitude of
the oscillation, that sin 26, sin 26, plays the role of sin® 260
once RG effects are taken into account. For 6,4-related

bounds, 6, is evaluated at \/Q? = m, ~0.14 GeV for
atmospheric and accelerator neutrinos. On the other hand,

0, is evaluated at \/Q? = \/2E2my /(2E, + my). We take
E, =3(10) GeV for MINOS (atmospheric neutrinos).
In numerical analyses, we do not use Eq. (8) but instead
include all neutrino flavors and the RG dependent mixing
matrix that comes from Eq. (3). Equation (8) assumes, for
example, that all mass-squared differences other than Am3,
are zero, an approximation that is not valid for MINOS and
atmospheric neutrinos. The combination sin 26, sin 26,
nonetheless, is a natural “building block” of the more
general expression, rendering Eq. (8) useful. When comput-
ing constraints on the allowed values of the parameters, we
also include constraints from experiments that operated at
higher energies: CDHS v, disappearance [54] and NuTeV

v, and v, appearance [55,56] at \/@ ~4.5 GeV. These
come from zero-baseline flavor transitions arising from the
mismatch between the mixing matrices at production and
detection, keeping in mind both sterile and active mixing
angles are subject to running effects. As discussed earlier,
the running of active mixing angles is, by design, relatively
suppressed.

Another important signature of the sterile-neutrino
hypothesis is the disappearance of TeV-scale muon anti-
neutrinos passing through the Earth, where the oscillation
probability is enhanced due to matter effects [53]. These are
constrained by IceCube [26]. The matter potential for muon
(anti)neutrinos depends on the electron and neutron number
density of the medium, as well as on neutrino oscillation
parameters Am? and 6 evaluated at zero momentum trans-
fer. The energy-dependent mixing parameter formalism for
neutrino propagation in constant density matter (here we
assume the Earth to have a constant density of 5 g/cm? and
that the number of protons and neutrons is the same) was
discussed in detail in [29] (see Sec. III B).

For a simplified two-flavor system (muon and sterile
neutrino), the effective mixing angle in matter is

[Am?sin20 — 2E,V sin(20 — 26,)]?
(Am?cos26, —2E,V)? + (Am?sin20)?’

Sin2 29et‘f ~ ( 10)

where 0, denotes the mixing angle at zero momentum

transfer, V = +v/2/2Ggn, (where n, is the neutron
number density), the positive sign corresponding to muon
antineutrinos, and, for simplicity, here we ignore the
difference between production and detection scale mixing
angles—both are denoted as 8. The familiar expression for
the mixing angle in matter is reproduced for 8 = 6, when
the second term in the numerator of Eq. (10) vanishes. In a
general scenario with energy-dependent mixing parame-
ters we observe that, when the resonance condition

1.0

0.8}

0.6;

n?
0.4

0.2+

0.0" ' : - - -
1 2 5 10 20 50
L[10% km]

FIG. 2. Disappearance probability of TeV-scale muon antineu-
trinos in the standard (blue) and energy-dependent frameworks
(green), assuming only two-flavors (muon and sterile neutrino)
and that the antineutrinos go through the Earth. vAm? =
0.35 eV and E, is set to the resonant energy. In both curves,
the mixing angles are chosen such that the amplitude of v, — v,
oscillations at MiniBooNE is 3 x 1073. In the energy-dependent
framework, relative to the standard scenario, the resonance is
shifted towards larger values of L, often exceeding the Earth’s
diameter for the values of the parameters of interest.

(Am? cos 26, = 2E,V) is satisfied, 0. does not reach
maximal mixing, unlike in the standard scenario. In
practice, however, for the values of the parameters that
are of interest here, this deviation from maximal mixing is
rather small.

Nevertheless, the impact of the running is significant
when interpreting IceCube constraints on sterile neutrino
mixing. Figure 2 depicts P,, as a function of the baseline
L, for both the standard (blue) and energy-dependent
(green) scenarios, assuming the neutrino energy is such
that the resonance condition is met. For both curves, P,
reaches values that are very close to zero (sin® 20,5 very
close to 1). In Fig. 2, the mixing angle and mass-squared
difference are interpreted as 6,4 and Am3,, respectively. In
order to establish a connection with, for concreteness,
the MiniBooNE anomaly, in the standard case (blue curve),
we choose sin?#;, = 0.0195, which saturates the 2¢
C.L. bound from solar data assuming the AGSS09 solar
model [51], and sin? @y = 0.039 such that sin?20,, =
3 x 1073 [see Eq. (7)]. Since E, is such that the resonance
condition is met, the dependency on Am3, in the region of
interest is negligible. In the case of the energy-dependent
scenario (green curve), we set ¢/(1/0* =5 MeV) = 1.34,
choose the same value for 04 (at low energies) as before,
and fix sin?6,,(1/0? =5 MeV) = 0.0069 such that, at
MiniBooNE, the amplitude of the oscillatory term in P, is
3 x 1073 [cf. Eq. (11)]. This allows an “apples to apples”
comparison between the standard and the energy-dependent
scenarios.
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The most relevant difference between the standard and
new physics cases is the resonant oscillation length: L =
7/(V sin 26) in the standard case, versus L ~ z/(V sin 26,)
in energy-dependent framework. Since 6 is small relative
to &—see Fig. 1, keeping in mind 6, is evaluated in the low
energy region—the resonant baseline is shifted to higher L
in the energy-dependent case, i.e., the first minimum of the
green curve is at larger values of the propagation length.
This relative shift weakens the standard limit from IceCube.
For the values of Am% , of interest, the standard case leads to
a more pronounced muon antineutrino disappearance effect
inside the Earth (2Rg ~ 13, 000 km).

To evaluate the IceCube constraint on the energy-
dependent mixing scenario, we performed the following
simplified analysis. We define the number of v, resonant
events for a given model as Nl = C x [ d(cos {)¢p(EX)
o(Exs)Pmodel where EX* is the neutrino energy that yields
resonant oscillations in the Earth, C is a constant, and the
integral is over the zenith angle {. A point in our model
would be ruled out if N < N5 where “run” and “stand”
refers to the running and the standard 3 + 1 sterile neutrino
models, respectively, for the same Am3,. N5 is calculated
using the value of 6,, in the 3 + 1 scenario that is con-
strained at the 99% C.L. by IceCube [26]. We find that the
IceCube bound for the running scenario is always signifi-
cantly weaker than the bounds from MINOS, CDHS, and
NuTeV, and thus we do not consider IceCube in our
combined constraints.

VI. RESULTS

We interpret MiniBooNE and LSND as a consequence of
v, = v, oscillations. The analog of Eq. (7)in the energy-
dependent-mixing-parameter formalism reads [29]

Am3, L
= sin(0, = 0,)° + sin 20, sin 20, s> == (1)

14

P,

where 6, and 6, are the effective mixing angle
between electron and muon neutrinos, 6,,, evaluated at
the production and detection scales, respectively (sin 20, =
2|U 14||U 44])- Equation (11) contains a baseline-independent
term sin(¢, — 6,)* that leads to zero-baseline flavor tran-
sitions. For addressing the MiniBooNE and LSND data, this
term is always suppressed (by at least an order of magnitude)
relative to the amplitude of the oscillatory term. This
indicates that P,,, for parameter values that are relevant
for addressing the MiniBooNE and LSND anomalies, is well
approximated by Eq. (7) with an effective sin? 20,,,. When
computing our final results, instead of making use of
Eq. (11), we perform the calculation in the full five-flavor
picture and extract the effective sin’ 20,, by isolating the

coefficient of the oscillatory term.

N
2,
NE; o M 2.
< =
i “~ MB 1y
N 1
107! : :
1073 1072

sin® [26,e]

FIG. 3. “Standard”: combined constraints on sin’ 20,, as a
function of Am?2,, assuming the standard 3 + 1 scenario. “Re-
normalization group evolution” (RGE): combined constraints on
the effective sin® 26,,, at MiniBooNE as a function of Amj; in the
model of interest. We include bounds from solar experiments
(using the AGSS09 model), MicroBooNE, and vy disappearance
experiments, including MINOS. The region of parameter space
preferred by MiniBooNE is depicted in gray. The dashed, purple
line is the 36 C.L. sensitivity of the SBN program to v,
appearance. See text for details.

We perform a scan of the parameter space for different
models, identifying the values of Am3, and the (effective)
sin? 20, that are consistent with the neutrino data except for
those associated to the short-baseline anomalies. Results
from v, appearance at MicroBooNE, estimated in [57], are
also included in our computations.4 In parallel, we consider
the region of the same parameter space preferred by
MiniBooNE or LSND. We use the comparison of these
two regions in order to gauge how well a specific model can
accommodate all the data.

Figure 3 depicts in gray the region of parameter space
preferred by MiniBooNE at the one sigma and two sigma
levels. The contour labeled “Standard” indicates the region
of parameter space where the constraints from solar data, in
the context of AGSS09 model, are saturated at the two
sigma level along with the 90% C.L. constraint from
MINOS. This illustrates the well-known mismatch between
the appearance and disappearance data—the ‘“standard”
bound has no overlap with the region of parameter space
preferred by MiniBooNE. Furthermore, we note that the
“standard” curve only has marginal overlap with the 3o

*MicroBooNE is also sensitive to v, and v, disappearance
[57]. Such limits are relatively less relevant for our analyses and
have not been included.
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FIG. 4. Same as Fig. 3, except the GS98 solar model is used to
extract the bounds from solar data.

C.L. v, appearance sensitivity of the Short-Baseline
Neutrino Program [ 18-20] depicted with the dashed, purple
line labeled “SBN” (from [57]).

The contour labeled “RGE” indicates the region of
parameter space where the same constraints are saturated
in the model presented here, where sin? 20,, stands for the
effective sin® 20,, defined above. For each value of

M(uo) = \/Am3,, we performed a dense scan of the u,

and ¢ (v/Q* =5 MeV) parameter space identifying

the maximal effective sin’ 20,, for which all constraints

are satisfied. Typically, the scan preferred ¢ (\/@ =
5 MeV) € [1.35,1.5], which guarantees the absence of
Landau poles below 10° GeV.

Atmospheric neutrino experiments and MINOS yield the
most important constraints in the framework with energy-
dependent mixing parameters at Am?2, < 1 eV2. At higher
values of Amj;, those limits are somewhat relaxed and
MicroBooNE constraints on sin? 20,, [57] dominate the
shape of “RGE” curve in Fig. 3. Running effects do not
really modify the MicroBooNE limits since both
MicroBooNE and MiniBooNE use the same beamline
and hence the production and detection energy scales are
essentially the same.

Relative to the “standard” curve, the “RGE” allowed
region is significantly shifted to the right and, in this case,
there is an overlap between disappearance bounds and the
region preferred by MiniBooNE at less than two-sigma. It
is clear that when one allows the active-sterile mixing
parameters to “run,”’ the sterile-neutrino hypothesis pro-
vides a much better fit to the MiniBooNE data combined
with constraints from the disappearance of v, and v, from

10!
1LSND 99% cL.
=
L
— 100:
g g L
[ = S[VD
- N <<
& =
%)
107! ‘ ‘
1073 1072
sin® [26,]
FIG. 5. Same as Fig. 3, for LSND instead of MiniBooNE. The

region of parameter space preferred by LSND is depicted in gray.
Detection energies are smaller at LSND and the distinction
between the two red curves is not as pronounced as in the
MiniBooNE case (Fig. 3).

solar experiments and MINOS, respectively. In the near
future, SBN data—dashed, purple curve—will be able to
decisively explore the region of the new-physics parameter
space where there is more agreement between MiniBooNE
and the rest of the neutrino data. SBN is well positioned to
make a discovery or exclude (or at least severely constrain)
the new physics discussed here.

Figure 4 is similar to Fig. 3, assuming instead the GS98
solar model. This model leads to a less severe solar-neutrino
bound on 8, (at several MeV) and both the “standard” and
“RGE” curves are shifted to larger (effective) sin® 20,,
values relative to those in Fig. 3.

Figure 5 is similar to Fig. 3, except that we concentrate
on the LSND anomaly. Relative to Fig. 3, there are two
important changes. One is that the region of parameter
space preferred by the LSND data is not identical to that
preferred by MiniBooNE. More important is that the
detection energy scales associated to LSND are an
order of magnitude smaller than the ones associated to
MiniBooNE. Hence, running effects are not as pro-
nounced, and the “RGE” curve is similar to the “standard”
one. In a nutshell, even when running effects are taken into
account, we do not expect a good combined fit to LSND
and short-baseline disappearance experiments.

VII. SUMMARY AND CONCLUSIONS

The sterile-neutrino interpretation of the MiniBooNE
anomaly is strongly disfavored by other neutrino experi-

ments, especially those that constrain the v, and v,
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disappearance at short baselines [23-25]. We showed that
the situation is significantly improved if the active-sterile
mixing parameters depend on the energy scales associated to
neutrino production and detection. This can be realized, for
example, if there are two sterile neutrinos that couple to a
new, light U(1) gauge boson with equal and opposite
charges. In this case, RG effects lead to active-sterile mixing
parameters that grow as a function of the renormalization
scale and strong constraints from solar and reactor data—
neutrino production and detection at 10 MeV—and translate
into relatively weaker constraints on the effective mixing
parameter that characterizes v, — v, oscillation at
MiniBooNE: neutrino production at 100 MeV and neutrino
detection at several hundred MeV. This remains true after
properly accounting for higher-energy constraints from
short-baseline v, disappearance. Figures 3-5 are meant to
illustrate that one expects a better fit to all short-baseline data
once the running mixing-angle effects are taken into
account. They do not reveal whether a global fit to all
neutrino data is satisfactory. A thorough combined analysis

of all neutrino oscillation data, taking into account the
energy-scale dependency of all neutrino mixing parameters,
beyond the aspirations of this paper, is required for that.
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