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The Froggatt-Nielsen (FN) mechanism offers an elegant explanation for the observed masses and
mixings of Standard Model fermions. In this work, we systematically study FN models in the lepton sector,
identifying a broad range of charge assignments (“textures”) that naturally yield viable masses and mixings
for various neutrino mass generation mechanisms. Using these textures, we consider higher-dimensional
operators consistent with a FN origin and find that natural realizations predict distinct patterns in lepton
flavor- and number-violating observables. For Dirac and Majorana neutrinos, FN-related correlations can
lead to detectable rates of charged lepton flavor violation at next-generation low-energy experiments.
Majorana and type-I seesaw models predict measurable rates of neutrinoless double beta decay.
Determination of inverted neutrino mass ordering would exclude the Dirac neutrino FN scenario. Only
a small minority of purely leptonic FN models predict detectable flavor violation at future muon colliders,
though it is possible that a combined analysis with the quark sector will reveal motivated signals. These
findings highlight the power of the FN mechanism to link neutrino mass generation to testable leptonic
observables, offering new pathways for the experimental exploration of lepton number and underscoring
the importance of next-generation low-energy probes.
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I. INTRODUCTION

Standard Model (SM) fermions exhibit a broad range of
masses and mixing angles with distinct patterns. While
technically natural, this dramatic variation invites an
explanation beyond the SM. The Froggatt-Nielsen (FN)
mechanism [1] provides an elegant and economical frame-
work for explaining this structure through a spontaneously
broken horizontal symmetry.

In these models, fermions carry additional FN charge
and Yukawa couplings are forbidden at tree level. At low
energies, the new symmetry is spontaneously broken and
heavy fields are integrated out, yielding effective Yukawa
couplings whose magnitude is exponentially sensitive to
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the FN charges of the corresponding fermions. Thus, order
one differences in charge assignments generate large
hierarchies in masses and mixing parameters.

This mechanism has been studied in both the quark and
lepton sectors [2-32]. The lepton sector, which is the focus
of this work, introduces the additional challenge of inte-
grating neutrinos into the framework. Unlike quarks, whose
masses and mixings all arise from Dirac-like Yukawa
couplings, the underlying mechanism for generating neu-
trino masses is currently unknown, leading to a greater
variety of possible implementations. Furthermore, the
Pontecorvo Maki Nakagawa Sakata (PMNS) matrix does
not exhibit any hierarchies and there are large experimental
uncertainties on the parameters of this sector; indeed, the
precise values of neutrino masses are currently unknown.

In this work, we address these challenges systematically to
present for the first time a global picture of the expected
relative magnitudes of CLFV observables resulting from a
large number of phenomenologically viable lepton FN tex-
tures. We also present the correlations between observables
which could, in principle, be used to discriminate between
textures. We achieve this through a two step procedure:

(1) Identify realistic natural FN textures: We first scan

over a wide range of FN charge assignments

Published by the American Physical Society
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(“textures”) for the leptons and identify hundreds
of combinations that naturally yield viable lepton
masses and mixings. In our treatment, all other
parameters (e.g., the coefficients of FN-preserving
operators) are chosen to be generic order-one num-
bers such that the hierarchies in the lepton sector
arise entirely from the charge assignments and
corresponding FN spurion insertions.

(2) Predict CLFV and Ovpp for these textures: Although
the SM does not predict observable levels of charged
lepton flavor violation (CLFV) or neutrinoless dou-
ble beta decay (Ouff), such processes can be greatly
enhanced in the presence of higher-dimensional
operators that arise from integrating out the FN
sector. The relative importance of different observ-
able processes is dictated by texture-specific selec-
tion rules for each model. We therefore calculate
the predicted rates of lepton-violating processes for
the identified realistic textures within the Standard
Model Effective Theory (SMEFT) framework, which
allows us to evaluate the experimental prospects of
the leptonic FN mechanism as a whole.

We consider neutrino mass generation by three mech-
anisms: Dirac, generic Majorana via a Weinberg operator,
and type-I seesaw.’ Our analysis reveals how a variety of
low-energy, high-energy, and cosmological probes can
provide a direct window into the dynamics underlying
lepton flavor.

II. FROGGATT-NIELSEN NEUTRINO MASSES

The FN mechanism introduces a U(1)gy Symmetry
which is spontaneously broken at a UV scale A by the
vacuum expectation value (VEV) of a heavy scalar ¢. € =
¢/A\ < 1 is the spurion associated with the breaking of
U(1)gy. Without loss of generality, we take the FN charge
of ¢ (SM Higgs) to be X4 = 1 (X = 0), and the VEV of ¢
to be in the positive real direction. The SM Yukawa
couplings only arise through € insertions after FN breaking.

In two-component fermion notation, the charged lepton
Yukawa couplings take the form

’CY D _C?;LiHTéje‘XL1+X?j‘, (1)
where L; are the left-handed (LH) lepton doublets, e; the
right-handed (RH) charged lepton singlets, H the Higgs

doublet, ¢ a coupling matrix with O(1) entries, and
i, j =1, 2, 3 label the fermion generations. The resulting

'Note that while many type-I seesaw scenarios can be mapped
directly to a Weinberg operator with a single Weinberg scale, as in
the Majorana case, if the RH neutrinos have flavor charge, the
type-I seesaw would effectively generate a Weinberg operator
where the suppression scale has flavor structure.

o ¢
Yukawa matrix is (Y,);; = cf;e",nf; =X, + Xz |, natu-
rally generating hierarchies when e <« 1. Diagonalizing

the Yukawas yields the charged lepton masses Y, =
U ff/lel = My = % ¥, after electroweak symmetry
breaking (EWSB), where Y, is diagonal, U, and W, are
unitary, and » = 246 GeV. To account for neutrino masses,
we examine three generation mechanisms within the FN
framework.

Dirac: Here, the SM is supplemented with right-handed
(RH) neutrinos N;, and neutrino masses only arise from the
Yukawa couplings

‘CD D Clli/jen[,/'HLiNj, I’lfj = |XL,~ +XN,-

)

where ¢” is a matrix with order-one entries. In analogy with
charged leptons, the neutrino Yukawa matrix can then be
written as (Y,); = c‘;je"'b'f and yields Y, = U, ¥, W} =

9 v

iy, =5 ¥,, where ¥, is the diagonal Yukawa matrix,
U, and W, are unitary matrices, 71, is the diagonal mass
matrix, and the PMNS matrix can be written as V = ULU,,.

In this scenario, the FN sector preserves lepton number,
and the smallness of neutrino masses is entirely due to the

FN mechanism and large flavor charges for RH neutrinos.
Majorana: The Weinberg operator [33]

w
Ly D—
A

(LiH)(L;H), (3)
w

generates neutrino masses, where niv}’ = Xy + Xyl Wis
a symmetric matrix with O(1) elements, and Ay, is the
effective scale at which the operator is generated, which
generically differs from the FN scale A. After EWSB,
Majorana neutrino masses arise via

where U, is a unitary matrix, 771, is the diagonalized mass
matrix, and V = U:;UD is the PMINS matrix.

Seesaw: We consider a type-I seesaw scenario [34-37]
where flavor breaking and lepton violation are governed by
the FN mechanism. In this case, neutrinos receive both
Dirac and Majorana mass terms,

v M
ESS ) _C?jeninLiNj - C?}-’é‘”?}’ ?NZN], (5)

where ¢ and ¢™ are matrices of order-one coefficients, M
is the Majorana mass scale of the RH neutrinos, and
ni; =X, + Xy, . =Xy, + Xy, |. In the seesaw limit,
the Dirac contribution is small and the diagonal neutrino
mass matrix is
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2
i, zv—UZ(C”e"”)(cMe”M)_l(c”e”L)TU,,, (6)
2M
where U, is a unitary rotation matrix. It is natural to
identify the FN scale with the Majorana mass scale
(M = A). There could also be additional explicit lepton
number violation in the FN sector, but we find that this
yields qualitatively similar results, see Supplemental
Material [38]. Note that type-I seesaw models generate
an effective Weinberg operator through RH neutrino
exchange, which ultimately gives rise to active neutrino
masses. However, as the RH neutrino masses are also set by
the FN mechanism, the resulting effective Ay, carries strong
flavor dependence, distinguishing this scenario from the
minimal Majorana scenario introduced previously.
Note that most explicit models of neutrino mass gen-
eration can be accommodated within these scenarios
[62—-66], see Supplemental Material [38].

III. METHODS

Identifying Realistic Natural FN Textures: We begin by
identifying viable FN textures that adequately reproduce
the observed lepton masses and mixing parameters for a
common value of €. To ensure that, for a given texture,
all hierarchical structure arises only from e, we demand
that all other free parameters are order-one numbers. In
our analysis, these free parameters are encoded in

the Lagrangian coefficients cf;, ¢, c¥, and ¢} from

ijrrijvije
Egs. (1)—(3), and (5), respectively. We scan over a wide
range of possible FN charges and determine the fraction of
random (1) values in these coefficients that reproduce all
observed masses and mixings within some tolerance.

Our scanning procedure avoids conducting direct fits to
the experimental observables. Instead, we seek to exhaus-
tively identify charge assignments that resemble our world
over a majority of their natural parameter space, realizing
the intended spirit of a natural FN solution to the flavor
problem. Thus, our predictions are derived for FN models
which generate experimental predictions very close to
their observed values, though the fit is not exact.
However, we have confirmed that, for coefficients that
approximately reproduce known results, introducing small
post-hoc tweaks readily accommodates all known observ-
ables exactly. Thus, our scanning strategy does not lose any
essential generality by seeking out approximate fits to
experimental data.

Specifically, we adopt and extend the Bayesian-inspired
method of Ref. [30] to the lepton sector—see Supplemental
Material [38] for details. For each mass generation mecha-
nism, we consider all textures with charges |X| <7, and,
for Dirac RH neutrinos, |X| <9 as required to obtain viable
models. For each texture, we generate random coefficient
matrices ¢;;, with each log, ¢;; sampled from a normal
distribution centered on zero with standard deviation
6 =03, and phases sampled uniformly over |[0,2x].

(Alternative choices of reasonable “O(1)” priors do not
meaningfully affect results.)

For each choice of coefficients, we compute observables
O={mg,Am};,|V;|,>"m,}, corresponding to the charged
lepton masses, neutrino mass-squared differences, the
absolute value of the PMNS matrix elements, and the
sum of neutrino masses. The fractional deviation of each
EN prediction Opy is 8¢ ~ Opn/Oexp, Where Oy, is the
experimentally measured value, see Supplemental Material
[38]. We maximize over all observables to obtain the
overall experimental deviation: &, = maxp(5p). Next,
we adjust e and, where applicable, Ay, or A, to minimize
Omax- FOr each texture, this process is repeated many times
for many choices of order-one coefficients. Textures that
naturally resemble our world will have §,,,, ~ O(1) for
large fraction coefficient choices. To compare textures, we
define F,= % of coeff. choices for which &, < x,
allowing for textures to be ranked by F, for different x.

In the Dirac case, leptonic masses and mixings depend
only on ¢, so the procedure outlined above leaves A
unconstrained. For the Majorana (type-I seesaw) scenario,
neutrino masses and mixings explicitly depend on both ¢
and Ay (A), constraining both when minimizing -

Predicting Lepton Violation in FN: Having identified the
realistic and natural textures capable of reproducing lep-
tonic masses and mixings, we next explore their implica-
tions for current and future experiments with a focus on
lepton flavor violation. To remain agnostic about the UV
completion of the FN mechanism, we adopt the SMEFT
framework with the minimal assumption that € is the only
spurion of U(1)gy breaking. Assuming O(1) coefficients in
the UV theory, higher-dimensional SMEFT operators are
then suppressed only by powers of A and insertions of e.

The most relevant interactions for LFV processes are the
four-lepton, dipole, and semileptonic operators. The four-
lepton terms are

Oy = 5 () (), (7)
where c;j; are O(1) coefficients and we have defined
niju = X, — X, + X, — X,,|. Note that we switched to
four-component fermion notation to match SMEFT con-
ventions, but we write n;; in terms of the FN charges of
the corresponding two-component fermion fields. For
dipole operators, we have

n; =Xy, + X,

. (8)

O, = % (l_,,»aﬂ”ej)HFﬂ,,e"if,
where F,, is the field strength tensor of an electroweak
gauge boson. Rates for muon to electron conversion in
atomic nuclei are also sensitive to semileptonic four-
fermion operators of the form Eq. (7), with one of the
bilinears comprised of light quark fields (u, d, s). To be
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agnostic to the flavor structure of the quark sector, we
include only the flavor diagonal quark operators. Notably,
the structure of these operators is such that textures with a
nonzero Higgs charge can be mapped onto X = 0 textures
without altering the phenomenology, as discussed in the
Supplemental Material [38].

In our analysis, O(1) Wilson coefficients are generated
on the FN basis at a high scale A and subsequently rotated
into the mass basis using the values of ¢ and the U and W
matrices from Egs. (4), (6), built using the Lagrangian
coefficients appropriate to each scenario. We calculate low-
energy observables, including two- and three-body CLFV
decays of muons and taus, as well as muon-to-electron
conversion in nuclei using the FLAVIO package [67].
Matching to the relevant energy scales is performed with
WILSON [68] (running was found to be a negligible effect).
Based on experimental constraints, we derive lower bounds
on A. Finally, using these bounds, we estimate the highest
possible rates of eu, ez, and pr production at future ete™
and 't~ colliders. For comparison, we also compute the
predictions for a fully anarchic or null texture, where all
charges are set to zero and the Wilson coefficients are
assumed to be all O(1) at a fixed scale. Further details on
our methodology can be found in the Supplemental
Material [38].

IV. RESULTS

The top-ranked textures for each mass-generation
mechanism are presented in Table [—additional textures
are provided in the Supplemental Material [38]. For both
the Dirac and Majorana cases, the hierarchical structure of
the charged lepton masses primarily stems from the charges
of the RH charged leptons, and this fact has significant
phenomenological implications. In particular, the LH
rotation matrices often feature large off-diagonal terms,

TABLE 1.

leading to relatively uniform contributions to various LFV
processes across different textures and ultimately making
the FN mechanism more predictive. Purely leptonic FN
models of any type only rarely generate observable flavor-
violating signals at proposed muon colliders; see
Supplemental Material for details [38].

CLFV Dirac: In most Dirac FN models, the FN scale is
constrained to satisfy A > 10% GeV by limitsonu — ey [69]
or muon conversion in Gold [70]—see the Supplemental
Material [38] for details. Setting A to saturate its constraint
within each individual model determines the highest possible
rates for future CLFV signals. As shown in Fig. 1, Dirac FN
textures can then predict measurable signals in LFV muon
decays and u-e conversion in atomic nuclei. The latter will be
probed in new experiments with aluminum targets [71]
(though gold targets would provide the greatest discrimina-
tory power between textures). Furthermore, stringent con-
straints in the muon sector lead to suppressed LFV 7 decays,
with only a few textures approaching detectability in
7-related channels. Overall, the predicted signal rates for
FN Dirac scenarios typically exceed those of anarchic
models by more than an order of magnitude, particularly
for muonic processes, and offer a modest degree of dis-
criminatory power between different textures.

Majorana: Results depend on whether the Weinberg
operator scale Ay coincides with the FN scale A. If
Ayw = A, the predictions for CLFV processes are fixed by
neutrino masses, see Fig. 2 (top). In this scenario, a non-
observation in future experiments would exclude specific
textures entirely. Unfortunately, most of the top Majorana
textures correspond to scales Ay ~ 108-10" GeV, far
beyond the reach of current or planned experiments. A
handful of textures approach the observable region, exclu-
sively in LFV muon experiments. The assumption Ay, = A
can be relaxed, as in FN type-II seesaw models. If we instead
let A saturate the most constraining current bounds, as in

Some of the most natural and realistic FN textures for Dirac, Majorana, and type-I seesaw neutrinos, reproducing masses

and mixings with a relative experimental deviation factor ,,,, < 5, 2, and 1.35 for approximately 50%, 2-5%, and 0.03% of random
O(1) coefficient choices, respectively. Each texture is specified by the FN charges of the LH lepton doublets (X, ), RH charged leptons
(Xz,), and RH neutrinos (Xy,). For € and log,o(A/GeV), we show texture-averages for coefficient choices with &,,,, < 2. NO denotes
the percentage of coefficient choices that predict normal ordered (NO) neutrino masses.

Dirac Majorana Type-1 seesaw
L, L, Ly e, e, e3 Ny N Ny ¢ NO L, L, Ly e e e; € logA NO L, L, Ly e e, e3 Ny Ny N3 e logA NO
6 55 -3-20 9 8 8 0109% 2 0-17 6 4024 15 996 1 -17 7 6 3 0 —-403 14 093
333 2 -1-69 9 800795 5 -27 -2-3008 12 3 6 1 -16 6 6 3 0 —-4034 14 093
333 2 -5-69 9 8007 94 4 3 5 2 0023 11 9% 6 1 -27 7 7 5 0 —-4037 14 093
7 7 6 -4-20 9 9 901497 6 5 7 3 003 11 97 2 -17 77 4 0 =504 14 95
7 7 6 -4-3-19 7 701196 6 5 5 1 -1030 10 9% 6 2 -62 1 1 3 2 —-4016 12 90
333 2 0 -59 9 800797 7 6 2 -1-3023 76 9% 4 1 -16 5 5 6 0 -3027 14 93
333 2 0 -19 9 800795 5 4 6 2 0203 11 9% 4 1 -175 5 4 0 -3029 14 93
6 55 -3-20 9 7 7008977 7 6 4 0 -203 9 9% 7 2 -17 76 4 0 =503 14 095
7 33 2 0 -59 9 9008935 5 -27 -2-7008 12 3 6 1 -17 6 6 3 0 —-403 14 093
6 6 6 4-3-19 6 500791 1 -1-7-5-40.18 15 51 -15 55 2 0 -3027 14 79
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FIG. 1. Average predicted CLFV decay rates for the 100 most

realistic natural Dirac FN textures (gray lines), relative to each
observable’s current constraint. In each model, the flavor scale
was chosen to saturate current experimental bounds at
A ~ 10° GeV, thus fixing the other rates. Green shading indicates
the reach of proposed future low-energy CLFV experiments, and
the flavor-anarchic null texture is shown as a red line for
comparison.

Fig. 1, it leads to the predictions shown in Fig. 2 (bottom).
Majorana FN models then lead to similar, though slightly
tighter, predictions in y-e conversion experiments relative to
the Dirac case.

Type-1 Seesaw: These are the most challenging scenarios
to probe experimentally. All observables are governed by
the scale A, which is fixed by the scale of neutrino masses
and is too high to predict observable signals at future
experiments for our best textures, with a small number of
exceptions, see Supplemental Material [38]. However, FN
type-I seesaw scenarios can be probed more effectively via
Ovpp decay experiments.

Additional information can be gained from correlations
among lepton-violating observables, beyond their average
predictions. For example, Fig. 4 shows how BR(u — 3e)
and CR(u — e,Al) are correlated differently for two
representative FN Dirac textures. These textures were
chosen because they predict very similar average values
for both observables, but their widely diverging distribu-
tions make it possible for two measurements to discrimi-
nate between these possibilities. Further correlation plots
are included in the Supplemental Material [38].

Neutrino Mass Ordering: Most realistic natural textures
in all scenarios favor normal ordering (NO). Inverted
ordering (IO) is preferred by only a small fraction of
Majorana textures and a somewhat larger subset of seesaw
textures. Within the FN framework, an experimental
determination of 10, e.g., by DESI measuring > m,, with
a precision of 0.02 eV [72], would therefore strongly
disfavor Dirac neutrinos, while still allowing for Majorana
or type-I seesaw scenarios.

Majorana

FN Rate/Exp Rate

A = Aexp

Future Sensitivity

FN Rate/Exp Rate

—— Anarchic Null Texture

Top Textures

& e ¢ T s
A A N
!\(\QQ?\TQT

X

~
~
VA

FIG. 2. Average predicted CLFV decay rates for the top 100
most realistic Majorana FN textures (gray lines), as in Fig. 1. The
top panel assumes that the scale of the Weinberg operator (Ay)
coincides with the FN scale (A), fixing the predictions for CLFV
signals from the imposed neutrino mass constraints. The pre-
dicted neutrino scale for the null texture is set to 10'* GeV. The
bottom panel assumes Ay # A, such as in FN type-II seesaw
scenarios, where A is instead chosen to saturate its most
restrictive current experimental bound of A ~ 10° GeV.

Ovpp Decay: Predictions for Ovgf for 100 of the most
realistic natural textures in Majorana and type-I seesaw
models are shown in Fig. 3. For both scenarios, textures
with 1O consistently feature values of m,, = | >, m;V2;| at
the very lower edge of the currently allowed range. We
emphasize that this is not imposed on our scan and
constitutes a genuine prediction of the FN mechanism:
while all shown analyses impose the cosmological bound
on » m, [73], there are no meaningful changes if
we instead impose the larger laboratory bound [74]. This
IO prediction lies well within the capabilities of next-
generation Oyff experiments. For textures yielding NO,
there are significant phenomenological differences between
FN Majorana and type-I seesaw. The latter remains unlikely
to be detected in upcoming laboratory searches—barring a
few exceptional textures—while normal-ordered FN
Majorana scenarios predict m,, to lie well within or at
most one order of magnitude below the sensitivity of
upcoming laboratory searches. This opens up the tantaliz-
ing prospect of either detecting Ovff or strongly disfavor-
ing the entire Majorana FN framework.
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FIG. 3. Effective Majorana mass m,, versus the mass of the

lightest neutrino for the top 100 FN textures in the Majorana (top)
and type-I seesaw (bottom) scenarios. The yellow- and blue-
shaded regions indicate the allowed ranges for IO and NO,
respectively, based on the current measured values for Am3, and
Am3,. The solid blue line indicates the strongest exclusion from
current Ouvpf searches, from KamLAND-Zen [73], while the
dashed blue line marks the reach of the future Oy experiments
nEXO [75] and CUPID [76]. The vertical red lines indicate the
limits on minm, in the IO and NO scenarios from current
cosmological limits on > m,,. Error bars show the 1o spread of
predictions with 5, < 2.

=109 el N
—~ ‘——— /"
Z
$ 124 o
7
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16 1 —— Texture 5
T T T
14 13 ~12

log;o BR(i — eee)

FIG.4. Comparison of the predicted branching ratio for y — 3e
and the conversion rate for y-e conversion in Al for the first and
fifth Dirac FN textures in Table I, assuming the FN scale A
saturates its current lower bound. The conversion rate is nor-
malized to the muon capture rate in nuclei. Contours show areas
containing 68% (solid) and 98% (dashed) of random coefficient
choices with d,,, < 2. Thus, these textures might be distin-
guished despite similar average predictions.

V. CONCLUSIONS AND OUTLOOK

In this work, we have systematically explored FN
models in the leptonic sector, identifying realistic natural
textures for Dirac, Majorana, and type-I seesaw neutrino
mass generation mechanisms. Our study also sheds light on
related scenarios, including type-II seesaw cases, see
Supplemental Material [38]. By extending the FN frame-
work to leptons, we demonstrated that Dirac and Majorana
FN models predict distinct correlations in detectable CLFV
rates, providing characteristic signatures that set them apart
from anarchic scenarios. Experimental signals are most
likely to appear in the muon sector, with y — ey, u — 3e,
and p-e conversion on nuclei as the most promising
channels for future probes. Our results also motivate
new conversion experiments in a variety of targets, most
notably gold in addition to the already planned aluminum
[71]. FN models with Majorana and type-I seesaw neu-
trinos offer testable predictions for Ovff decay experi-
ments, and a determination of inverted neutrino mass
ordering would disfavor Dirac FN models. Our conclusions
are unaffected by adopting either cosmological or labo-
ratory bounds on »_ m,.

Our analysis constitutes the most model-exhaustive
study of the Froggatt-Nielsen mechanism in the lepton
sector to date, demonstrating both their universal predictive
power and their capacity to diagnose the physics under-
lying lepton flavor. We anticipate that detection prospects
will be greatly enhanced by considering observables
involving flavor violation in both quarks and leptons,
which motivates a joint analysis of the FN mechanism
in both the quark and lepton sectors simultaneously.
Integrating FN models with extended scalar sectors, such
as multi-Higgs models, may also yield novel phenomeno-
logical insights in our model-exhaustive approach.

Note added. While this paper was being finalized, Ref. [32]
appeared, which takes a more literally Bayesian method to
identify realistic and natural FN charge assignments for
quark and lepton sectors. This analysis adopts a broadly
similar approach to our work, including considering both
Majorana and type-I seesaw models. Their work includes
larger maximum flavor charges and considers FN in both
the quark and lepton sector, which allows them to consider
nucleon decay observables. On the other hand, our lepton
sector FN analysis is more general in the range of allowed €
values, nonzero flavor charges for RH neutrinos, the
inclusion of the Dirac neutrino case, and our predictions
for CLFV observables. Our analyses are therefore highly
complementary.
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