PHYSICAL REVIEW D 109, 055006 (2024)

Revisiting leptonic nonunitarity

Daniel Aloni

Physics Department, Boston University, Boston, Massachusetts 02215, USA
and Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA

Avital Dery’
Department of Physics, LEPP, Cornell University, Ithaca, New York 14853, USA

® (Received 11 December 2023; accepted 15 February 2024; published 4 March 2024)

In the presence of extra neutrino states at high scales, the low-energy effective 3 x 3 leptonic mixing
matrix (LMM) is in general nonunitary. We revisit the question of what is our current knowledge of
individual LMM matrix elements without assuming unitarity. We first demonstrate that a minimal set of

experimental constraints suffices in bounding LMM nonunitarity parameters to the level of O(1073),
without the use of neutrino oscillation data. We then revisit oscillation results as a complementary cross-
check, using different physics and different experimental techniques to probe a similar parameter space. We
correct some common misconceptions in the neutrino nonunitarity literature resulting from an incautious
treatment of input parameters. We find that neutrino oscillation experiments can constrain LMM
nonclosure, but, contrary to claims in the literature, are completely insensitive to the overall normalization
of the LMM. Thus, we conclude that oscillation experiments, including the future DUNE experiment, have

no power in excluding nonunitarity altogether.
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I. INTRODUCTION

The discovery of neutrino oscillations is a milestone in
the history of particle physics. This phenomenon was the
first and so far only direct observation of physics beyond
the standard model (BSM). Neutrino oscillations are a
consequence of (i) at least two neutrinos being massive,
and (ii) mass eigenstates being misaligned with weak
interaction eigenstates. While these properties are absent
in the SM, in the minimally required extensions only two
mass differences and a 3 x 3 unitary mixing matrix need to
be introduced. The unitary Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) mixing matrix has three angles and one
Dirac phase. Since the first observation of missing
neutrinos at the Homestake experiment [1] a grand exper-
imental program succeeded in measuring the two mass
squared differences and the three angles to the level of a few
percent [2]. Nevertheless, even in the minimal scenario
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many questions remain open. Those are the overall scale
and the neutrino mass ordering, the Majorana or Dirac
nature, and whether or not CP symmetry is broken in the
leptonic sector.

In a huge class of models leading to neutrino masses and
mixing, new sterile states need to be introduced. These are
Weyl fermions which are singlets under the SM gauge
group. In minimal scenarios these states are either very
heavy and give mass to SM neutrinos via the seesaw
mechanism (Majorana neutrino), or very light and generate
the neutrino masses via the Higgs mechanism (Dirac
neutrino). Nevertheless, it is plausible to introduce addi-
tional neutrino states which might lead to richer phenomena
of neutrino oscillations (see e.g., Ref. [3] and references
therein).

In such nonminimal scenarios, if the mass scale of the
additional neutrino states lies above the kinematic reach of
a considered experiment, the consequences of their exist-
ence at low energies are embodied in the nonunitarity of the
effective low-energy 3 x 3 leptonic mixing matrix (LMM).
In the most general case, the LMM consists of nine
magnitudes and four phases, in contrast to the unitary
PMNS where three magnitude and one phase suffice.

In the past two decades a huge effort has been carried out
in order to study deviations from unitarity of the LMM.
Since Ref. [4] first explored the topic, and the seminal
paper of Antusch et al. [5] put the theoretical grounds for
the formalism of nonunitary neutrino oscillations, many

Published by the American Physical Society


https://orcid.org/0000-0002-6927-585X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.055006&domain=pdf&date_stamp=2024-03-04
https://doi.org/10.1103/PhysRevD.109.055006
https://doi.org/10.1103/PhysRevD.109.055006
https://doi.org/10.1103/PhysRevD.109.055006
https://doi.org/10.1103/PhysRevD.109.055006
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

DANIEL ALONI and AVITAL DERY

PHYS. REV. D 109, 055006 (2024)

authors confront different oscillation data with the theo-
retical predictions [6—15]. Throughout the years, different
parametrizations of the LMM matrix were presented, with
the well-known # parametrization of Ref. [16], and the «
parametrization of Ref. [17]. Recently Ref. [18] presented
yet another convention by packing the information in terms
of normalization and nonclosure factors, which have a clear
physical interpretation and reveal different aspects of
nonunitarity physics. On top of the information extracted
from oscillations, Refs. [19-21] extensively studied bounds
from nonoscillation-related constraints, and Ref. [22] pre-
formed a global fit to all data.

The experimental constraints are traditionally split in the
literature between bounds from neutrino experiments com-
pared to an extensive set of complementary measurements.
The former involves independent measurements of all nine
matrix elements and four phases, which in general is highly
challenging. It is traditionally unjustifiedly motivated by
the claim that, unlike other constraints, constraints from
this dataset are model independent.

Current constraints on LMM nonunitarity arise from a
variety of measurements, including, for example, electro-
weak data, universality tests, radiative lepton decays, and
oscillation data. In this work we do not aim to perform a
global fit to these constraints, but rather study the impli-
cations and limitations of individual constraints by splitting
the collection of relevant measurements into two minimal
complementary sets:

(1) Minimal and robust—We demonstrate that a min-
imal set of (i) lepton flavor universality (LFU) ratios
and (ii) weak angle measurements, is able to place
stringent bounds on nonunitarity parameters.

(2) Oscillation + LFU—We treat a dataset of oscil-
lation data together with the LFU bounds as a
complementary cross-check of LMM nonunitarity
constraints. We argue that using oscillation data
without using the LFU constraints is inconsistent.

In studying our second dataset we draw special attention to
contamination in input parameters and fix some common
errors in the literature. We provide the correct expressions
which are needed to consistently analyze neutrino oscil-
lation data in the framework of nonunitarity, and show that
a correct treatment of input parameters completely removes
the ability of oscillation experiments to exclude LMM
nonunitarity. This is in sharp contradiction to current
literature. We emphasize that neutrino oscillation experi-
ments are sensitive only to the nonclosure of the mixing
matrix, and hence that should be the only target of such
experiments.

The structure of the paper is as follows: In Sec. II we
review the formalism needed for nonunitarity of the LMM.
In Sec. Il we update the bounds arising from LFU and
weak mixing angle measurements and derive the resulting
constraints on nonunitarity. In Sec. IV we study the (in)
sensitivity of neutrino oscillation data, discussing the

subtleties and misconceptions in the literature. We con-
clude in Sec. V. Complementary material is given in
Appendixes A and B.

II. FORMALISM

In this section we review the framework and formalism
used throughout this paper. We mainly follow the notations
of Ref. [18], while we clarify explicitly in places where we
differ. The formalism is based on Ref. [23] which was
developed to the scenario of nonunitary LMM in Ref. [5].
We consider models in which extra sterile neutrino states
exist at scales above the relevant scale for neutrino
production, and whose consequences at low energies are
embodied in the nonunitarity of the 3 x 3 leptonic mixing
matrix (LMM).

In its most general form the LMM contains nine
magnitudes and four phases, and can always be rotated
to the following form:

| Uel | | UeZ | ei¢“2 | Ue3 |ei¢63
U=|Ual |Vl Ul ] (1)
|U11‘ |U72|ei¢rz |lj‘r3|€i¢r3

The effective neutrino flavor state produced in an
experiment in association with a charged lepton, Z,, from
a hadron or lepton decay at r =0 after propagating in
vacuum for a time ¢, is given by

[va (1)) Z Ugie™ v (2)

where a = e, y, 7 stands for the neutrino flavor and & stands
for the neutrino mass eigenstate. The sum is truncated at
three, as under our assumptions mass eigenstates with k>3
are kinematically inaccessible at production. The normali-
zation factor N, is chosen such that (v,(7)|v,(7)) = 1. In
general we define the normalization factors,

Na = |[]011|2 + |Ua2|2 + |Ua3

L (a=epnr). (3)

Ni = Ul + Ul + Uy

2, (k=1,2,3), (4)
and the nonclosure factors,
tap = Uy Upt + UpaUgp + UggUps, (5)
m=UyUu+UuU,+ Ul Uy, (6)

which are measures of the nonunitarity of the LMM.
Throughout this work we assume that the LMM is a
submatrix of a larger unitary matrix. That is,
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N, N,<1 i=1,2,3, a=e,put. (7)

The normalization factors and nonclosure factors are not
independent; in particular, using the Cauchy-Schwarz
inequality on the vectors of the full extended mixing

matrix, one can derive the following relations:

|tap]* < (1= Ng)(1 = Np),
15> < (1=Ny)(1=N;). (8)

This implies that any nonunitarity exhibited in nonclosure
factors must be accompanied by nonunitarity in normali-
zation factors of at least the same magnitude.

III. A MINIMAL AND ROBUST SET
OF CONSTRAINTS

In this section we demonstrate, that a minimal set of
experimental constraints, consisting of:

(1) Two lepton flavor universality (LFU) ratios.

(2) One ratio of weak angle measurements.
is able to exclude deviations from unitarity in the LMM
larger than O(1073). These constraints, together with many
others, have been considered previously in the literature in
the context of LMM unitarity (see, e.g., Ref. [20]). Here we
emphasize that a very minimal set such as the one
considered here suffices in placing stringent constraints,
remarkably without the use of neutrino oscillation data. We
update these constraints with the latest relevant experimen-
tal data.

The robustness of these constraints is due to the fact that
they are sensitive to nonunitarity at leading order in pertur-
bation theory, and were measured using several independent
systems and experimental techniques. We note that, if the
only new physics affecting these measurements is the
effective nonunitarity, then the constraints detailed below
are unavoidable. In order to circumvent them, one would
need to alter meson and lepton decays, introducing additional
couplings to light and invisible states (to avoid LFU con-
straints), or introduce effective operators that affect weak-
angle determinations (to avoid EW constraints).

A. Lepton flavor universality bounds

One of the most robust constraints on row normalization
factors can be derived from nonuniversality constraints in
meson and lepton decays (see Refs. [5,19,20]). Here, a ratio
of branching ratios of identical processes with a single
different flavor of charge lepton is proportional to the ratio
of normalization factors. For instance one finds the follow-
ing from LFU measurements of pion decay (for a detailed
derivation see Appendix B):

©)

TG ~ (BRO o))

_ K
BR(7 — ev) N,

TABLE I. Summary of LFU constraints on ratios of normali-
zation factors, taken from Ref. [24].

Ratio Bound Processes

% 1.004 £ 0.003 Lepton decays
x_z 1.006 + 0.003 Lepton decays
e 0.999 + 0.003 Lepton, 7, K decays

=

LFU constraints arise from tree-level processes and are
applicable in any model in which the extra states are
kinematically inaccessible at meson and lepton mass scales.
In order to avoid the LFU bounds one has to introduce
either light fermions which are singlets under the SM gauge
group, also known as light sterile neutrinos, and/or intro-
duce nonstandard neutrino interactions in a way that
mimics the SM prediction. Therefore, we argue these
limits cannot be avoided without further NP in the neutrino
sector.

In our analysis, we use a set of LFU constraints provided
by the HFLAV Collaboration [24], as summarized in
Table 1. More details as to LFU bounds from additional
processes can be found in Appendix B.

The conjunction of any two ratios from Table I leads to
the conclusion that all row normalization factors, N, can
be thought of as moving together in the allowed flat
direction, up to deviations of O(1073) at most. The only
considerable freedom that remains is of the universal
normalization, which we denote as N ..,

Ne:NﬂszgNuniv- (10)

B. Weak-mixing angle bounds

As was shown in Ref. [20], the combination of various
weak mixing angle measurements places a strong bound on
the universal normalization, N,;,. In the following we
update the experimental inputs to this derivation. The Fermi
constant as measured from muon decay is sensitive to
nonunitarity of the LMM matrix at tree level

G, = Gp\/N,N,. (11)

This measurement can be compared to the value of sin® 8y,
measured by using other systems [20,25], and can be
interpreted as setting stringent bounds on the product
N,N,. We consider leptonic Z-boson decays, and update
the effective weak mixing angle estimations using the latest
LHC data.

The effective weak mixing angle, sin’ 9£ff [26,27], is
measured in Z boson decays to fermion pairs, via forward-
backward asymmetries or polarization asymmetries.
Comparing the SM theoretical prediction (see Sec. 10.5
of [3]) with the expectation of a nonunitary LMM, one
finds
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(sin 9(/;“ cos’ 6£ff)SM
2

(sin” Oy cos’ 6£ff)NU Neflr "
where the subscript NU stands for the nonunitary case.
Here we update the results of Ref. [20] by combining
results from the Tevatron CDF and D@ experiments
[28,29], and the LHC ATLAS, CMS, and LHCb experi-
ments [30-33]. Following [3] for combining leptonic
(¢ = e, p) observables, we have

sin? 0% cos? 0% = 0.17784 £ 0.00012. (13)
This is to be compared with the SM prediction [3],
(sin? 0% cos? 0% )gm = 0.17792 £ 0.00002.  (14)
The resulting constraint reads
\/W = 1.0004 £ 0.0007. (15)

Together with the nonuniversality constraints of Table I, by
using simple propagation of error, this implies,

N, =0.998+0.002, N, = 1002+ 0.002,
N, = 1.003 + 0.002, (16)

or in terms of lower bounds,

N,>0995, N,>0.999, N,>0998 at2¢. (17)

Thus, without using any input from neutrino experi-
ments, the combination of

(1) LFU constraints, and

(2) Weak mixing angle bounds.
suffices in order to exclude deviations of row normalization
factors from unity larger than O(1073).

Using the Cauchy-Schwartz inequality, the row non-
closure parameters are similarly constrained,
ltapl* <(1=N,)(1=Ny) <O(107°),  a,f=e.p7. (18)
Finally, as the sum over column normalization factors
equals to the sum over row normalization factors,

Y No=> N, (19)

we conclude that the sum of column normalization factors
is also equal to one at the per mil level. As we take all
normalization factors to be at most one, we cannot achieve
large cancellations between different column normalization
factors. This results in per mil level bounds on each of the
column normalization factors as well.

IV. COMPLEMENTARY CROSS-CHECKS
FROM OSCILLATION DATA

Oscillation experiments are directly sensitive to the
LMM parameters. In this section we work with a dataset
excluding the weak mixing angle constraints of the pre-
vious section, considering only measurements that directly
involve neutrinos in the initial or final state. We treat
oscillation + LFU data in what follows as a complementary
cross-check of LMM constraints, and find that, contrary to
what is claimed in much of the literature, oscillation
experiments are only sensitive to the normalized LMM
elements, {|U,|?/Nuiv}> and have no sensitivity to the
overall normalization of the LMM rows and columns.

As discussed in Sec. IIT A, LFU constraints cannot be
avoided without modifying neutrino physics beyond non-
unitarity. Moreover, some of the LFU bounds arise from the
same meson decays that play a role in the production
mechanisms of many oscillation experiments. Hence,
ignoring LFU constraints but assuming that the only NP
in the neutrino sector is embodied in nonunitarity is
inconsistent. Therefore, our starting point for the analysis
below is the conclusion of the LFU analysis outlined in
Sec. IIT'A.

In order to interpret oscillation data, we derive the
oscillation probability expressions in the presence of
nonunitarity, and the relation between the number of
observed events and these probabilities.

The oscillation probabilities are given by

P(vg = vp. 1) = [ Iua(6)) P, (20)

where explicit expressions are given in Appendix A. It is
important to highlight the effect of neutrino appearance at
zero distance, which arises due to the nonorthogonality of
the effective flavor states of Eq. (2). The transition
probability at zero distance does not vanish but is rather
given by

1 p=a
P(va—u/ﬁ,o)_{M fta’ (21)
NN

A. Flux and cross section predictions

In order to relate the probability expressions to a
measured number of events in a neutrino experiment, the
neutrino flux and its interaction cross section need to be
taken into account,

ng < @, - Py, — 1//3) - 0, (22)

where @, (o,) is the neutrino flux (cross section) associated
with a lepton #,. In experiments that use both a far detector
(FD) and a near detector (ND) and consider the ratio of
measured events (assuming a source of a single neutrino
flavor), the flux and cross section cancel in the ratio which
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is then a clean measurement of the evolution probability.
Conversely, all other experiments require estimations of
both the flux and the cross section in order to be interpreted.

Since initially postulated in Ref. [5], the leptonic non-
unitarity literature traditionally treats the estimation of
fluxes in the presence of nonunitarity as differing from
their SM expectations by a normalization factor, arising
from the effective flavor states of Eq. (2). We argue,
however, that the SM prediction is misleading, as input
parameters are derived from measurements. Therefore, in
reality, no such correction factors need to be applied, since
fluxes are estimated using measured branching ratios. In the
following we provide two characteristic examples of flux
estimations in order to convey this point:

(1) Consider a pion source of u-neutrinos. Given a

known pion flux, the g-neutrino flux is given by

®, =@, -BR(z — ). (23)

If the branching ratio is taken from measurement,
then there is clearly no need to correct the flux
estimation, which would inherently include the
effects of nonunitarity. In the special case of the
pion, the branching ratio can also be estimated
without any hadronic input, using only the fully
leptonic two-body modes,

BR(z — uv)
T o)R-Ps,
| (v H]0) 2 PS,, + [(eve[H|0)[*- PS,

(24)

where PS,, stands for the relevant phase-space
factor. Plugging in the effective flavor states of
Eq. (2) and the Hamiltonian in the mass basis, we
have for each matrix element

2,05 H|0)[? 1< :
|<f al/a7_|( 0|s1>v|1 2= ‘ N |Um|2 =N, (25)
|< ayal ‘ > | a j—]
Therefore, this results in
N,-PS,

BR(7 — uv) NNﬂ “PS,+ N, - PS,
—14 o(ﬁ x 10—4>. (26)
N JZ
In other words, since BR(z — uv) ~ 1 is known,
nonunitarity cannot result in a non-negligible
deviation in the u-neutrino flux from pions. Sim-
ilarly, as nuclear reactors operate below the muon
threshold and produce only v,, no correction should
be applied to the flux of reactor neutrinos, which is
estimated from the measured produced energy.

(2) As a second example, consider the flux of
e-neutrinos induced by the decays K — mev in a
collider experiment. Given a known kaon flux, the
e-neutrino flux is given by

®, = O - BR(K — 7ev). (27)

The branching ratio can either be taken from
measurement, in which case again no correction is
needed, or it can be calculated using two exper-
imental inputs: (i) the kaon lifetime; (ii) the hadronic
matrix element. While the first input is not expected
to be affected considerably by nonunitarity, the
hadronic matrix element, as measured in semilep-
tonic decays, does inherently include effects of
nonunitarity coming from the leptonic matrix ele-
ments in the decay [as in Eq. (25)]. In this case the
true flux would differ from the expected SM flux by
a ratio of normalization factors.

We conclude that flux estimations either do not need to
be corrected for the effects of nonunitarity, or at most are
corrected by ratios of normalization factors arising from the
product of the leptonic matrix element and measured
hadronic matrix element,

. N
cI)a — (q)a)Predlcted R (28)
N,
B

This is in contrast to the widespread treatment of SM flux
predictions in the leptonic nonunitarity literature, where a
correction factor of N, is applied to all flux predictions. We
note that in principle, lattice QCD results can be used to
estimate hadronic matrix elements. We do not discuss this
option further here. As illustrated in Sec. III A, ratios of
normalization factors, as in Eq. (28), are constrained to be
very close to unity due to LFU constraints, and are
therefore negligible when considering O(1) unitarity vio-
lation. Additional LFU bounds which are directly related to
neutrino production mechanisms are given in Appendix B.

The situation for interaction cross-section predictions
depends on the relevant energy scale. For low-energy
neutrino experiments, below the perturbative regime of
QCD, SM predictions generically require experimental
hadronic input involving neutrino states, which inherently
account for the effects of nonunitarity. In these cases
therefore we argue no correction factor should be applied.
For experiments that operate in the perturbative QCD
regime, where the interaction cross section is dominated
by deep inelastic scattering (DIS), the situation is subtle and
depends on the way input parameters are measured. One
can hope that input parameters be measured using proc-
esses with no neutrinos. This is possible for some inputs;
for example, one could imagine that in order to interpret
data from collider experiments such as FASERv [34] and
SND@LHC [35], the weak constant would be taken from
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TABLE II.
quantities, without assuming unitarity.

Experiments relevant for e-row magnitudes and the expressions for the corresponding measured

Measured quantity

Value and Ref.

Experiment
Solar CC (SNO + SuperK)

Nuniv
KamLAND 4

Daya Bay AU

Nuniy

[Ue 1— [Ues? + [Ugl*
Nuniy

Uel ‘2|U62|2/N2

_Us
(-

0.293 +£0.013 [37]

N2

univ

0.824 £ 0.036 [38]
0.0856 £ 0.0029 [39]

univ

LHC measurements rather than from muon decay.
Unfortunately, in the absence of light-quark flavor tagging,
the CKM matrix element |V 4| is currently extracted only
from low-energy experiments that involve neutrinos, where
the most precise method is using super-allowed beta decays
[36]. The combination that is measured introduces one
insertion of the normalization, (G%|V,4|*Nuiy), which
cancels out in the DIS cross section prediction. If one
could use only neutrino-free inputs, the definition of SM
cross section [5] would no longer be ambiguous, and a
measurement of DIS would be linearly sensitive to Ny -
We conclude that as long as contaminated inputs have to
play a part, no nonunitarity correction factor should be
applied for the cross section.

Our treatment of flux and cross section predictions,
different from what is commonly used in the literature,
results in drastically different conclusions as to the impact
of neutrino oscillation experiments on nonunitarity; we find
that oscillation experiments have no sensitivity to LMM
row normalization factors. Below we show what informa-
tion can be extracted from oscillation experiments under
the hypothesis of LMM nonunitarity.

B. Constraints on {|Uy|*/Nyniv} and Nypniy
from neutrino oscillation data

In what follows we perform frequentist statistical analy-
ses, and provide our results in the form of Ay? distributions,
minimized with respect to all parameters but the parameter

of interest. We use best fit values for the mass squared
differences Am3, =(7.42+0.21)x1075eV? and Am3, =
(2.52 4+0.03) x 1073 eV? [2]. We emphasize that we do
not attempt to perform a global fit to all existing neutrino-
related data, but rather use a selection of experimental
results that is both straightforward to interpret in terms of a
nonunitary LMM, and provides a comprehensive picture of
current constraints. Throughout our analysis we neglect
matter effects, which we have verified do not significantly
change any of our results. From this point on we do not
distinguish between noramlization factors of different rows,
and only focus on the constraints on the universal nor-
malization, N ..

1. e-row magnitudes

Neutrino experiments relevant to the e-row (reactor and
solar) provide three equations for the three normalized e-
row parameters,

{|U€1|2 |Ue2|2 |Ue3|2}

9 9
Nuniv Nuniv Nuniv

(29)

and can be analyzed separately from all other constraints.
While in the unitary case the three equations can be
solved unambiguously for each of the squared magnitudes,
{|U.;|*}, when considering nonunitarity only the normal-
ized magnitudes are determined, while the overall normali-
zation remains completely unconstrained,

10F - -
N
<
5 | | |
0 1 1 1 1 1 L 1 1 1 1 1 1 1 ‘Ll 1 1 1 1
00 02 04 06 08 10 00 02 04 06 08 1.0 000 002 004 006 008 0.10
|Ue1 |2/Nuniv |Ue2 |2/Nuniv |Ue3 |2/Nuniv
FIG. 1. Ay? distributions for the normalized e-row magnitudes, when taking into account only neutrino oscillation experiments. The

expressions and values used to generate these plots are listed in Table II.
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TABLEIIL.  Select v,-beam oscillation experiments and the expressions for the corresponding measured quantities, without assuming
unitarity.
Experiment Measured quantity Value and Ref. Notes
(1_/) N (1_/) TIK WP () _ Ul 1.01 £0.02 [42] Interpreting the measurement of sin” 6,5
(_)" (_)" Nuniv " Nuniv 0.99 + 0.02 [40] as providing the coefficient of sin” x5,
v, — v, NOvA ’ ’
NOMAD |tm,|2/Nfmiv <1.4 x 1073 at 90% C.L. [43]

Lue* /N2 <3.3 x 107 at 90% C.L. [41]

H univ

|tee|?/ N2y <1.5x 1072 at 90% C.L. [41]
OPERA P = [|tue]* + 4|U 3 [*|U 5]? sin® x5 (1.14 £0.38) Using x3; = Am3,L/4E,

+ 411, ||U 31| U 3| sin x5, x sin2x§PERA [44] L =730 km,E = 17 GeV

x sin (x3; + arg(t,.) — be3)l/ Ny

Nuniv € [0’ 1} (30)
This result is apparent from the expressions in Table II
which depend only on |U,,|?/N uiv- Figure 1 shows the 1D
Ay? distributions for the normalized elements.

2. v,-beam oscillation data (NOvA, T2K, NOMAD,
and OPERA)

Oscillation data from <1/_ﬂ> — S/_”) (T2K and NOvA) and zero
distance nonclosure constraints from the NOMAD experi-
ment, provide information on the normalized parameters,

{|Uﬂi|2 |U7i2}
Nuniv ' Nuniv

(31)

By looking at the expressions of Table III, one can see that
T2K and NOvA [40], fix |U ;3 |2/ Nuniv to be centered around
~1/2, while the NOMAD [41] and OPERA measurements
provide constraints on the remaining normalized magni-
tudes. The resulting Ay? distributions are shown in Fig. 2. We
note that while appearance experiments can place bounds on
the magnitude of nonclosure parameters, |f,4|, the normali-
zation, N,,, remains completely unconstrained by the
combination of all existing oscillation data.

3. A final comment on oscillation experiments

The results above should come with no surprise. After
we argue that fluxes and cross sections should not be
rescaled, it is clear that oscillation experiments measure the
transition probability. As can be seen from the explicit

15

10

Ve

0
00 02 04 06 08 10
|U/,l1 |2/Nuniv

00 02 04 06 08 1.0
|Up2 | 2/Nuniv

0.0 02 04 06 08 10
|U1.13|2/Nuniv

00 02 04 06 08 10
|Ur1 |2/Nuniv

00 02 04 06 08 1.0
|Ur2|2/Nuniv

00 02 04 06 08 10
|Ur3 |2/Nuniv

FIG. 2. Ay? distributions for {|U,;|*/Nuiy. |U.i[*/Nyyiy} from muon neutrino beam experiments.
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expressions of Appendix A, the probability expressions are
only sensitive to the normalized matrix elements,
|Uyi>/Nuniv- The same is true for the prospects of the
DUNE experiment, for which the relevant parameters are
once again the normalized magnitudes and the normalized
nonclosure factors, |#,4|/N iy, While no sensitivity exists
to the diagonal nonunitarity parameters, embodied by the
overall normalization, N ;..

One might wonder if matter effects introduce a sensi-
tivity to the overall normalization. We argue that this is not
the case. Working in the basis of vacuum mass eigenstates,
the matter potential has the form [see e.g., [10])],

Hpy = U"'diag{Vcc + Vne: Ve VU, (32)

which introduces a quadratic dependence on the LMM
matrix elements. Nevertheless, the matter potential is
proportional to the Fermi constant measured from muon
decay, as in Eq. (11). As a result, matter effects only
introduce additional sensitivity to |Uy;|?/Nyniy-» and no net
sensitivity to Ny, itself.

To conclude, within the assumption of kinematically
inaccessible extra states, oscillation experiments, including
the future DUNE, are only sensitive to the magnitudes of
nonclosure factors |#,4|, which should be the only target of
those experiments under the hypothesis of nonunitarity.
Once again, just as in the case of flux and cross section
estimation, we see that contamination in input parameters
cancels out the sensitivity to the overall normalization.

V. DISCUSSION AND CONCLUSIONS

In this work we have revisited the topic of leptonic
nonunitarity resulting from kinematically inaccessible
heavy degrees of freedom. While traditionally the literature
separates between direct measurements coming from neu-
trino experiments which are considered as model indepen-
dent, and a set of all other indirect constraints, we argue that
such separation is unjustified, and even inconsistent.

In our analysis we choose a different differentiation. In
the minimal and robust dataset we include measurements of
LFU ratios together with weak-mixing angle constraints.
This includes two measurements of LFU ratios, and one
overconstraining measurement of the weak mixing angle.
This minimal dataset is sufficient to constrain nonunitarity
at the O(1073) level. We emphasize that both LFU and the

2If the Fermi constant is measured from a neutrinoless process,
such as high energy measurements of the weak coupling at the
LHC, then matter effects do introduce sensitivity to N ;.. We
believe this is unintentionally the source of the DUNE sensitivity
to the parameter a,, in [10]. Nevertheless, as the DUNE
experiment preforms at energies much closer to those of the
muon decay than those of LHC measurements, we do not see any
justification for such an assumption.

weak mixing angle were measured in many different
systems. Moreover, it requires quite remarkable conspiracy
between other new physics effects to mimic the SM
prediction; hence we term this minimal set as robust.

Next we revisit the Oscillation + LFU dataset, and stress
that for consistency the LFU bounds must be included
when analyzing oscillation data under the hypothesis of
neutrino nonunitarity. In our assessment of the knowledge
gained from neutrino oscillation data, we draw special
attention to the important role of experimental inputs to
fluxes, cross sections and matter effects. While it is tradi-
tionally stated that neutrino fluxes and cross sections
should be corrected by a normalization factor compared
to the SM predictions, we argue that so-called “SM
predictions” are contaminated by the same NP leading to
nonunitarity, and therefore do not commonly require any
correction.

Our different treatment of flux and cross section normali-
zation, as well as the inclusion of LFU bounds, show that
oscillation experiments are only sensitive to the normalized
matrix elements, |U, af |?/N, and that there is a flat direction
in the universal normalization of the matrix. Once input
parameters are treated correctly, this conclusion remains
even in the presence of matter effects. This result is in sharp
contradiction with the traditional treatment of oscillation
data in the literature, and holds also for future oscillation
experiments. In particular, the DUNE physics book [45]
claims for O(10%) sensitivity to Ny, =~ N, = (1 — a,,)?,
while we find no sensitivity to N ,;,. exists.

Our study highlights the strength of zero-distance
oscillation experiments in providing knowledge of the
nonclosure of a nonunitary LMM, by placing bounds on
the factors [t,4//N. The remarkable bounds placed on
|t,.[*/N? by the NOMAD [41] and CHORUS [46] experi-
ments, of O(107*), are the only existing bounds from
oscillation data that come somewhat close to the level of
electroweak and LFU constraints. We believe that improv-
ing the NOMAD bounds on the nonclosure factors should
be the target of future experiments that wish to constrain
LMM nonunitarity. We note, that our conclusions hold for
the case of kinematically inaccessible heavy neutrino states.
Other scenarios that result in a nonunitary LMM are
discussed, for example, in Ref. [10].

As a last comment, we find it remarkable that the
resulting bounds from the minimal and robust dataset
are two orders of magnitude stronger then the bounds on
CKM nonunitarity.
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APPENDIX A: GENERAL OSCILLATION
PROBABILITY EXPRESSIONS

Using Egs. (2) and (20), we derive the oscillation
probability expressions when allowing for nonunitarity.
Defining

we have for the disappearance probability,

_4|Ua2|2(|Ua1|2+ |Ua3|2)

Plta =) =1
0 a N%z
AU (|Uai | + U ?
_ | (13‘ (| 1112| +| (12| )siI’IZX31
Ng

sinx,; sinxs; cosxz,.  (A2)

N

B Amisz Al
Yij = 4E ( ) The appearance probability expression is similarly given by
|
R s> UL Upl* . UG Ul .
P(g/a) g (l/ﬂ)) = ]L/a/;\ll | 33|]|\, ﬂ2| n2x21 +7| ;\37|N ﬁ3| s1n2x31
atVp atVp alVp
8|U || U ||U 5l U
Uaal|Upal|Ues [ Ups| sin x,; sin x3; cos (x5, F Aqﬁ‘;ﬂ + Agbgﬁ)
NNy i
4|t13| : :
+ LU || U sin xyy sin (xy; & arg(145) = AgSY)

NNy

+ U ||Ups] sin xy; sin (x3; =+ arg(5) £ Ag)],

where Aqﬁf’ﬂ = ui — Dpi-

To derive the expression for solar neutrinos, we use @,;—
the outgoing fractional fluxes of neutrino mass eigenstates
leaving the sun. Importantly, as a consequence of the
neutrino mass eigenstates being orthonormal, > ¢,; = 1.
Taking matter effects into account, the fractional fluxes are
given by ¢, = {Ov 1- |Ue3|2/Nunivv |U63|2/Nuniv} (see
e.g., Ref. [18]), and the probability of measuring e-neutrino
on earth is given by Pee = q)eipie = ¢ei|Uei|2/NuniV'

APPENDIX B: LFU BOUNDS FROM NEUTRINO
PRODUCTION PROCESSES

The LFU constraints are inherently related to the bounds
from neutrino oscillation experiments, and some processes
are actually exactly the source processes for atmospheric,
accelerator and collider neutrino experiments. Let us
illustrate it explicitly by using pion decay as an example.
Consider a neutrino state Eq. (2),

(A3)

1< ‘
U* ElEkt|I/k>,
/Na ; ak

vt (1) = (BI)

as produced from pion decay. At the source, ¢ = 0, the ratio
of branching ratio of pion decaying to a muon and neutrino,
compared to that of pion decaying to electron and neutrino
is given by (the z bounds are similar and coming from
T — V)

BR(r ) _ o W RO

BR(z — ev) " (eS| H|x )P’

where R, is a kinematical factor which to leading order is
equal to m2(m3 — m2)?/m%(m% — m2)?. Plugging the neu-
trino states defined above, and taking into account the
rotation of the interaction in the Hamiltonian as we move

from the interaction basis to the mass basis, one finds

TABLE IV. Leading bounds on LFU which are directly related to the neutrino source of various experiments. For
accelerator and collider neutrino experiments, electron neutrino are dominantly produced in Kaon decay, u-
neutrinos are mainly produced from both pion and kaon decay, and z-neutrinos are mainly produced from D

decays.

Ratio Co = Cpualy T — Lo, K- 7?0, D, - ?¢,0,
N, | 1.004 + 0.003 [24] 0.999 + 0.002 [47] 1004 + 0.013 [48]

N 1.006 =+ 0.003 [24]

Ny 1.002 + 0.003 [24] 0.992 + 0.005 [24] 0.996 + 0.013 [24] 1016 +0.035 [3]
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In other words, under the assumption of no conspiracy of
BSM invisible light states, using the neutrino states
Eq. (2) as produced by a pion source, is directly related

to measuring LFU from pion decay, which bounds
the ratio of the normalization factor. In Table IV we
summarize LFU constraints which are directly related
to the production of neutrino beams. We note that
nonuniversality in W-boson decays also places con-
straints, but these are slightly weaker and are relevant
at a different physical scale, therefore we do not include
them here.

[1] B.T. Cleveland, T. Daily, R. Davis, Jr., J.R. Distel,
K. Lande, C.K. Lee, P.S. Wildenhain, and J. Ullman,
Measurement of the solar electron neutrino flux with
the Homestake chlorine detector, Astrophys. J. 496, 505
(1998).

[2] 1. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz,
and A. Zhou, The fate of hints: Updated global analysis of
three-flavor neutrino oscillations, J. High Energy Phys. 09
(2020) 178.

[3]1 P.A. Zyla et al. (Particle Data Group), Review of
particle physics, Prog. Theor. Exp. Phys. 2020, 083C01
(2020).

[4] M. Czakon, J. Gluza, and M. Zralek, Nonunitary neutrino
mixing matrix and CP violating neutrino oscillations, Acta
Phys. Pol. B 32, 3735 (2001).

[5]1 S. Antusch, C. Biggio, E. Fernandez-Martinez, M. B.
Gavela, and J. Lopez-Pavon, Unitarity of the leptonic
mixing matrix, J. High Energy Phys. 10 (2006) 084.

[6] S. Goswami and T. Ota, Testing non-unitarity of neutrino
mixing matrices at neutrino factories, Phys. Rev. D 78,
033012 (2008).

[7] S. Antusch, M. Blennow, E. Fernandez-Martinez, and J.
Lopez-Pavon, Probing non-unitary mixing and CP-violation
at a neutrino factory, Phys. Rev. D 80, 033002 (2009).

[8] X. Qian, C. Zhang, M. Diwan, and P. Vogel, Unitarity tests
of the neutrino mixing matrix, arXiv:1308.5700.

[9] S.Parke and M. Ross-Lonergan, Unitarity and the three flavor
neutrino mixing matrix, Phys. Rev. D 93, 113009 (2016).

[10] M. Blennow, P. Coloma, E. Fernandez-Martinez, J.
Hernandez-Garcia, and J. Lopez-Pavon, Non-unitarity, sterile
neutrinos, and non-standard neutrino interactions, J. High
Energy Phys. 04 (2017) 153.

[11] E.J. Escrihuela, D. V. Forero, O. G. Miranda, M. Tértola,
and J. W.F. Valle, Probing CP violation with non-unitary
mixing in long-baseline neutrino oscillation experiments:
DUNE as a case study, New J. Phys. 19, 093005 (2017).

[12] C.S. Fong, H. Minakata, and H. Nunokawa, A framework
for testing leptonic unitarity by neutrino oscillation experi-
ments, J. High Energy Phys. 02 (2017) 114.

[13] A. De Gouvéa, K.J. Kelly, G. V. Stenico, and P. Pasquini,
Physics with beam tau-neutrino appearance at DUNE, Phys.
Rev. D 100, 093005 (2019).

[14] D. V. Forero, C. Giunti, C. A. Ternes, and M. Tortola,
Nonunitary neutrino mixing in short and long-baseline
experiments, Phys. Rev. D 104, 075030 (2021).

[15] P.B. Denton and J. Gehrlein, New oscillation and scattering
constraints on the tau row matrix elements without assuming
unitarity, J. High Energy Phys. 06 (2022) 135.

[16] E. Fernandez-Martinez, M. B. Gavela, J. Lopez-Pavon, and
O. Yasuda, CP-violation from non-unitary leptonic mixing,
Phys. Lett. B 649, 427 (2007).

[17] E.J. Escrihuela, D. V. Forero, O. G. Miranda, M. Tortola,
and J. W. E. Valle, On the description of nonunitary neutrino
mixing, Phys. Rev. D 92, 053009 (2015); 93, 119905(E)
(2016).

[18] S. A.R. Ellis, K. J. Kelly, and S. W. Li, Current and future
neutrino oscillation constraints on leptonic unitarity, J. High
Energy Phys. 12 (2020) 068.

[19] A. Abada, A.M. Teixeira, A. Vicente, and C. Weiland,
Sterile neutrinos in leptonic and semileptonic decays, J. High
Energy Phys. 02 (2014) 091.

[20] S. Antusch and O. Fischer, Non-unitarity of the leptonic
mixing matrix: Present bounds and future sensitivities,
J. High Energy Phys. 10 (2014) 094.

[21] E. Fernandez-Martinez, J. Hernandez-Garcia, and J. Lopez-
Pavon, Global constraints on heavy neutrino mixing, J. High
Energy Phys. 08 (2016) 033.

[22] A. M. Coutinho, A. Crivellin, and C. A. Manzari, Global fit
to modified neutrino couplings and the Cabibbo-angle
anomaly, Phys. Rev. Lett. 125, 071802 (2020).

[23] C. Giunti, Flavor neutrinos states, arXiv:hep-ph/0402217.

[24] Y. S. Ambhis et al. (HFLAV Collaboration), Averages of b-
hadron, c-hadron, and z-lepton properties as of 2018, Eur.
Phys. J. C 81, 226 (2021).

[25] A. Crivellin, M. Hoferichter, and C. A. Manzari, Fermi
constant from muon decay versus electroweak fits and
Cabibbo-Kobayashi-Maskawa unitarity, Phys. Rev. Lett.
127, 071801 (2021).

[26] G. Degrassi and A. Sirlin, Comparative analysis of electro-
weak corrections to et + ¢~ — f + f anti-f in on-shell and
(MS) frameworks, Nucl. Phys. B352, 342 (1991).

[27] P. Gambino and A. Sirlin, Relation between sin® 8,,(m(z))
and sin? Hl:f[;t, Phys. Rev. D 49, R1160 (1994).

[28] T. A. Aaltonen et al. (CDF Collaboration), Measurement
of sin® Hl:flst using ete™ pairs from y*/Z bosons produced
in p p collisions at a center-of-momentum energy of 1.96 TeV,
Phys. Rev. D 93, 112016 (2016); 95, 119901(A) (2017).

[29] V.M. Abazov et al. (DO Collaboration), Measurement of the
effective weak mixing angle in pp — Z/y* — £7£~ events,
Phys. Rev. Lett. 120, 241802 (2018).

055006-10


https://doi.org/10.1086/305343
https://doi.org/10.1086/305343
https://doi.org/10.1007/JHEP09(2020)178
https://doi.org/10.1007/JHEP09(2020)178
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1088/1126-6708/2006/10/084
https://doi.org/10.1103/PhysRevD.78.033012
https://doi.org/10.1103/PhysRevD.78.033012
https://doi.org/10.1103/PhysRevD.80.033002
https://arXiv.org/abs/1308.5700
https://doi.org/10.1103/PhysRevD.93.113009
https://doi.org/10.1007/JHEP04(2017)153
https://doi.org/10.1007/JHEP04(2017)153
https://doi.org/10.1088/1367-2630/aa79ec
https://doi.org/10.1007/JHEP02(2017)114
https://doi.org/10.1103/PhysRevD.100.093005
https://doi.org/10.1103/PhysRevD.100.093005
https://doi.org/10.1103/PhysRevD.104.075030
https://doi.org/10.1007/JHEP06(2022)135
https://doi.org/10.1016/j.physletb.2007.03.069
https://doi.org/10.1103/PhysRevD.92.053009
https://doi.org/10.1103/PhysRevD.93.119905
https://doi.org/10.1103/PhysRevD.93.119905
https://doi.org/10.1007/JHEP12(2020)068
https://doi.org/10.1007/JHEP12(2020)068
https://doi.org/10.1007/JHEP02(2014)091
https://doi.org/10.1007/JHEP02(2014)091
https://doi.org/10.1007/JHEP10(2014)094
https://doi.org/10.1007/JHEP08(2016)033
https://doi.org/10.1007/JHEP08(2016)033
https://doi.org/10.1103/PhysRevLett.125.071802
https://arXiv.org/abs/hep-ph/0402217
https://doi.org/10.1140/epjc/s10052-020-8156-7
https://doi.org/10.1140/epjc/s10052-020-8156-7
https://doi.org/10.1103/PhysRevLett.127.071801
https://doi.org/10.1103/PhysRevLett.127.071801
https://doi.org/10.1016/0550-3213(91)90446-5
https://doi.org/10.1103/PhysRevD.49.R1160
https://doi.org/10.1103/PhysRevD.93.112016
https://doi.org/10.1103/PhysRevD.95.119901
https://doi.org/10.1103/PhysRevLett.120.241802

REVISITING LEPTONIC NONUNITARITY

PHYS. REV. D 109, 055006 (2024)

[30] G. Aad er al. (ATLAS Collaboration), Measurement of
the forward-backward asymmetry of electron and muon
pair-production in pp collisions at /s =7 TeV with
the ATLAS detector, J. High Energy Phys. 09 (2015)
049.

[31] ATLAS Collaboration, Measurement of the effective lep-
tonic weak mixing angle using electron and muon pairs
from Z-boson decay in the ATLAS experiment at
/s =8 TeV.

[32] A.M. Sirunyan et al. (CMS Collaboration), Measurement of
the weak mixing angle using the forward-backward asym-
metry of Drell-Yan events in pp collisions at 8 TeV, Eur.
Phys. J. C 78, 701 (2018).

[33] R. Aaij et al. (LHCb Collaboration), Measurement of the
forward-backward asymmetry in Z/y* — pu*u~ decays and
determination of the effective weak mixing angle, J. High
Energy Phys. 11 (2015) 190.

[34] H. Abreu et al. (FASER Collaboration), Detecting and
studying high-energy collider neutrinos with FASER at
the LHC, Eur. Phys. J. C 80, 61 (2020).

[35] C. Ahdida er al. (SHiP Collaboration), SND@LHC,
arXiv:2002.08722.

[36] J.C. Hardy and I.S. Towner, Superallowed 0% — O
nuclear f decays: 2020 critical survey, with implications
for V,;, and CKM unitarity, Phys. Rev. C 102, 045501
(2020).

[37] Y. Nakajima, Recent results and future prospects from
super-Kamiokande, 2020, 10.5281/zenodo.3959640.

[38] A. Gando et al. (KamLAND Collaboration), Constraints on
013 from a three-flavor oscillation analysis of reactor
antineutrinos at KamLAND, Phys. Rev. D 83, 052002
(2011).

[39] D. Adey et al. (Daya Bay Collaboration), Measurement of
the electron antineutrino oscillation with 1958 days of
operation at Daya Bay, Phys. Rev. Lett. 121, 241805 (2018).

[40] M. A. Acero et al. (NOvA Collaboration), Improved meas-
urement of neutrino oscillation parameters by the NOvA
experiment, Phys. Rev. D 106, 032004 (2022).

[41] P. Astier et al. (NOMAD Collaboration), Final NOMAD
results on v, — v, and v, — v, oscillations including a new
search for v, appearance using hadronic 7 decays, Nucl.
Phys. B611, 3 (2001).

[42] K. Abe et al. (T2K Collaboration), T2K measurements of
muon neutrino and antineutrino disappearance using 3.13 x
10?! protons on target, Phys. Rev. D 103, LO11101 (2021).

[43] P. Astier et al. (NOMAD Collaboration), Search for v, — v,
oscillations in the NOMAD experiment, Phys. Lett. B 570,
19 (2003).

[44] N. Agafonova et al. (OPERA Collaboration), Final results of
the OPERA experiment on v, appearance in the CNGS
neutrino beam, Phys. Rev. Lett. 120, 211801 (2018); 121,
139901(E) (2018).

[45] B. Abi et al. (DUNE Collaboration), Deep underground
neutrino experiment (DUNE), far detector technical design
report, volume II: DUNE physics, arXiv:2002.03005.

[46] E. Eskut et al. (CHORUS Collaboration), Final results on

v, — v, oscillation from the CHORUS experiment, Nucl.
Phys. B793, 326 (2008).

[47] A. Aguilar-Arevalo et al. (PIENu Collaboration), Improved
measurement of the 7 — ev branching ratio, Phys. Rev. Lett.
115, 071801 (2015).

[48] C. Lazzeroni et al. (NA62 Collaboration), Test of lepton
flavour universality in K™ — £ v decays, Phys. Lett. B 698,
105 (2011).

055006-11


https://doi.org/10.1007/JHEP09(2015)049
https://doi.org/10.1007/JHEP09(2015)049
https://doi.org/10.1140/epjc/s10052-018-6148-7
https://doi.org/10.1140/epjc/s10052-018-6148-7
https://doi.org/10.1007/JHEP11(2015)190
https://doi.org/10.1007/JHEP11(2015)190
https://doi.org/10.1140/epjc/s10052-020-7631-5
https://arXiv.org/abs/2002.08722
https://doi.org/10.1103/PhysRevC.102.045501
https://doi.org/10.1103/PhysRevC.102.045501
https://doi.org/10.5281/zenodo.3959640
https://doi.org/10.1103/PhysRevD.83.052002
https://doi.org/10.1103/PhysRevD.83.052002
https://doi.org/10.1103/PhysRevLett.121.241805
https://doi.org/10.1103/PhysRevD.106.032004
https://doi.org/10.1016/S0550-3213(01)00339-X
https://doi.org/10.1016/S0550-3213(01)00339-X
https://doi.org/10.1103/PhysRevD.103.L011101
https://doi.org/10.1016/j.physletb.2003.07.029
https://doi.org/10.1016/j.physletb.2003.07.029
https://doi.org/10.1103/PhysRevLett.120.211801
https://doi.org/10.1103/PhysRevLett.121.139901
https://doi.org/10.1103/PhysRevLett.121.139901
https://arXiv.org/abs/2002.03005
https://doi.org/10.1016/j.nuclphysb.2007.10.023
https://doi.org/10.1016/j.nuclphysb.2007.10.023
https://doi.org/10.1103/PhysRevLett.115.071801
https://doi.org/10.1103/PhysRevLett.115.071801
https://doi.org/10.1016/j.physletb.2011.02.064
https://doi.org/10.1016/j.physletb.2011.02.064

