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Neutrino mixing parameters are subject to quantum corrections and hence are scale dependent. This
means that the mixing parameters associated with the production and detection of neutrinos need not
coincide since these processes are characterized by different energy scales. We show that, in the presence of
relatively light new physics, the scale dependence of the mixing parameters can lead to observable
consequences in long-baseline neutrino oscillation experiments, such as T2K and Nova, and in neutrino
telescopes like IceCube. We discuss some of the experimental signatures of this scenario, including zero-
baseline flavor transitions, new sources of CP-invariance violation, and apparent inconsistencies among
measurements of mixing angles at different experiments or oscillation channels. Finally, we present simple,
ultraviolet-complete models of neutrino masses, which lead to observable running of the neutrino mixing

matrix below the weak scale.
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I. INTRODUCTION

The discovery of neutrino oscillations toward the end of
the last century [1,2] launched a diverse, worldwide exper-
imental neutrino oscillation program that is expected to
continue, at least, well into the next decade with the DUNE
[3] and Hyper-Kamiokande [4] projects, currently under
construction. It aims at measuring, sometimes with exquisite
precision, the neutrino oscillation phenomenon via a variety
of oscillation channels, baselines, and experimental con-
ditions. The ultimate goal is to, broadly speaking, test the
three-massive-active-neutrinos paradigm that postulates the
existence of three neutral leptons with different masses that
interact only via the neutral-current and charged-current
weak interactions, as prescribed by the Standard Model of
particle physics (SM).

While the three-massive-active-neutrinos paradigm pro-
vides an excellent fit to virtually all neutrino data,' the
current data allow for the presence of more new physics in

'"There are experimental results that do not fit the three-
massive-active-neutrinos paradigm, including searches for elec-
tron (anti)neutrino appearance at the LSND [5] and MiniBooNE
[6-8] experiments, as well as the so-called reactor antineutrino
anomaly [9,10]. Explanations to these remain elusive and will not
be considered in any detail here.
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the neutrino sector. Different, well-motivated new-physics
scenarios can be probed by the current and next generation
of neutrino experiments. These include the existence of new,
light neutral-fermion degrees of freedom that mix with the
active neutrinos (‘“‘sterile neutrinos”), and new neutrino—
matter interactions that manifest themselves at the energies
of interest via four-fermion operators (“nonstandard inter-
actions”). The latter are usually associated with heavy new
physics and are, in general, strongly constrained, in the
absence of a fair amount of fine-tuning, by charged-lepton
processes [11-15], with some exceptions (see, for example,
Refs. [16-19]).

Here, we explore potential new phenomena associated
with new, relatively light degrees of freedom that interact
almost exclusively with neutrinos. In these scenarios,
constraints from the charged-lepton sector are signifi-
cantly weaker, while other constraints, including those
associated with the existence of new, light degrees of
freedom in the early Universe, can be avoided. New
interactions between neutrinos and new, light particles can
impact neutrino experiments in two different ways: (i) the
new states can be produced when neutrinos are produced
or detected, leading to changes in the kinematics and
flavor structure of neutrino scattering (see, for example,
[20-25] and references therein) or (ii) quantum correc-
tions associated with the virtual exchange of the new
degrees of freedom can modify neutrino production and
detection. Here, we concentrate on the latter, which, to the
best of our knowledge, has not been explored extensively
in the literature.
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At the core of the idea is the fact that, once higher-order
corrections are included, the parameters that describe neu-
trino oscillations are energy dependent. This is neither new
nor surprising. For example, the renormalization-group (RG)
running of neutrino oscillation parameters between the
neutrino-mass-generating scale (often assumed to be much
higher than the scale of electroweak symmetry breaking) and
the weak scale has been the subject of intense investigation
in the literature; see, for instance, Refs. [26—33]. The running
of mass and mixing parameters is not exclusive to the
neutrino sector: quark masses run significantly above the
GeV scale and the running of the bottom and the top masses
has been directly observed at lepton and hadron colliders
[34-39]. The Cabibbo-Kobayashi-Maskawa matrix elements
are also expected to run above the weak scale [40]; this
running, however, has never been observed. Below the weak
scale, these matrix elements can be treated as constant in the
absence of light new physics. This is usually a good
approximation since new, light degrees of freedom that
couple to quarks are strongly constrained.

Different from the quark sector, however, new light
degrees of freedom that couple predominantly to neutrinos
are not strongly constrained. If these exist, RG-running
effects may be relevant in the context of neutrino oscillation
experiments. In this paper, we show that neutrino oscillation
probabilities are affected through the mismatch between the
leptonic mixing matrix evaluated at the scale (or more
precisely momentum transfer) corresponding to the neutrino
production and the one at which neutrinos are detected. A
careful treatment of the oscillation phenomenon, therefore,
requires—for a fixed neutrino energy—twice as many
relevant mixing angles (production and detection values).
The number of CP-odd parameters is also larger. We find
that, while running effects are already strongly constrained,
they can impact significantly the current and next generation
of neutrino oscillation experiments, including T2K and
Nova. Their presence may lead, for example, to apparent
inconsistencies between measurements of oscillation param-
eters between T2K and Nova and between “accelerator” and
“reactor” measurements of oscillation parameters. On the
other hand, there are simple new-physics scenarios that lead
to significant low-energy running of the oscillation param-
eters, including some that are related to the origin of nonzero
neutrino masses. Hence, these effects are not only possible,
in principle, they may be accessible if neutrino masses are a
consequence of relatively light, new physics.

This manuscript is organized as follows. In Sec. II, we set
the stage by introducing and discussing the general idea.
Section III contains a detailed treatment of neutrino oscil-
lation probabilities in the presence of RG-running effects.
First, in Sec. Il A, we compute the vacuum oscillation
probability, in general, and discuss the more familiar, less
cumbersome two-flavor case in some detail; in this sim-
plified framework, we discuss the oscillation probabilities in
different useful limits including circumstances when the

running effects are small and the case in which the
oscillation baseline is zero. We discuss the more useful
but much more cumbersome three-flavor scenario concen-
trating on subsets of the parameter space. In Sec. [II B, we
discuss matter effects, which are relevant for the long-
baseline experiments under consideration. For the two-
flavor case, exact expressions are given, while the realistic
three-flavor case can only be tackled, for all pragmatic
purposes, numerically. In Sec. IV, we discuss two concrete
models that lead to large RG-running effects. A quantitative
study of the consequences of these models is presented in
Sec. V. There, we discuss some consequences for T2K and
Nova in light of constraints from short-baseline experiments
(Sec. VA). In Sec. VB, we scrutinize the impact on the
flavor composition of ultrahigh-energy neutrinos. Finally,
we conclude in Sec. VI.

II. RUNNING OF NEUTRINO MIXING
PARAMETERS

A simple way to understand that quantum corrections
can lead to nontrivial effects in neutrino oscillations is to
investigate the charged-current weak interactions in the
mass basis for both charged leptons and neutrinos. In more
detail,

—E ) i UaigaW_PLl/i —+ H.C.,

V2

where 7, @ = e, u, and 7, are the charged-lepton fields, v;,
i = 1, 2, 3, are the neutrino fields with well-defined masses
my, m,, and ms, respectively, g is the SU(2), gauge
coupling, P; is the left-chiral projection operator, and
U, are the elements of the leptonic mixing matrix. The
product (gU,;) can be interpreted as the coupling between a
W boson, a charged lepton #,, and a neutrino v;. Once
higher-order quantum effects are included, the question of
interest here is whether these allow (gU,) to change
relative to one another. When this happens, as we discuss
carefully below, we can say that the mixing-matrix “runs.”

It is easy to see that, ignoring fermion Yukawa coupling
effects, higher-order electroweak corrections to (gU,;) are
trivially proportional to (gUg): (9Ugs) = (gUy) X F,
where F' does not depend on the indices a or i. Figure 1
(center panel) depicts one of the many higher-order one-
loop electroweak corrections, for illustrative purposes. The
presence of new interactions changes the picture signifi-
cantly as long as these have a nontrivial flavor structure. For
example, a new interaction that involves only neutrinos and
new degrees of freedom, depicted schematically in Fig. 1
(right panel), will modify the neutrino propagator and, in
turn, modify (gUy,) = (gUyi) + _;(gUy;) x Fyj. 1f the
“loop factors” F;; depend on i, j =1, 2, 3, the (gU,;)
change in a flavor-dependent way.

A simple, concrete model that would manifest itself in
this way is adding a gauge-singlet scalar @ to the SM field

(2.1)

115014-2



ENERGY-DEPENDENT NEUTRINO MIXING PARAMETERS AT ...

PHYS. REV. D 105, 115014 (2022)

~ gUqi

w/Z

V; Lo V;

FIG. 1.

Lo

~ g3Uai

Left: leading-order Feynman diagram for the W boson, charged lepton Z,, neutrino v; coupling. Center: sample one-loop

electroweak correction. This contribution is proportional to (gU,;)(gU};)(gUpi) = g°U,; in the limit where the fermion masses are

negligible and U is unitary. Right: sample one-loop correction from a new interaction that modifies the neutrino propagator. This

contribution is proportional to (gU,;)F;;.

content and allowing for neutrino-scalar Yukawa interac-
tion of the form h;;®vv; (after electroweak symmetry
breaking). Starting at the one-loop level, it is easy to see
how the dark circle in Fig. 1 (right panel) is realized. This is
not the model we explore here. Instead, we will concentrate
on two ultraviolet-complete models,2 introduced and dis-
cussed in more detail in Sec. IV.

Following the renormalization-group approach to capture
the finite quantum corrections, when the dust settles, we
assume that we can replace (gU,;) = (9(Q*)U,;(Q?)) in a
way that both g and U depend on the momentum transfer
(squared) Q7 that characterizes the interaction: both gauge
coupling constant and the elements of the mixing-matrix
run. Note that we are assuming that, for a fixed value of Q?,
U,i(Q?) can always be expressed as elements of a unitary
matrix, so it is meaningful to discuss U(Q?) as a running
mixing matrix. When discussing neutrino production or
detection, it is often convenient to define the neutrino flavor
eigenstates v,,. The discussion above implies that, given the
existence of the new, generation-dependent interactions, the
neutrino flavor eigenstates are energy-scale dependent.

Neutrino flavor change as a function of the distance
between source and detector depends on which linear
combinations of v; couple to the different charged leptons
for both the production and detection processes—the flavor
eigenstates mentioned above—and on the differences of the
squares of the neutrino masses. While quantum corrections
also lead to running masses, in neutrino oscillations one is
interested in the pole masses.’ The reason is because we are
interested in neutrinos that propagate a macroscopic dis-
tance. In the language of quantum field theory, the only
contribution to the amplitude that characterizes neutrino
production plus detection comes from on-shell neutrino
exchange: the contributions from virtual neutrino exchange,
to exquisite precision, cancel out. As a consequence of

*The gauge-invariant realization of the ®v operators is not
renzormalizable.

“The running mass should be used in evaluating the neutrino
production and detection processes. Neutrino masses, however,
are small enough that their impact is negligible in virtually all
processes of interest.

neutrinos being on shell, production and detection of
neutrinos, which are associated with different energy scales,
can be treated separately [41].

In summary, RG effects impact neutrino oscillations in
the sense that they render the neutrino mixing matrix Q2
dependent. We discuss flavor change in this context in great
detail in the next section and return to concrete, phenom-
enologically safe models that lead to nontrivial U(Q?)
in Sec. IV.

III. NEUTRINO OSCILLATION
PHENOMENOLOGY

As discussed above, the new interactions of interest
imply that the neutrino charged-current-weak-interaction
eigenstates v,, v,, and v, depend on the scale of the
neutrino-production and neutrino-detection processes. We
can choose the scale of the couplings to be the so-called
Lorentz-invariant “momentum transfer” Q”: if we adopt
all momenta in a vertex to be incoming, then Q%=
|(p, + ps)?|, where p, and p, are, respectively, the
momenta of the neutrino and charged lepton involved in
the charged-current process of interest. For example, in
m— pv, we have Q% =mZ. In general, in a physics
process characterized by Q” where a charged lepton 7,
(@ = e, u, and 7) is absorbed and a neutrino is produced,
the coherent linear combination of neutrino mass eigen-
states v; (i =1, 2, 3) produced is

I/a(QZ) = Uai(Q2)l/i' (31)
We are interested in neutrinos that propagate a finite
distance so, as discussed in the previous section, when
referring to neutrino mass eigenstates, we always refer to
on-shell mass eigenstates with on-shell masses m;, that is
v; =v;(0* =m). Note that we assume neutrinos are
always produced and detected via the charged-current
weak interactions.

In vacuum, a neutrino mass eigenstate with energy E is
an eigenstate of the propagation Hamiltonian H. Its
evolution, assuming that the neutrino is ultrarelativistic,
has the familiar form
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wi(L)) = expl=inPL/2E),(0)),  (32)
where L is the distance propagated or the baseline. The
Dirac bracket notation refers to the flavor wave function of
the neutrino state (e.g., a three-dimensional Hilbert space
assuming there are three independent neutrino states). The
probability P4 that a neutrino is produced associated with
a charged lepton 7, in a process characterized by Q% and
detected, a distance L away, in association with a charged
lepton £ in a process characterized by Q2 can be trivially,
but carefully, computed as

Pos(L) = |{vp(Q3)] exp[=iHL]|ve(Q3))*
2

=‘ZiUﬁi(Qi)Uzi(Qi)exp[—im?L/2E] (3.3)

If the kinematics of the production and detection
processes are the same, we obtain the familiar vacuum
neutrino oscillation expressions. In general, however, this is
not the case. Imagine an experimental setup where neu-
trinos are produced in charged-pion decay: zt — utv.
In this case, Q% = mZ, independent from the pion and
neutrino laboratory energies. Further imagine that the
neutrino is detected via v +n — e~ + p. In the neutron’s
rest frame, for large enough neutrino energies, Qfl ~ Em,;
Q? depends on the neutrino detector-frame energy and,
clearly, has no relation to the pion mass. In the subsections
that follow, we explore the consequences and subtleties of
Eq. (3.3) and discuss how to handle the propagation of
neutrinos through matter when the mixing matrix is Q2
dependent.

Before proceeding, we wish to highlight that, for a fixed
value of Q2 and Q3, the oscillation formalism we will
explore here is similar to what one would obtain when
considering the hypothesis that there is new physics in
neutrino production and detection, and that the impact of
new physics is process and flavor dependent [42] (for a
more recent discussion, see also Ref. [43]). The two
scenarios, however, are not identical since, in the setup
under consideration here, there are different mixing matri-
ces for different neutrino-scattering energies, even if the
physics processes in question are the same; our U, depend
on the momentum transfer, not the nature of the neutrino-
production and neutrino-detection processes. As an aside,
our discussion here is a little more complete relative to the
one in Ref. [42] as we look into three-flavor effects, matter
effects, and new CP-violating phenomena more carefully.

A. Vacuum oscillations: Two and more flavors

We first consider the simplified case of two charged leptons
and two neutrinos—e, u, vy, and v, for concreteness—
propagating in vacuum. The most general two-by-two
Q?-dependent mixing matrix can be expressed as

u(Q?) = ((1) eiV(()QZ)> (f(s)isnge((QQ?)

ei@(Q%) 0
X 0 b
0 eiP(Q%)

where we indicate the Q> dependency of the mixing
parameters y, 0, & f explicitly. Not all of these para-
meters are physical. We can redefine, with impunity,
the kets |v,(0)) — explif(Q?)]|v.(Q?)) and |1, (0%)) —
explin(Q?)]|v,(Q?)), for every value of Q?, such that two
among three complex phases can be removed. For
example,

5in 0(02) )
cos 0(Q?)

(3.4)

[ cosB(Q%) sinf(Q*)\ (1 0
U(Q2>_<—sin9(Q2) cose(QZ))<0 eiﬁ(Q2)> (3.5)

allows one to access the answer to all possible oscillation-
related questions. Finally, we are allowed to also phase
redefine the mass-eigenstate kets |v;) with impunity.
Hence, we can choose $(Q?) in Eq. (3.5) to vanish at
some fixed value of Q. In the most general case,
therefore, the oscillation probabilities in Eq. (3.3) will
depend on one mass-squared difference Am? = m3 —m?
and three mixing parameters,

0(03)

0, 0(0%)=0, and B(Q%)-p(02)=p.
(3.6)

Throughout, in order to unambiguously define the mass
eigenstates, we choose m, > m;.

A different subtlety lies in the physical range for
the mixing parameters. Q*-dependent sign redefinitions
of |v,) and |v,) allow one to choose, for example,
0(Q?) € [-n/2,n/2]. Sign redefinitions of the mass
eigenstates allow one to constrain € to a specific quad-
rant [for example, 0(Q?) € [0,7z/2]] for some fixed
value of Q2. Hence, if we choose 6, to lie in the first
quadrant, there is no guarantee that the same will be true
of Hd.

Before proceeding, we wish to point out that the phase
B(0?) in Eq. (3.5) bears a strong resemblance to the so-
called Majorana phase. However, they are not the same and
should not be confused. Majorana phases are only physical
when neutrinos are Majorana fermions and only manifest
themselves in phenomena related, directly or indirectly, to
lepton-number violation. The relative phase f manifests
itself in ordinary flavor conversions and has nothing to do
with lepton-number violation. It is physical for both
Majorana and Dirac neutrinos. It is fair to ask about the
origin and interpretation of this CP-odd new-physics
parameter and why it impacts neutrino oscillations even
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when there are only two families of leptons. One way to
understand it is as follows. With two families and assuming
the massive neutrinos are Dirac fermions, the weak-
interaction couplings and the fermion masses can be
chosen real. In the model under consideration here,
however, there are more flavor-dependent interactions. If
there are CP-violating couplings in the new-physics sector,
those will manifest themselves at higher-order in charged-
current processes and can mediate CP-violating effects.
In oscillation language, these are parametrized by
the (running) CP-odd phase S introduced above.
Incidentally, it is trivial to show using Egs. (3.3) and
(3.5) that the effect of § in the oscillation probabilities in
vacuum is to “shift” the oscillation phase: Am?L/2E —
Am’L/2E + p.

With all this in mind, for two flavors, Eq. (3.3) can be
expressed as

P, =P, =sin*(6,—0,)

. . L (AmPL B
+ sin 2, sin 26,5sin* <4E + 2> . (3.7

and

P, =P, =cos*(0,—0,)

) ) ) Am’L B
— sin 20, sin 26,5sin? ( g T 5) . (3.8)

The equality of P, and P, and P, and P, is a
consequence of the unitary evolution of the neutrino states
and the fact that [v,(Q?)) and |v,(Q?)), for any Q2 are a
complete basis for the two-dimensional Hilbert space.4 This
is independent from the presence of the complex relative
phase f. However, P, = P,, does not mean that T
invariance is guaranteed. More carefully, Eq. (3.7) states
that  P(s,(Q}) ~ 1,(03) = P(t,(Q}) — v(Q}). T
invariance is the statement P(v,(Q3%) — v,(0Q3)) =
P(v,(Q3) = 1v,(03)). P(1,(Q3) — v.(Q3)) is given by
Eq. (3.7) with 6, <> 6, and f — —f so T invariance is
violated if f # 0, 7.

For antineutrinos, P;3(0,,0,,8) = Pus(0,,04,—p) so
CP invariance is also violated if f # 0,z. Note that, in
general, P,, # Pz5, which could be interpreted as an
apparent violation of CPT. However, this does not signal
violation of the CPT theorem since CPT invariance implies
P(V(I(Q%?) - I/a(Q%l)) = P(Da(Qé) - D(I(Q%))’ which is
satisfied.

For Q% = Q2, we recover the well-known two-flavor
oscillation expressions. In general, however, the situation is

“In the two neutrino framework, one can show that
P, +P,=1land P, + P, = 1. These translate into P,, = P,,.

qualitatively different. For example, in the limit L — 0, flavor
is violated if either 6, # 6, or f#0. This is easy to
understand. In either case, the mixing matrices are different
at different values of Q2 so the linear combinations of
neutrinos that couple to e and y are different: (v,(Q7)]
W;(Q%,) # ,p. These zero-baseline effects, in practice, will
constrain running effects to be relatively small, as we discuss
more quantitatively in Sec. V. The complex relative phase £,
in turn, leads to a phase shift in the oscillatory phenomenon.
This leads, for example, to different behaviors of the
oscillation probabilities at zero and small baselines. At zero
baseline, a small £ still induces an oscillation phase and thus
P,, = 84, + O(f?). At small-but-finite baseline L, while the
standard oscillation probability goes as P ~ &, + O(A%j),
a nonzero f# would induce P,, ~ O(B4;;), where we have
defined A;; = Am},L/2E.

In the limit where the running effects are small, it is
easier to appreciate analytically the impact of the new-
physics effects. Assuming 6, —6, = €5+ O(ej) and
p=cs+ (’)(e/z,), both €, €5 <1 and unrelated to one
another,

P, =P, =e;+O(e) + [sin*20, — sin40 9 + O(€3)]

ep
Am’L\ € Am’L
2 B 2
X |:Sln (T) +ESIH< E ) +O(€ﬂ):| (39)

and

Pee = P,uﬂ =1- 65 + O(Eg) - (sin229d - sin49d€9 + O(é’g))
Am’L Am’L
x [sinz (T—E> +%sm (Z’—E) +O(e§)} (3.10)

In the zero-baseline limit, the new-physics effects are
O(e3, e%) quadratically small in the limit €y, €5 < 1. For
a finite baseline, instead, the new-physics effects are
O(eg. €p). For example,

P,,

Am’L
= P,, = (sin*20, — €y sin 46?d)sin2( ZlE )

2
€ . , . [(Am“L

- 260

+ 2s.1n dsm( °F

) + O(e, €5, €9¢p). (3.11)

If the effects of mixing-angle running are not large, long-
baseline experiments are, in some sense, more sensitive
than short-baseline experiments.

The case of three charged leptons and neutrinos—e, y, 7,
vy, U, vz—is straightforward but more cumbersome.
Taking advantage of the invariance of observables on the
overall phases of |v,(Q?%)), a = e, u, rand |v;),i = 1,2, 3,
the most general 3 x 3 Q?-dependent mixing matrix can be
parametrized as
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1 0 0
0 023(Q2) 523(Q2)
0 —S23(Q2) 023(Q2)

U(Q*) =

Clz(Qz) Slz(Qz)
X —512(Q2) cn(Q%)
0 0

where ¢;;(Q?), s;;(Q*) are shorthand for cos®,;(Q?),
sin0;;(Q?), respectively, for ij = 12, 13, 23. The complex
phases @(Q?) and B(Q?) can be chosen such that they
vanish at some value of Q2.

The vacuum oscillation probabilities will be given by
Eq. (3.3) with the elements of the mixing matrix as defined
in Eq. (3.13). These will depend on the usual mass-squared
differences Am3, = m3 —m? and Am3, = m3 —m? (the
third mass-squared difference is not independent, Am3,=
m3 —m3 = Am3, — Am3,), six mixing angles 6;;(03).
Hij(Qﬁ,), ij =12, 13, 23, two “Dirac” phases 5(Q,2,),
6(Q§), and two additional complex-phase differences, a =
a(Q2) —a(Q2) and f=p(Q3%) - P(Q3%). As in the two
neutrino case, ¢ and f will induce a shift in the solar and
atmospheric oscillation phases: Ay — Ay +a, Az —
Az + p, and Az, — Az, + f—a. The mass eigenstates
can be unambiguously defined in a variety of ways. Here,
it pays off to adopt a definition that does not depend on the
mixing matrix in order to avoid a Q*-dependent definition.
Concretely, we take the standard definition: m3 > m? and
|Am3,| > Am3,. Am3, > 0 defines the “normal” mass
ordering, and Am3; < 0 defines the “inverted” one.’

The expressions for the oscillation probabilities for three
flavors in the Q2-dependent case are lengthy. We have
nevertheless found several features in the zero-baseline limit
and in the limit of small RG effects that turn out to be
instructive. Let us first turn to the expressions in the zero-
baseline (L = 0) limit. For simplicity, we take 6,3 = 0 and
0,3 = n/4 at production and assume that the difference
between various parameters at different scales is small.
We define ¢;; = gij(Qtzi) - 8ij(Q%7>’ €5 = 6(07) — 5(Q%;),
€, = a, and €5 = . Note that |a|, |f| < 27z. Hence, ¢;; is
the amount the angle runs between momentum transfers
corresponding to production and detection. We omit the
“production” subscript and thus it should be understood that
all angles in the expressions below correspond to the

A different choice would have been |U, (Q%)* >
|Upn(0%))? > |U,3(Q3)|*. This clearly depends on Q? and
may lead to confusion. There is nothing wrong, however, with
using something like |U, (Q> =0)]> > |U,»(Q* =0)* >
[Ues(Q* =0).

c13(0%) 0 513(Q?)e Q)
0 1 0 (3.12)
—313(Q2)3i5(Q2) 0 013(Q2)
0 1 0 0
0|0 e o |, (3.13)
1 0 0 2iP(0?)

momentum scale of neutrino production. Finally, below,
we keep up to quadratic terms in all €’s. This leads to the
zero-baseline survival probabilities

2 2 2 2
€7, + € € .
P, ~ '1 —% _EaS%Z + i€qst,
1
~] - 6%2 — 6%3 - Zegsin22912, (314)
and
1, 2 2 2.2 2 :
P, =|1 -2 (€12 + €13 12633 + €5CT, + €5 — €13€455 51020,
i 2
+2e12€13¢5) ) (€acty +€p)
1 v o | 2
~ 1 —Z(Gﬂ - €aC12) —623 —E(é'aclzslz —613S5)
1
—5(entenc)’, (3.15)

where cs = cosd and s5 = siné.
On the other hand, zero-baseline appearance probabil-
ities include

P, ~

e le13+e? (e +ieacinsin)

2 2
N €a€13 € €13

€§Sin22912 -

sin26,55+

+€12€13¢5,

O = N —

i 2 1
Py~ €23+§<€ac%2_€ﬂ) :6%3_'—1(604(3%2_6,5)2' (3.16)

As already inferred in the case of two flavors, the RG
effects at zero baseline appear at O(e?), which is clear from
Egs. (3.14)—(3.16). Moreover, it is trivial to show that all
asymmetries P,; — P55 are exactly zero at zero baseline
(without any approximations).

For a finite baseline, even approximate expressions for
the oscillation probabilities are rather lengthy (full expres-
sions may be found in [44]), so here we focus on
asymmetries. We keep terms linear in ¢ and up to order
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53, or Am3,/Am3,, assuming that the oscillation phase is
near the atmospheric maximum. Moreover, for terms that
are order € we only keep terms that are at most linear in 53
or Am3,/Am3,. The muon neutrino disappearance asym-
metry in vacuum is, for example,

2 L) 2 3
P = Pup={ (€41, —€5)sin"20,3 +8€1,¢13513C2355355
- €55§3Sin22€13} SinA3] —€13 Sin2912 Sin292355

X (14 s35c08Az)sinAy;. (3.17)
We will see later that 6, typically runs more than
other angles and phases in the scenarios we will study,
so we call attention to the fact that the €, term in the
asymmetry above is suppressed by s;3. The dependence
on €, and ¢y is relatively large. As already stressed in the
two-flavor scenario, at finite baseline there are effects
already at O(e); compare, for instance, Eq. (I11.17) with
Eqgs. (3.14)-(3.16).

The electron neutrino disappearance asymmetry is
given by

Py — Pz~ (€ﬁ — €5)sin?20),5 sin A5,
- €a(s%2sin22913 sin A3] — Sin229|2 sin AQ] )
(3.18)

This expression does not depend on €;,, €3, and €3 to
order s3; or A,;. The formulas for P,, and P;;, however,
do contain those: the effects cancel in the difference
P,. — P;;. Hence, by studying differences between elec-
tron neutrino and electron antineutrino disappearances,
one can access RG induced effects on phases. As discussed,
the apparent violation of CPT symmetry can be seen
from Eqs. (III.17) and (II.18), since the differences
between neutrino and antineutrino disappearance are, in
principle, not zero. These differences are CP odd, as
they change sign under the reversal of the signs of all
the phases.

The difference between electron neutrino and antineu-
trino appearance probabilities in a muon (anti)neutrino
“beam” is somewhat lengthy. Concentrating on the dom-
inant terms up to order s;3 and dropping A,; terms
multiplied by new-physics contributions, we obtain

. A
Pﬂe _Pﬁé 2—8JA21$1H2 (%)

x[l—l—(Z e +eaﬁ>M], (3.19)

Sin2912 Ss Az]

where J = ¢}5513¢12512C23523 sin 8 is the Jarlskog invariant
[45,46]. At long-baseline experiments, where this channel
matters the most, such expansion is reasonable and accurate
(ignoring the matter effects). We see that in Eq. (II1.19)

there is also a term that is € independent; that is the standard
CP-violating term. Interestingly, although the terms con-
taining €, and €, are enhanced by ~As; /A,, at the peak of
the “atmospheric” oscillation cotAs;/2 ~cotz/2 =0,
which suppresses the CP-violating effect. This is particu-
larly pronounced for the T2K setup as will be seen in
Sec. V. We also stress that, in the 6 — O limit, in which
there is no standard CP violation in the lepton sector, new
RG induced CP violation is still present and nonzero (e,
term). In the future, comparing the amount of leptonic CP
violation in DUNE and T2HK will allow one to probe this
scenario thanks to the different neutrino energy spectra at
the two experiments.

In order to highlight the CP-conserving contribution, the
sum of the electron neutrino and electron antineutrino
appearance probabilities, for A,; — 0, is

COS 2013 C3

Pﬂe + Pﬁ@ = 25in22913s%3 |:1 + 2613

sin 2913 513523

X (e3¢5 — e(,clzslzs,;)] sin® (%) . (3.20)

The first term is the dominant component of the standard
contribution. It is interesting to observe that the effect of
new physics is enhanced by 1/sy3 ~ 7. A change in P, +
Pz can be compensated, in this channel, by shifting the
value of sin’@,; or sin’26,;. Therefore a mismatch
between the 6,3 value measured in the v, disappearance
mode versus the v, appearance mode or a mismatch
between 63 values measured at reactor neutrino experi-
ments and beam v, appearance are signatures of our
scenario. From Egs. (III.19) and (II1.20), we can infer
that the current measurements of electron neutrino appear-
ance by T2K [47] and Nova [48] should already constrain
€12, €13, and €, to be below, roughly, 10%.

We summarize the qualitative effects of the running of
the mixing matrix on neutrino oscillation phenomenology
and provide some of the most promising and direct
experimental probes of this scenario below:

(1) In general, the mismatch between the production and
detection mixing matrices affects all neutrino oscil-
lation channels.

(i) The effect of the phase differences, a and f [see
Eq. (II.13)], is a shift of the solar (A,;) and
atmospheric (A3;) oscillation phases, respectively.

(iii) Zero-baseline transitions happen at second order in
the new-physics parameters. Nonetheless, searches
for short-baseline oscillations provide good exper-
imental probes of this scenario, particularly if
performed at high neutrino energies, which makes
the neutrino production and detection scales more
distinct.

(iv) The impact of the running of the mixing matrix on
long-baseline oscillation probabilities is first order in
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the new-physics parameters and thus the determi-
nation of the same oscillation parameters at different
scales and the precise energy dependence of the
oscillation probability curves are promising venues
for probing this scenario.

(v) Mixing-matrix running may lead to apparent CPT
violation: P,, — Pg; 1s, in general, nonzero for
a finite baseline. CPT symmetry is, of course,
still conserved. These asymmetries, or perhaps the
ratios (Pyy — Paa)/ (P + Paa), could be powerful
probes of mixing-matrix running, especially due to
possible cancellations of systematic uncertainties.

(vi) Mixing-matrix running may also affect appearance
channels in CP-violating and CP-conserving ways.
Long-baseline experiments yielding different neu-
trino energy ranges, including Nova, T2K, DUNE,
and T2HK, could be sensitive to this scenario. Two
experimental signatures stand out in the case of
electron appearance: a mismatch between 0,5 values
measured at reactor and accelerator neutrino experi-
ments, or a disagreement on the 6,5 values measured
in appearance and disappearance modes in beam
neutrino experiments. In fact, current Nova and T2K
data are expected to be already sensitive to new
sources of CP violation, potentially constraining €,
and ¢, to be below 10% or so.

B. Matter effects: Two and more flavors

Neutrino flavor evolution is modified in the presence of
matter. The Hamiltonian that describes flavor evolution as a
function of the baseline is

m?
H =320 ) ] + A(L) (0 = 0))(v.(Q* = 0)]
(3.21)

where A(L) = v/2G;N, (L) is the matter potential, G - is the
Fermi constant, and N, is the electron number density of the
medium as a function of the baseline. The matter potential is a
coherent forward scattering phenomenon where the neutrinos
interact with the electrons in the medium at zero momentum
transfer. Hence, the v, interaction state of interest here is the
one at Q> = 0. H can be expressed in any basis of the Hilbert
space, as usual. Here, there are several tempting ones: the
mass-eigenstate basis, the interaction basis “at production”
and the interaction basis “at detection.” The mass-eigenstate
basis is especially useful since it allows one to readily
compute the flavor evolution for arbitrary values of Q2
and Q2. The fact that H depends on v, (Q* = 0) also induces
a natural choice for the complex phases &, /, defined in
Eq. (3.13): @(Q* = 0) = B(Q* = 0) = 0.

It is instructive to discuss the case of two flavors and a
constant A(L) = A, which can be solved analytically.

Using Eq. (3.5) and defining 6, = 0(Q* = 0) and setting
p(Q?> =0) =0, the eigenstates of the propagation
Hamiltonian are

Vi) = cosw|vy) —sinw|v,), (3.22)
[ay) = sinw|v) + cos w|v,), (3.23)
where
. A .
sin 2w = —sin 26, (3.24)
Ay

A —Acos20

cos 2w = w, (3.25)
Ay

Ay = [(A — Acos26,)? + A%sin?26,]'/2, (3.26)

and A = Am?/(2E). Ay is the difference between the
eigenvalues associated with |vy,) and |viy); |vay) is
associated with the larger eigenvalue when A > 0. We
labeled the “matter mixing angle” @ in order to remind the
reader that these states are expressed in the mass basis, not,
as one is most familiar, in the interaction basis.

It is straightforward but rather lengthy to compute
P, =P(v,(03) - v,(02)). Given a |v,(0Q3)) at L =0,
the flavor-state vector at L is

(L)) = |vam) Wimlve(Q3)) + [vam) (Vo ve (QF)) et

(3.27)
and hence
Py = ({1, (QD I im) (vimlre(07))
+ () |vam) (vamlve (@) e ¥ H 2. (3.28)
The Dirac brackets in Eq. (3.28) are
(Vinlve(03)) = cos 0, cos w — sin @, sin we»,
(Vam|ve(03)) = cos 0, sinw + sin 6, cos wer,
(Wi |v,(Q2)) = —sin @, cos @ — cos O, sin we'P,
(Vam|v,(QF)) = —sin @, sinw + cos 6, cos wePs.  (3.29)

Note that, since P,, + P,, = 1, the survival probability can
be obtained trivially from the appearance one [Eq. (3.28)
with help from Egs. (3.29)].

For three flavors, one can approach the issue of matter
effects following the same steps we outline above for two
flavors. We especially highlight the usefulness of perform-
ing computations in the mass-eigenstate basis. Analytic
results, even if one is willing to make several different
simplifying assumptions, are very hard to come by and are
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FIG. 2. Left: Feynman diagram associated with the generation of neutrino masses in a scotogeniclike neutrino mass model in which
M « Yy (model 1). Middle: Feynman diagram associated with the generation of neutrino masses in an inverse seesaw model in which
M o Y3! (model 2). Right: representative Feynman diagram responsible for the running of ¥y in both models 1 and 2. See text for details.

not illuminating. In Sec. V, we compute oscillation prob-
abilities including running effects for different experimental
setups. There, matter effects are always included and we do
not make use of any approximate expressions; Eq. (IIl.21) is
treated numerically.

IV. BENCHMARK MODELS

In Sec. II we discussed the concept of RG evolution in
the low-energy neutrino sector without specifying a com-
plete model. In order to discuss quantitative effects at
neutrino experiments, however, it is useful to discuss
ultraviolet-complete frameworks. We will focus on models
that address the neutrino mass puzzle and in which the RG
effects come from a “secluded sector.” We concentrate on
two simple models.

A. Model 1

First, we consider a variation of the scotogenic model
[49] with a U(1) lepton-number symmetry. The two Higgs
doublets of the scotogenic model, H; and H,, have zero
lepton number but are distinguished by a Z, symmetry
under which H, is odd while H, is even. As in the original
scotogenic model, lepton number and the Z, symmetries
allow the term A(H iH »)? + H.c. in the scalar potential. The
model also comprises three right-handed neutrinos Ny,
with lepton number +1, which are odd under Z,. Finally,
we add a complex scalar singlet ¢, which is even under Z,
and has lepton number —2. The new-physics Lagrangian
includes

—£Y = LY, H\Ng + pNGYyNg + He.,  (4.1)
where Y, and Y, are matrices in generation space. The
scalar potential is such that ¢ and H, develop vacuum
expectation values (VEVs), while H; does not. The active
neutrinos acquire Majorana masses, as depicted in the left
panel of Fig. 2. The VEV of ¢, v, = (¢), in particular,
breaks lepton number, but the Z, symmetry remains
unbroken. Therefore, the active neutrinos do not mix with
the gauge singlets Np. Breaking lepton number sponta-
neously would lead to a massless Goldstone boson, the

Majoron [50]. In principle, the mass of the Majoron could
be made nonzero by soft lepton-number breaking terms in
the scalar potential, such as u?¢?.

Without loss of generality, Y, can be taken as real,
positive, and diagonal. Y, is a generic complex matrix. The
neutrino mass matrix is given by

G A o M? 2M?
MY = ? { Y,ﬂkYLkYk [ H n H
Sﬁﬂzzk: ( v 2My—(Yio,)* (Yyv,)?
My, 2Mi H (42)
2M3 = (Yyv,)* (Vi) L) '

where My, 4 are the masses of the inert neutral scalar and
pseudoscalar, respectively. Here, we are interested in light
@ and Ng, and thus v, < v =246 GeV. In the limit of
small N masses, i.e., M}, = Y}'\,vw/ﬂ < My 4, Eq. (4.2)
reduces to

Av M?
Yy YyYTIn—Z,
16v222 © VT M3

(4.3)

~
v =

The mixing matrix is defined via diagonalization
M¥e — UM, U*, where M2 is diagonal and contains
the neutrino masses. We assume the inert doublet masses to
be of order of the weak scale, so Y, does not run at low
energies and can be treated as a constant parameter. Yy,
however, is scale dependent for values of the energy scale
that are above the mass of the ¢, N.

B. Model 2

The second benchmark model we will focus on is a
version of the type-I seesaw mechanism [51-56], where the
right-handed neutrino Majorana masses arise from the
(possibly explicit) breaking of lepton number in the scalar
potential. The model includes three SM singlet fermions
Ny with lepton number 1, and a singlet scalar ¢ with lepton
number —2. The Yukawa Lagrangian reads

—L? =LY, HNg + gNGYyNg + He.,  (4.4)
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where H is the SM Higgs boson. The VEV of ¢ breaks
lepton number.® The diagram generating neutrino masses
for this model is presented in the middle panel of Fig. 2.
When ¢ develops a VEV, active neutrinos acquire a mass
matrix given by

M, = Y2

o4y

7

Y, (Y)Y (4.5)

The mixing matrix is defined as before but now the
functional dependence of U on Yy is distinct from the
previous model, changing the impact of Y, running
qualitatively with respect to model 1.

For both models, it is straightforward to compute the
scale dependence of Y. The right panel of Fig. 2 depicts a
representative Feynman diagram that contributes to this
running. The beta function of Y can easily be calculated
and yields, for both models 1 and 2,

dy 1

Any relatively large entry in Y can lead to a significant
running of all Y, entries and as a consequence to
observable running of the mixing matrix.

Yy is not directly related to the mixing matrix. In order
to connect the running of Yy and the running of the mixing
matrix, we need to specify other Lagrangian parameters,
including the Yukawa coupling matrices Y, (for both
models). To achieve that, we make use of the Casas-
Ibarra parametrization [57], which relates the Lagrangian
parameters to the running leptonic mixing-matrix and
neutrino masses,

I
_ (N2 . —x/2
Y, —\/GU(Qp)\/dlag(m,,l,myz,mDE)RYN . (47)

where C are the VEV-dependent prefactors in Egs. (IV.3)
and (IV.5) for model 1, when x = 1, and model 2, when
x = —1, respectively. R is, in general, a complex orthogo-
nal matrix and m,_in the formula are masses at Q% = m;
scale instead of running masses. Let us stress that the Y,
matrix is not running across considered scales, since the
scalar field that participates in such interaction is inte-
grated out. In particular, we wish to stress that Eq. (IV.7) is
evaluated only once, at the scale corresponding to the
production and, in particular, before any running has been
conducted.

®As in model 1, this would predict a Majoron. An active-
neutrino—Majoron coupling would be induced. It, however, is
doubly suppressed by v — N mixing and m, /v, and could be very
small (easily of order 10~°) for the right-handed neutrino masses
of interest. Hence the model is expected to be experimentally
safe. Again, the Majoron could be given a nonzero mass via soft
breaking terms in the scalar potential.

In the next section, when computing new-physics effects
in oscillation experiments, we have the freedom to choose
values for the elements of R and the constants that make up
C. We will assume R to be real and parametrized by three
Euler-like rotation angles &; in 1-2 plane, &, in 2-3 plane,
and &5 in 1-3 plane. The results we present below are not
qualitatively different if we are to assume &, &, &3 to be
complex angles with magnitudes of order 1.

V. IMPACT ON NEUTRINO OSCILLATION
EXPERIMENTS

Given the two concrete models outlined above, we
proceed with the analysis of the impact of the running
of the mixing-matrix elements at various neutrino experi-
ments. Results for the two different models turn out to be
qualitatively similar and the results presented below all
correspond to model 1. We take this opportunity to stress
one “advantage” of model 1, namely, the absence of mixing
between active and sterile neutrinos. This makes it easier to
satisfy experimental constraints on the mixing of the active
neutrinos with the relatively light sterile neutrinos.

In Sec. VA, we discuss the signatures of the scenario at
long-baseline experiments such as T2K [47,58,59] and
Nova [48,60,61], and then we confront these findings with
the bounds from the short-baseline experiments NOMAD
[62-64], ICARUS [65], CHARM-II [66], and NuTeV
[67,68]. In Sec. V B, we focus on how this phenomenon
impacts the flavor composition of astrophysical neutrinos
measured by IceCube [69-71].

A. Long-baseline oscillation experiments

We assume that the masses of the new-physics particles
are of order of the pion mass, so RG running of the mixing
parameters is only relevant for Q2 values larger than
(100 MeV)2. For lower values of Q?, one can treat the
mixing parameters as constant. The reason is that we are
mostly interested in neutrinos produced at values of
Q7 <m3, since all beam neutrinos are predominantly
produced in pion decay, and hence, at Q2, the mixing
matrix is the same for all experimental setups. Furthermore,
for reactor and solar (anti)neutrino experiments, both Qf,
and Q7 are less than the pion mass squared. Hence, we do
not need to worry about running effects when it comes to
extracting the current best-fit values of most mixing
parameters, as we discuss in more detail below.

Different values for Y, at Qf, are generated using
Eq. (4.7) and the following:

(i) We fix sin?6;,(Q3%) = 0.310, sin*6;53(Q3%) = 0.022,

and Am3; = 7.53 x 107 eV2.

(i) We ;:hoozse the atmospheri; parameters '923(Qf,) anFl
Am3,(Q;) at random, with a flat prior on their
respective 3¢ currently allowed regions according to
NuFIT [72]. The reason for this choice is that
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TABLE I. Reference values of neutrino energy and +/ Qf, for all experiments considered here. For T2K and Nova
we take the peak of the neutrino spectra, while for all others (the short-baseline experiments) we use the average
neutrino energy. The last two columns summarize the short-baseline constraints imposed (not applicable for T2K

and Nova). See text for details.

Experiment E (GeV) \/Q_fl (GeV) Channel Constraint
T2K [47,58,59] 0.6 0.56
Nova [48,60,61] 2.1 1.27 e
ICARUS [65] 17 3.94 v, >V, 3.4 x1073
CHARM-II [66] 24 4.70 v, = U, 2.8 %1073
NOMAD [62-64] 47.5 6.64 v, > U, 7.4 %1073
v, >, 1.63 x 1074
vy = U, 55x 10
NuTeV [67,68] 250 15.30 v, > U, 0.1
2 9x 1073

atmospheric parameters are measured using exper-
imental setups where Q2 is larger than m2, hence we
allow for a relatively large range of values at Qf,.
We choose the CP-odd phases @(Q?), f(Q2), and
5(Q3) at random, with a flat prior, from their full
allowed physical ranges.

We fix the value of the lightest neutrino mass and the
neutrino mass ordering. We will show results for two
values: 0.05 eV, marginally consistent with cosmo-
logical bounds on the sum of the active neutrino
masses [73], and 0.01 eV. We will also show results
for both normal ordering (NO) and inverted ordering
(I0). Note that, quantitatively, effects depend con-
siderably on the mass ordering and the lightest
neutrino mass. It is well known, for example, that
the RG effects are strongest for quasidegenerate
masses [32].

(v) We choose the angles that parametrize the orthogo-
nal R matrix at random, with a flat prior, from their
full allowed physical ranges.

We pick the Yukawa matrix Yy, at QIZ,, to be
diag(0.2,0.5,0.7). We have checked that the results
of the scans are qualitatively independent from the
choice of Yy(Q3%) as long as the couplings are
nondegenerate and large enough to induce signifi-
cant RG running.

As an aside, we have checked that the aforementioned
choices for the couplings do not lead to the appearance of
Landau poles below 10 TeV.

For each mass matrix defined at Qf, as described above,
we solve Eq. (IV.6) numerically and compute the mixing
matrix at the different relevant values of Qf,. With that
information, we compute the oscillation probabilities
numerically, as discussed in detail in Sec. III, including
matter effects. Throughout, we will use these randomly
generated scenarios to discuss the reach of RG-running
effects. A complete scan of the parameter space is not
practically feasible given its dimensionality.

(iii)

@iv)

(vi)

At detection, neutrinos interact mostly with the nucleons
in the detectors through 7-channel vector-boson exchange;
the associated Q? can take any value in a continuous
interval.” In order to estimate the RG effects accurately, 0?
values should be extracted in an event-by-event basis. Our
goals in this manuscript, however, are to illustrate the
effects of the running of the mixing matrix in simple
models that explain nonzero neutrino masses and to
demonstrate that these can be observed in neutrino oscil-
lation experiments. With this in mind, we take a simplified
approach that should prove to be a good approximation
statistically. In 2 — 2 scattering kinematics (see, e.g.,
Ref. [74]) the minimal and maximal values of t = —Q?
are fixed, and thus we associate the mean value of the two
to —Q3. This yields Q% = (2myE?)/(2E + my), where
my is the nucleon mass and E is the neutrino energy. We
take E to be the average neutrino energy in short-baseline
experiments, while for T2K and Nova we study the impact
of the running for the peak of their respective energy
spectra. Table I lists the relevant energies and correspond-

ing \/ Q3 values for all experiments considered here.

The left panel of Fig. 3 depicts the biprobability plot at
T2K (red points) and Nova (blue points) for the NO,
assuming the lightest neutrino mass to be m; = 0.05 eV,
for 30,000 values of the model parameters, generated
following the procedure described above. Note that here
we do not take into consideration constraints from other
experiments, to which we return momentarily. The panel
also depicts the biprobabilities accessible in the absence of
RG running (green for T2K, yellow for Nova), for values of
the atmospheric parameters Am3, and sin® 03 picked at
random (flat prior) from their respective lo currently
allowed regions, according to NuFIT [72] and for values
of & also chosen at random from & € [0, 2z]. The red and

"This is to be contrasted with what happens in s-channel
scattering, where the Q7 is defined by the incoming neutrino
energy and the mass or energy fraction of the target particle.
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Biprobability plots for NO and m; = 0.05 eV. Left: red and blue points are for T2K and Nova, respectively, for the case where

RG effects are taken into account. These points are to be compared to the respective standard 1o-allowed regions (green for T2K, yellow
for Nova). Right: same as left, except that only points that satisfy the short-baseline (SBL) constraints are included. See text for details.

blue points with error bars represent the results of analyzing
T2K and Nova data, respectively, adapted from Ref. [75].
Figure 3 reveals that running effects can be very significant;
they lead to appearance probabilities that differ from “no-
running” expectations by more than an order of magnitude.
Effects at Nova are more pronounced because (a) the
typical neutrino energies are larger at Nova and the mixing
parameters have more “room” to run, and (b) at T2K, as
discussed around Eq. (IIL.9), L/E values are such that
CP-odd effects due to the new physics are suppressed.

As discussed in Sec. III, RG running leads to zero-
baseline effects since, in general, U(Q3)U'(Q3) # 1.
Therefore, experiments with very short baselines, designed,
with the benefit of hindsight, for probing neutrino scatter-
ing physics or light sterile-neutrino phenomenology, are
sensitive to this type of new physics. In particular, setups
with high average neutrino energy are especially sensitive
due to the larger difference between Qf, and Qé and hence
potentially stronger running effects.

We identified several short-baseline experiments that
place stringent constraints on the running: NOMAD
[63,76] (bounds from CHORUS [77,78] are qualitatively
comparable and so are the associated neutrino energies),
CHARM-II [79], ICARUS [80], and NuTeV [67,81]; see
Table I for their reference values of energies and momen-
tum transfers. All these experiments measured neutrino
beams that were primarily composed of muon neutrinos.®
Electron neutrino appearance was severely constrained by
all of them, while NOMAD and NuTeV also constrained
anomalous v, — v, transitions. NuTeV, due to its non-
negligible beam v, component, also managed to put a
bound on v, — v, appearance. Concrete upper bounds for
each appearance channel are listed in Table 1. While

SAsa simplifying assumption, we treat all beam neutrinos as if
they were the product of pion decay in flight.

NOMAD and NuTeV provide the most stringent bounds
on appearance probabilities, it is important to include
constraints obtained with different neutrino energies and
thus the information provided by the other experiments is
invaluable.

The right-hand panel of Fig. 3 depicts the biprobability
plot for T2K (red points) and Nova (blue points) for
the NO, assuming the lightest neutrino mass to be
m; = 0.05 eV. As before, we revisit the same 30,000
model points depicted in the left-hand panel of Fig. 3, but
here only keep those points that satisfy the constraints from
the short-baseline experiments listed in Table 1. Models
associated with a very large effect on Nova and T2K
appearance channels were also very likely to violate the
short-baseline constraints. From a model-parameter per-
spective, zero-baseline constraints disfavor regions of the
parameter space with O(1) Yukawa couplings when the
neutrino masses are large. Ultimately, the new-physics
effects consistent with short-baseline constraints are, at
T2K and Nova, “perturbations” on standard oscillations.
Notice, however, that significant deviations are still
allowed; a significant fraction of the points in the right-
hand panel of Fig. 3 lies outside the standard (no-running)
lo-allowed ranges for T2K and Nova.

RG-running effects depend strongly on the active neu-
trino masses and tend to be largest when these are
quasidegenerate. The left panel of Fig. 4 depicts the
biprobability plot at T2K (red points) and Nova (blue
points) for the NO, this time assuming the lightest neutrino
mass to be m; = 0.01 eV, for 30,000 values of the model
parameters. The right panel of Fig. 4 depicts the subset
of points that satisfy the short-baseline constraints.
Comparing Fig. 3 with Fig. 4, we see that the region of
the biprobability plots accessible to the new physics is
larger for quasidegenerate neutrinos, m; = 0.05 eV, when
compared to the more hierarchical case, m; = 0.01 eV.
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FIG. 4. Same as Fig. 3 for the case of NO and m; = 0.01 eV.

Similarly, Fig. 5 depicts the RG effects on T2K and Nova
for the IO and m; = 0.01 eV (the lightest neutrino mass).
Here, even for a relatively light lightest neutrino mass,
running effects are comparable to the NO scenario with
larger neutrino masses, discussed earlier. Thus, for the same
mass of the lightest neutrino, the RG effects are larger for
IO relative to NO. As expected, the short-baseline con-
straints are very relevant here as well.

While Figs. 3-5 illustrate the general overall reach of the
RG effect on the appearance channels, it is also useful to
understand how RG effects impact oscillations for a specific
fixed values of the oscillation parameters at Qf,. Figure 6
depicts the impact of RG running at T2K (left) and Nova
(right), including constraints from the short-baseline experi-
ments, for different fixed values of all oscillation parameters
at Qf,. Modulo rare outliers, the relative new-physics effect,
that is, the distance from respective black dot, is of order
10%. Moreover, the RG effects tend to modify neutrino and
antineutrino appearance by similar amounts, while extra
contributions to the CP asymmetry are somewhat sup-
pressed. This can be understood from Eq. (II.19), in

10° -
10 (no SBL constraints)
m3=0.01 eV

T2K Nova

107

P(V,~Ve)

1072

103
1073

1072 107! 10°

P(v,~ve)

FIG. 5.

particular, the cot(Aj;/2) term that is almost vanishing
for T2K at the peak of the energy spectrum. Similar shifts
due to new physics on both neutrino and antineutrino
appearances can be mimicked by changing the value of
sin? §,5. Therefore, one possible experimental outcome of
this scenario could be an apparent inconsistency between
the sin® 6,5 values obtained from the disappearance channel
and the sin” 0,3 from the appearance channel.

Since RG effects modify oscillation probabilities at T2K
and Nova in slightly different ways, it is interesting to
investigate whether they could explain the mild tension
between the current T2K and Nova electron (anti)neutrino
appearance datasets. To do this, we designed a toy y° using
the aforementioned T2K and Nova data points in the

biprobability plane,
DX — TX\?2
)

2 _
=22,
X i=vy
where X denotes T2K or Nova, DY (T¥) is the measured
(predicted) value of the probability at the experiment X and

(5.1)

10 (with SBL constraints)
m3=0.01 eV
T2K Nova

0.08

0.02

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
P(v,—~ve)

Same as Fig. 3 for the case of 10 and m; = 0.01 eV.

115014-13



BABU, BRDAR, DE GOUVEA, and MACHADO

PHYS. REV. D 105, 115014 (2022)

0.08

T2K
0.07 NO (solid), I0 (dashed)
0.06
. 0.05
D)
'>T‘
0.04
=
=W
0.03
0.02
sin®03=0.55, Am3,=2.56x10~%eV?, =—|r/2
0.01f sin®6,3=0.55, Am3,=2.56x10"eV?, §=0
$in%0x3=0.55, Am3,=—2.46x10"%eV?, 6=n/2

0.02 0.03 0.04 0.05 0.06 0.07 0.08
P(v,~ve)

0.08

Nova
0.07 NO (solid), I0 (dashed)
0.06
0.05

0.04

P@,~ve)

0.03

0.02

$in®6,3=0.58, Am3,=2.52x10"*eV?, 6=—n/2

§in®6p3=0.58, Am3,=2.52x10%eV?, §=0

§in%0y3=0.57, Am3,=—2.41x10%eV?, 6=r/2

0.02 0.03 0.04 0.05 0.06 0.07 0.08
P(v~ve)

0.01

FIG. 6. Biprobability plots—T2K on the right, Nova on the left—for both mass orderings and the lightest mass set to 0.05 eV. The dots
indicate the three benchmark points in the standard case. These lie on their respective ellipses, obtained by fixing 6,3 and Am3; and
varying § € [0, 2x]. The colored points represent different choices of the new-physics parameters and are indicative of typical RG effects

once zero-baseline constraints are included.

run mode i = v, 1, and af-‘ is the error bar read from the plot.
Out of the 30,000 generated model points, we found O(10)
parameter points for NO and m; = 0.05 eV, which satisfy
the short-baseline constraints and provide a slightly better
fit to data, though none are statistically significant. Since
the combined fit to T2K and Nova data leads to a small
preference for the inverted ordering [75], it is harder to
improve the fit in the IO case. Out of the 30,000 generated
model points for the 10, we found no points that provide a
better fit to data compared to standard oscillations.

To further illustrate the RG effects, especially their
dependence on the neutrino energy, we depict the electron
(anti)neutrino appearance probabilities at T2K (top) and
Nova (bottom), in Fig. 7, for NO and m; = 0.05 eV. Red
and green curves correspond to the oscillation probabilities
for neutrinos and antineutrinos, respectively, at T2K, while
curves in shades of blue are constructed by adopting the
Nova far detector baseline. The vertical bands indicate the
peak of the energy spectrum for each of the two experi-
ments. The left-hand panels depict the oscillation proba-
bilities for the benchmark point in our scan (denoted by
BPl),9 which best fits T2K and Nova data (solid), com-
pared with the case where the mixing parameters are the
same at Qf, but there are no running effects (dashed). The
lower part of each figure depicts the relative difference
between these two hypotheses. While the differences are
small, the relative differences are of order 10%, growing as
the neutrino energy grows due to larger accessible values of
the momentum transfer. The right-hand panels of Fig. 7

For completeness and reproducibility, we provide the two
benchmark points discussed here. They can be obtained by using
Eq. (IV.7) with the parameters (8,a,p, &, &, &3, a3, Am%l/
1073 eV?) equal to (3.71,1.57,2.37,3.45,1.51,3.00,0.88,2.437) for
BP1 and (1.18,0.24,1.64,5.48,2.076,1.85,0.86,2.525) for BP2 (all
angles and phases are in radians).

depict the case of a different benchmark point, denoted
BP2. BP2 is excluded by the short-baseline data.
Nonetheless, it serves to illustrate the possible impact of
RG effects on oscillation experiments and to highlight the
importance of the short-baseline experiments.

Figure 8 depicts the RG evolution of the relevant mixing
parameters for both benchmark points BP1 and BP2. The
left-hand panel depicts the values of the different param-
eters as a function of \/@ while the right-hand panel
depicts the ratio between each parameter at Q° relative to its
value at Q%,. For BP1 (solid), RG evolution yields few
percent-level changes in the values of oscillation param-
eters. Running effects are more pronounced in the case of
BP2 (dashed). The strongest effects are in running of 6,,
which is very strongly impacted by RG effects. This large
variation in 6}, disturbs all flavor transitions and induces
sizable zero-baseline effects as U(Q3)UT(Q3) strongly
deviates from unity. Hence, these points in model space
are strongly constrained by both short- and long-baseline
experiments. In general, we find that, when strong RG
evolution effects are present, they typically first appear in
01,. It is well known [32] that the variation of 8, relative to
the other mixing angles 05 and 8,5 is enhanced by the ratio
between atmospheric and solar mass-squared differences:
[A012/ 013, |AG12/ Ay |Am%1/Am%1|'lo

"In our phenomenological discussions of RG-running effects
at T2K and Nova, we did not highlight the fact that 8,,-running
effects are largest. The reason is that long-baseline experiments
(and all other “high-energy” experiments, including measure-
ments of the atmospheric neutrino flux) have limited ability to
constrain the solar oscillation parameters, since, for the typical
energies associated with these setups, E/Am? is much larger than
the relevant baselines. While higher precision and more statistics
are expected at DUNE and Hyper-Kamiokande, these will also
have only limited ability to independently measure 6,,.
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Oscillation probabilities as a function of the neutrino energy at T2K (upper) and Nova (lower) including (solid) RG-running

effects or not (dashed). In the left-hand panels, the new-physics parameters are the ones that provide the best fit we found for the
combined T2K and Nova data. In the right-hand panels, the new-physics parameters are strongly excluded by short-baseline constraints.
We assume the NO and the lightest neutrino mass is set to 0.05 eV. The vertical lines indicate the neutrino energies where the T2K and
Nova spectra are largest. The bottom portion of each panel depicts the relative differences between oscillation probabilities with and

without RG-running effects.

Finally, since RG effects on short-baseline experiments
can be sizable, one may be tempted to search for explan-
ations to the LSND [5] and/or MiniBooNE [7,8] anomalies
using this framework. In particular, we found plenty of
points in model space with zero-baseline appearance
probability P, = 1073 at around E, ~ 0.4 GeV, hence
qualitatively in agreement with the oscillation interpreta-
tion of the MiniBooNE data. However, once constraints
from NOMAD and NuTeV are imposed, such points are
ruled out. This is mostly because RG effects are stronger at
larger neutrino energies. We will explore the short-baseline
phenomenology of this framework and variations thereof in
more detail in an upcoming manuscript.

B. Ultrahigh-energy neutrinos from the cosmos

Neutrino oscillation experiments are not the only way to
search for the RG running of neutrino mixing parameters.
In particular, RG effects grow with QO and the IceCube
experiment has detected neutrinos from extragalactic astro-
physical sources with laboratory energies up to the PeV

scale. This corresponds to 4/ in ~ 10° GeV, far above the

corresponding values accessible to terrestrial experiments
(see Table I). Here we argue that precise measurements of
the flavor composition of ultrahigh-energy (UHE) neutri-
nos at IceCube are also sensitive to the new-physics effects
discussed here.
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FIG. 8. Left: RG evolution of the mixing parameters for the two new-physics parameter points in Fig. 7. The solid (dashed) lines are
for the best-fit (strongly excluded) point. The vertical lines denote the peak value of v/ Q? at T2K and Nova. Right: RG evolution of the

mixing parameters, normalized by the respective values at Qf,.

In Sec. VA, we focused on RG effects for m3 < Q% <
(16)? GeV? and concluded that new-physics effects were a
perturbation over the standard expectation, particularly due
to constraints from short-baseline experiments. Here, we
will modify the RG-running conditions and assume that the

RG effects only take place for \/@ > 16 GeV; i.e., the
new degrees of freedom have masses on the order of tens of
GeV. This assumption leads to no observable effects at
Solar System neutrino experiments but allows for poten-
tially strong effects on measurements of the flavor
composition of IceCube’s UHE neutrinos. For the purpose
of our calculations, we postulate that running starts at

\/Qf, = 16 GeV and the values of all the parameters at

/0% =16 GeV are consistent with existing constraints
from oscillation experiments. It is important to note that
UHE neutrinos are produced, for the most part, in the
. 2 .
decays of pions, muons, or perhaps neutrons so Q3 is
usually around or below m2, independent from the neutrino
energy. Since the running only starts at the mass scale of
new particles, calculating the running from m?2 to Q3 is
equivalent to setting the production Q%, to the mass scale of
new particles. As far as detection at IceCube is concerned,

we fix @ — 10° GeV, for simplicity.

The IceCube Collaboration has released results [82,83]
on the flavor composition of astrophysical neutrinos, an
observable that is also one of the pillars of the forthcoming
IceCube-Gen?2 upgrade [84-86]. The initial flavor compo-
sition (v,:v,:v;) of O (PeV) neutrinos (note that, here, we
do not distinguish between neutrinos and antineutrinos)
from astrophysical neutrino sources is uncertain due to our
poor knowledge of the nature of these sources and the
mechanism behind neutrino production. We will consider
several hypotheses. If the neutrinos are predominantly

produced in the decays of high-energy pions and in the
decays of the pion-daughter muons, the flavor ratios at
production would be (1:2:0) [87,88]. If, on the other hand,
muons from the pion decays lose most of the their energy
before decaying (e.g., due to interactions in a dense
medium [89]), their decay products are not very energetic
and the initial flavor composition would be (0:1:0)
[90,91]. If, on the other hand, neutron decays are the
dominant source of UHE neutrinos, only electron antineu-
trinos would be produced at the source: (1:0:0) [92]. It
turns out that neutron decays as the dominant source of
UHE neutrinos are disfavored at around the 68% CL by
IceCube data [82,83]. For completeness, one could also
consider a pure tau neutrino initial flavor composition
(0:0:1) [93-95] even if this is not expected to occur in any
known astrophysical environment.

Once produced, the propagation of neutrinos to Earth is
subject to neutrino oscillations. Given the very long base-
lines, it is safe to treat these neutrinos are incoherent
superpositions of mass eigenstates and the oscillation
probabilities at Earth are baseline independent. In the
standard three-neutrino paradigm, the probability of pro-
ducing an astrophysical neutrino of flavor a and detecting it
with flavor 3, a, = e, u, 7, is given by

=P

Vo= g Ug—lg

=045 —2) _Re[Uy Uy U,;Uj|

k>j

=D U, . (5.2)
=

In the presence of mixing-matrix running, these probabil-
ities are [96]
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FIG.9. The relative flavor composition of UHE astrophysical neutrinos at Earth for different choices of the relative flavor composition
at the source. The green region corresponds to expectations from standard three-neutrino oscillations, while the blue scatter points
represent the potential effects of mixing-matrix running. Present limits from IceCube are shown as thick dashed (68% CL) and thick
solid (95% CL) lines. For pion-decay and damped-muon sources (left top and left bottom, respectively), we also show IceCube Gen-2
projections as thin dashed lines (68% and 95% CL). See text for details.

2

3
Pya—wﬁ = Z |Uaj(Q§7)|2|Uﬂj(Q¢21) s (53)
=

where we again stress that mixing-matrix elements evalu-
ated at the Q% and Q7 scales are potentially different. The
expected flavor composition at the surface of Earth is

Xg= P, _,XZ (5.4)
a

where X2 is the fraction of neutrinos of flavor a at
production.

Figure 9 depicts the flavor compositions in the ternary
plots that are often employed for this type of study [97,98].
Each panel corresponds to one of the production scenarios
discussed above. Green regions indicate the accessible range
in the flavor triangle for standard neutrino oscillations,

whereas blue scatter points represent different scenarios
with RG effects (RGE in the figure) included. The param-
eter-scan strategy is similar to the one discussed in Sec. VA
for both the standard scenario and the different new-physics
models. In all panels, the new-physics effects increase
the accessible region of the flavor triangle when compared
to the standard case due to the mismatch between production
and detection mixing-matrix elements. The most striking
effect can be seen in the upper right-hand panel, associated
with (1:0:0) (neutron decay source) at production. As we
discussed, while this type of production is disfavored by
present data in the absence of new physics, the situation is
different once RG-running effects are included; as can be
seen in the figure, there are plenty of blue points safely
located inside the 68% CL region.

For the preferred (1:2:0) and (0:1:0) scenarios, we
also depict, in addition to present constraints, the future
projections of IceCube-Gen?2 [85]. The region defined by
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the blue scatter points exceeds those regions significantly.
Hence, as the efforts in the field of neutrino astrophysics
lead to the discovery of point sources and illuminate the
neutrino-production mechanism, it will be possible to use
the flavor-composition observable to probe the presence
of RG induced new-physics effects with some precision.
Finally, we also consider the more general production
scenario in which the flavor composition is a generic
mixture of electron and muon neutrinos. Figure 10
depicts the flavor triangles for initial flavor ratios given
by (x:(1-=x):0), x€[0,1], where we scan over all
possible values of x € [0, 1]. As in Fig. 9, it is clearly
visible that mixing-matrix running may lead to strong
effects on the flavor composition at Earth. We can repeat
this exercise for a most general source of the type
(x(1=y):(1=x)(1=y):y), x,y €[0,1]. In this case,
we also find that running effects can land well outside
the region one can access in the context of the standard
scenario.

We conclude this subsection by summarizing the main

effects induced by the running of the mixing matrix:

(i) Even if the running of the mixing matrix starts at
energy scales higher than those accessible to Solar
System neutrino experiments, the impact on the
flavor composition of UHE neutrinos can be
quite large.

(i) The main effect of the running is to enlarge the set
of allowed values for the flavor ratios at IceCube,
for all production mechanisms. A signature of this
scenario is the measurement of a flavor composi-
tion of the UHE neutrino flux that is inconsistent
with expectations from standard three-neutrino
oscillations.

0.0,1.0

RGE
0.8 Standard

® x:(1-x):0

——————
o

Xe

FIG. 10. Same as Fig. 9, for all possible flavor compositions
(x € [0, 1]), assuming the sources can only produce electron and
muon neutrinos.

VI. CONCLUSIONS

We considered, within the context of simple, ultraviolet-
complete models of neutrino masses, the effects of scale-
dependent lepton mixing parameters at neutrino oscillation
experiments. In this framework, the mixing matrix at
production and detection may be different, leading to rich
and novel phenomenological consequences. We identified
several robust experimental signatures of this framework,
including

(i) apparent mismatches between 6;; measurements at

reactor and beam experiments as well as apparent
mismatches between 6,3 measurements in v, dis-
appearance and v, appearance channels (this would
be the smoking gun signature of the framework
proposed in this paper),

(ii) new sources of CP-invariance violation,

(iii) zero-baseline flavor transitions v, — v, v, = v,
and v, — v,

(iv) apparent CPT-invariance violation in the form
P(v, = v,) # P(D, > 1,) fora=e, p, 7.

Taking current experimental constraints from short-
baseline experiments into account, we showed that the
renormalization-group evolution of the mixing parameters
can induce observable effects at T2K, Nova, and future
long-baseline neutrino experiments. As a complementary
probe to short- and long-baseline experiments, we also
scrutinized effects at neutrino telescopes, in particular,
those related to the flavor composition of ultrahigh-energy
neutrinos.

Observable effects of RG running of the leptonic
mixing matrix are a potential consequence of new,
relatively light degrees of freedom and new neutrino
interactions. As we demonstrated, the new interactions
may be restricted, mostly, to the neutrino sector and
hence are difficult to constrain outside of experiments
that involve flavor-resolved neutrino scattering. The
effects discussed here are qualitatively different from
the more familiar nonstandard neutral-current-like neu-
trino interactions, which often manifest themselves via
modified matter effects or new interactions that impact
neutrino production or detection. The latter, in particular,
may also be described using different leptonic mixing
matrices at neutrino production relative to neutrino
detection, but do not share the scale dependency of
the RG-running effects discussed here. New, light degrees
of freedom can also be directly produced in neutrino
scattering. These effects are complementary to what we
are discussing here and have been explored, rather
recently, in the literature.
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