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ABSTRACT: Upcoming experiments will improve the reach for the lepton flavour violating
(LFV) processes pu — ey, i — eee and uA — eA by orders of magnitude. We investigate
whether this upcoming data could rule out some popular TeV-scale LEV models (the type
IT seesaw, the inverse seesaw and a scalar leptoquark) using a bottom-up EFT approach.
We take the data to be the twelve Wilson coefficients that experiments can constrain
and in principle determine independently. In this 12-dimensional coefficient space, each
model can only predict points in a specific subspace; for instance, flavour change involving
singlet electrons is suppressed in the seesaw models, and the leptoquark induces negligible
coefficients for 4-lepton scalar operators. Using the fact that none of these models can
populate the whole region accessible to upcoming experiments, we show that © — e
experiments have the ability to rule them out.
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1 Introduction and review

1.1 Introduction

Searches for New Physics(NP) in the lepton sector are of great interest, because such NP is
required by neutrino masses, it could fit some current anomalies (such as (g —2), [1] and
observations in B meson physics [2-6]), and because leptons do not have strong interactions,
so the observables are relatively clean. In this paper, we assume that this leptonic New
Physics is heavy, and parametrise it in EFT [7-13].

Lepton Flavour change (LFV) in the p— e sector is promising for the discovery of
leptonic NP, because the experimental sensitivity is already good, and is expected to improve
by several orders of magnitude in the near future (see table 1). However, few processes
are constrained, so the current experimental bounds only set about a dozen constraints on
Wilson coefficients [14]. One can therefore wonder whether future observations of y— e
flavour change could distinguish among the multitude of models that predict LFV.

Predictions for u— e LFV have been widely studied over several decades in a multitude
of models, such as the supersymmetric type I seesaw, the supersymmetric type II seesaw,
supersymmetric flavour models, left-right symmetric models, two Higgs doublet models,
the inverse seesaw and its supersymmetric version, warped extra dimensions, the littlest
Higgs model with T parity, unparticle physics, radiative neutrino mass models, spontaneous
lepton number violation, low-scale flavour models, and many others (see e.g. refs. [30-43],
and for recent reviews refs. [44, 45]). Top-down analyses — which start from the model to
predict observables — frequently show correlations among branching ratios, often resulting



process current bound future reach

= ey < 4.2 x 10713(MEG [15]) 6 x 10~ (MEG II [16])

W — eee < 1.0 x 10~ '2(SINDRUM [17]) ~ 10716 (Mu3e [18])

pAu— eAu | <7 x 1073(SINDRUM II [19, 20]) | ? — 10-(18=20) (PP/AMF [21, 22])
puTi— eTi | < 6.1 x 10713(SINDRUM 1I [23]) | ~ 10716 (COMET [24, 25], Mu2e [26])
7 —1+... | $107%(Babar/Belle) [27, 28] ~ 10~ =10 (BellelI) [29]

Table 1. Current bounds on the branching ratios for various lepton flavour changing processes, and
estimated reach of “upcoming” experiments, i.e. those under construction or running, as well as of

the proposals PRISM/PRIME (PP) and Advanced Muon Facility (AMF).

from scans over model parameter space. In our bottom-up EFT perspective, starting from
the data, we address a different question: can observations distinguish among models?

In this paper, we focus on three models with new heavy particles around the TeV
scale. The first two are neutrino mass models: the TeV-scale version of the type II seesaw
mechanism [46-49] and the inverse type I seesaw [50-52], whose predictions for LFV
processes have been studied, mainly in the top-down approach, by many authors (see e.g.
refs. [53-57] for the type II and refs. [56, 58—-68] for the inverse seesaw, where [63, 65, 66, 68]
follow an EFT approach). Both these models have the additional attraction of being able
to generate the baryon asymmetry of the Universe via leptogenesis [69] (for a review, see
ref. [70]). While, in the type II seesaw case, thermal leptogenesis requires a triplet mass
above 101 GeV or so [71-73], a TeV-scale scalar triplet with non-minimal coupling to
gravity can lead to successful leptogenesis [74] through the Affleck-Dine mechanism [75].
The inverse seesaw model, on the other hand, features TeV-scale sterile neutrinos which can
generate the baryon asymmetry of the Universe through resonant leptogenesis [76-79] or
ARS leptogenesis [80-83]. The last model is an SU(2) singlet leptoquark which can fit the
Rp anomaly [2-6], as discussed by many authors (see e.g. refs. [84-87]). The leptoquark
differs from the neutrino mass models in that at tree level, it generates 2lepton-2quark
operators (which mediate ;1 — e conversion), and in that it couples to SU(2) singlet fermions
of the SM.

We apply bottom-up EFT to explore whether p— e LFV can distinguish among models,
starting from the observation that the data could determine 12 operator coefficients, and
not just the three branching ratios. We consider this 12-dimensional coefficient space, and
ask whether the volume accessible to upcoming experiments can be filled by each of three
models. So we aim to identify the region of the ellipse that a model cannot occupy; an
observation in this region would rule the model out. Our study is performed in an EFT
framework inspired by ref. [88], and differs from top-down analyses, in that we do not scan
over model parameter space for which we do not known the measure, and because we take
the data to be 12 Wilson coefficients. A more complete analysis and technical details will
appear in a subsequent publication [89].

Our EFT framework is briefly summarised in the next subsection. In the following
three sections, we present and discuss three models of New Physics at the TeV scale: the



coefficient current bound | future bound | process

CeDﬁfX 1.0 x 1078 ~ 107 W — ey, 1 — eee
CY'%x 0.7 x 1076 ~ 1078 p— eée

CYxy 1.0 x 1076 ~1078 1 — eée

Cd'%x 2.8 x 1076 ~ 1078 p— eée

C Atight, x 5.0 x 1078 ~ 10710 pTi — eTi
CAheavy L, X 2x 1077 pAu — eAu

Table 2. Current bounds on the operator coefficients of the Lagrangian (1.1) at the experimental
scale m, (X = L, R), and estimated reach of upcoming experiments (not including the proposals
PP and AMF).

type II seesaw in section 2, the inverse type I seesaw in section 3, and a leptoquark in
section 4. Section 5 compares the models and summarises the results.

1.2 Review

We consider three processes — p — ey, u — eée and Spin-Independent! (SI)uA — eA
— because they are complementary [88], and because the experimental sensitivity could
improve significantly in coming years. The branching ratios are given in appendix A, in
terms of the coefficients {C'} of the Lagrangian [93] at the experimental scale:

1
0L=—5 > [ (2077 Pxcpt) Fpo+ C 555 (8P pt) (€ Pxce) + Oy (€4 P ) (@, Pree)
XeL,R

+COVX L (@ Px 1) (@1, Pre) +Catight, x O atight x +C Ahcavy, X OAheavy,X} +h.c (1.1)

where the twelve Cs are dimensionless complex numbers, X € {L, R}, v% = 2V2GF (so
v =174 GeV), and Ougight,x and Oapeavy,x are respectively the four-fermion operator
combinations that induce uA — eA on light nuclei like Titanium or Aluminium, and an
operator combination probed by heavy targets like Gold. Expressions for these operators
are given in appendix B.

The non-observation of 1 — e processes constrains the coefficients in eq. (1.1) to sit
in a 12-dimensional ellipse at the origin [14]. The counting of constraints and the bounds
obtained from the correlation matrix for y — ey and p — eee are discussed in [14]; these
results give the current bounds, and the estimated sensitivities of upcoming experiments,
listed in table 2. Observations could in principle determine the magnitude of each coefficient:
if the decaying muon is polarised [93] (which can also be possible for pA —eA [94, 95])
then the chirality of the y — e bilinear can be determined, and asymmetries and angular
distributions in u — eee can distinguish among most of the four-lepton operators that
contribute [96-98]. (Scalar Ogxx and vector Oyyy operators, for X # Y, induce the

!Spin-Dependent uA —eA [90-92] is also possible, but analogously to WIMP scattering, is relatively
suppressed.



same angular distribution, but are distinguishable via the e® helicities?) Some relative
phases can also be measured [96-98]. Finally, changing the target material in uA —eA
allows to probe different combinations of vector and scalar coefficients on protons or
neutrons [99, 100]; current theoretical accuracy allows to obtain independent information
from at least two targets [14, 101], so in this paper we focus on light targets like Titanium
(used by SINDRUMII [19, 20, 23]) or Aluminium (the target for the upcoming Mu2e and
COMET experiments). The complementary constraints that can be obtained with Gold
(used by SINDRUMII [19, 20]), will be discussed in [89]. With theoretical optimism, we
assume the coefficients can be distinguished to the reach of upcoming experiments.

We take the New Physics scale Axp ~ TeV for the three models considered here. The
coefficients are evolved from the experimental scale ~ m, to Axp ~TeV in the broken
electroweak theory, using the “Leading Order” RGEs of QED and QCD [88, 102] (starting
respectively at m,, and 2 GeV), for the operator basis of ref. [88]. This includes the leading
log-enhanced loops of QED and QCD via the RGEs, and loop diagrams with the W,Z or
Higgs can contribute in the matching. We prefer this approach over matching to SMEFT
at the weak scale, because it allows to resum QCD? between the experimental scale and
Axp, and avoids the issue that v/TeV is not large, implying that the SMEFT expansions in
1/A%p and " In may not converge quickly.* This RG evolution gives the 12-dimensional
ellipse at Axp. We then match onto each of the models in turn (at tree level in the EFT),
and explore whether they can fill the ellipse.

In relating models to observables, it is convenient to use as stepping stones the coupling
constant combinations that appear in Wilson coefficients, because they parametrise the
p—e LFV. For instance, tree level exchange of a leptoquark interacting with u quarks,
matches onto an coefficient oc A**A\***, and the loop diagram of figure 1b is oc [f f*Y]ep-
We refer to these combinations as “invariants” (a la Jarlskog), because they are related to
S-matrix elements, and therefore should be independent of some Lagrangian redefinitions.

The operator coefficients can of course be complex, and in some cases the relative
phases are observable (for instance in asymmetries in y — eee [96-98]). However, for
plotting purposes, it is common to approximate the coefficients as real. In our analysis, the
coefficients are complex, but we plot either the absolute values or the real parts; the phases
will be discussed in [89].

2 Type II seesaw

The first model we consider is the type II seesaw mechanism [46-49], which generates
neutrino masses via the tree level exchange of an SU(2) triplet scalar A. In this model,
the Yukawa matrix is directly proportional to the observed neutrino mass matrix, so it is
predictive of flavour structure — for instance fixing some ratios between 7 — [ and u — e
transitions — and its LFV signatures have been widely studied [53-57].

?We thank Ann-Kathrin Perrevoort of Mu3e for discussions. Also the scalar operators could be difficult
to obtain in models.

3Tt is convenient to use 5 flavours at all scales, because the results for 5 or 6 flavours are numerically similar.

4This approximation may also double count some electroweak contributions that we think are higher
order, as will be discussed in [89].



We assume the triplet scalar is at the TeV scale, so could be produced at current
and future colliders and lead to particular signatures [103—-108]. It could also affect Higgs
physics [109, 110] and contribute to electroweak observables such as my [111].

The SM Lagrangian is augmented by the following interactions

5La = (D,ANTDPAT — ME|AP + % (fap T (ir2) il AT + Mady H (im)r HA™ 4 hic.)
+ M (HTHY(ATADY M Te(A rpryre AKYHI 77 H) + .. (2.1)

where A is the colour-singlet, SU(2)-triplet scalar of hypercharge YA = +1, ¢ are the
left-handed SU(2) doublets, M is the triplet mass which we take ~TeV, f is a symmetric
complex 3 x 3 matrix proportional to the light neutrino mass matrix and whose indices
a, B run over {e,u,7}, {77} are the Pauli matrices, and the \’s are real dimensionless
couplings.” The dots on the right-hand side of eq. (2.1) stand for scalar interactions that are
not relevant for LF'V processes. We also find negligible contributions to LF'V operators from
the triplet-Higgs interactions assuming perturbative A3 4. Consequently, these contributions
will not be included in the subsequent discussion.

We match the model to EFT at the scale Ma ~TeV, generating a neutrino mass
matrix [my,]as = Uaim;Up; via the tree-level exchange of the triplet between pairs of leptons

and Higgses:

Ag TeV
[My]ap = 0.03 eV fis—"15 T0-2 My (2.2)

Exchanging the triplet among four leptons matches onto one of the LFV coefficients of
eq. (1.1), which induces u — eee:

f;ke — [m;]ue[ml/]ee ] (23)

oeree ~
V.LL = 202,02

2X4§ Tue

The small ratio m, /v can be obtained by suppressing Ag, while leaving unconstrained
fv/Ma, which controls the magnitude of LE'V. The triplet Yukawa matrix [f] is proportional
to [m,], so its flavour structure can be determined from neutrino oscillation data [112]. The
only unknowns are the mass m;, of the lightest neutrino, two Majorana phases, and the
Hierarchy (Normal = mg > mg > mq, Inverted = ms < m; < mg). We use eq. (2.2) in
order to express [f] in terms of [m,].

The type II seesaw will also induce other LE'V coefficients given in the Lagrangian (1.1).
Tree-level triplet exchange matches onto 4¢ operators with p and 7 bilinears, and these
combine with eq. (2.3) in a “penguin”, as illustrated in figure la, to generate, for instance

[771:&7”1”@]“e ( ) slpalmu]ea m,
—1 — 4
g ") 2 e )| Y

This loop arises in the RGEs, or equivalently, is log-enhanced. The logarithm is cut off at

epee Qe

V.LR — E

low energy by the experimental scale (m,) or the mass of the lepton in the loop, so the 7 is

5Am can be taken real with no loss of generality.
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(a) QED penguin mixing the tree- (b) Matching onto the p — e (c) One of many diagrams for
level 4¢ vector operators to vec- photon dipole. vector-to-dipole mixing in the
tor four fermion operators involv- two-loop RGEs (I = e, p, 7).

ing fermions f (I = e, u, 7).

Figure 1. Loop contributions to 1 — e operators and to their mixing in the type II seesaw model.

not included in the loop between m, — m,,. This is interesting, because [m},m,]e, which
appears in the first term of eq. (2.4) is determined by neutrino oscillation parameters®

2

[mimy] e ~ isin 1342,

so any dependence of C{/% on the unknown neutrino mass scale or Majorana phases can

only arise from the second term. This same penguin diagram also generates a loop correction
to CYf77 of eq. (2.3), and contributes to pA —eA on the proton

epee __ ~euee eupp __ epee
ACV,LL = CV,LRv CV,L = _QCV,LR (2.5)
epupp __ 1 ~eupp : eunn .
where C'y; ght,L = QC‘/’ 7 +.... The coefficient on neutrons, OV, 1, vanishes at the order

we calculate.

Finally, the dipole coefficients are induced by one loop matching(see figure 1b), and
shrink marginally in running down to the experimental scale, while being regenerated at
two loop” as illustrated in figure lc:

(2.6)

~ oodey, A
DR= 12872 | X202 " 27m 202

3e | [m,m]] 32a., Ma\ 116a., m [mw] palms)
en v viep e e 77' vipo viea
[ ( 274r " m, ) ot Mo 2

my, acep

where the first (leading) term is independent of the neutrino mass scale and Majorana
phases. The second term of eq. (2.6), which is of O(a.) with respect to the first, depends
on the neutrino mass scale and Majorana phases due to removing the 7 from the loop below
mr, as for the penguin diagram.

The other 8 coefficients in the Lagrangian of eq. (1.1) will be discussed further in [89].
The coefficient on Gold, Capeavy,r., should be predicted in the type II seesaw, where
pA — eA rates are related to the n/p ratio. The remaining coefficients are suppressed:

for instance the dipole C')’; should be ~ Z=C',, as expected in neutrino mass models
) s )

m

SHere and in the rest of this paper, we assume § = 37/2, a value consistent with the hints for CP violation
in the lepton sector from the T2K experiment [113].

"The two-loop diagrams [102, 114-116] are included here because they are “leading order” in the RGEs,
and because they are numerically significant — for instance, in the electroweak contribution to (g — 2)., the
log-enhanced 2-loop contribution is ~ 1/4 of the 1-loop matching part.



where the new particles only interact with lepton doublets (the chirality-flip is via SM
Yukawa interactions). Similarly, the operators with flavour-change involving singlet leptons
(Cs,rr, Cs,.r, Ov,RL, Cv,RR, Calight,Rs CAheavy,r) are not discussed here, because they are
Yukawa suppressed. So we already see that the type Il seesaw predicts that more than half
the coefficients of eq. (1.1) are negligible; however, many of these predictions are generic to
models where the New Particles interact only with lepton doublets.

The type II seesaw is expected to predict additional relations between the Wilson
coefficients of eq. (1.1), because the flavour structure of LFV is controlled by the neutrino
mass matrix. This should allow to predict ratios of coefficients, despite that the overall
magnitude of LFV is unknown. We focus on the remaining three coefficients, given
in egs. (2.3), (2.4) and (2.6). These formulae suggest the model prefers a hierarchy
1073 : 1072 : 1 between the dipole, penguin-induced and tree-level coefficients; however,
we aim to identify regions of coefficient space that the model cannot predict, not what
it prefers.

We observe that the tree-level four-lepton coefficient C"e/“ 77 given in eq. (2.3) can vanish,
either for [mylee — 0 in NH for mpy, ~ Agy (as is familiar from neutrinoless double
p-decay), or for [my]e, — 0, which can occur for any mmin & Ao in NH and IH by suitable

choice of both Majorana phases. If C"e/“fz vanishes, the dipole to penguin ratio is predicted:

Cle)FfR N 3e 2 (2.7)
C‘G/MLEE ~ 32T ln%—f 2’ .

When [m,|.e — 0, this occurs because the Majorana phase and neutrino mass scale

dependent terms of the penguin and dipole are proportional to |[m,]e| — see the second

terms of eqgs. (2.4) and (2.6). When C}/; vanishes with [m,]cc, this prediction is also
ep

C
approximately obtained: CELZ’JE ~ % x [.66 — 2], because the second term of the penguin
V,LR

coefficient (which depends on Majorana phases and the mass scale, see eq. (2.4)) is < 1/2

of the first term, whereas the dipole is numerically unaffected.

It is also the case that the “penguin-induced” coefficient of eq. (2.4), as well as the
dipole coefficient eq. (2.6), can separately vanish for specific choices of both Majorana
phases and the neutrino mass scale in the appropriate range (However, a high neutrino mass
scale mupyin & .2€V is required for the dipole coefficient to vanish.). So in all limits where
one of the three coefficients C{/77, Cy/T or O’y vanishes, the ratio of the non-vanishing
coefficients is constrained.® However, the large coefficient ratios that arise when the dipole
or penguin vanishes may be beyond the sensitivity of upcoming experiments.

In order to graphically represent the area of coefficient space that the type II seesaw
model cannot reproduce, we plot the magnitudes |C’E‘f al |C"e/’f T%| and |C‘c}’f 77| in spherical
coordinates, with on the 2 axis |C"e/” 77| o< cosf. The current bounds and the reach of
upcoming experiments are given in table 2, which imply that upcoming experiments could

8The values of the neutrino parameters that lead to cancellations in the coefficients are sensitive to the
triplet mass. Therefore, the predictions/expectations for the non-vanishing coefficients ratio may significantly
depend on the assumption Ma ~ 1TeV.
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Figure 2. The white regions indicate ratios of operator coefficients that the type II seesaw cannot
predict, as discussed after eq. (2.8), where tan§ and tan ¢ are defined. Upcoming experiments are
sensitive to the plotted ranges of the ratios. These estimates are independent of the neutrino mass
hierarchy and mass scale; the star and circle are located respectively in the regions predicted in NH
and TH for my,;, = 0 and specific choices of the Majorana phase (but the regions can be larger when
the phase varies; the IH region has filaments).

probe
VICB R + G LR c3:
tan g = "Cwee =" 107% - 10, tang = ’Ceﬁﬁj 11072 = 10 (2.8)
V,LL V.LR

Figure 2 illustrates (as empty) the regions of the tree/penguin/dipole coefficient space that
are inaccessible to the type II seesaw model. The vertical bar represents the correlation
between the dipole and penguin when the tree contribution shrinks, given in eq. (2.7).
For large tree contribution, the penguin contribution can shrink when the second term
of eq. (2.4), o< |[my]uel|, cancels the first. This happens for values of the unconstrained
neutrino parameters (the lightest neutrino mass and the Majorana phases) that enhance
the tree-level coefficient [CY/77 [, so that tan < 10~3 — this gives the upper bound to the
red region. Finally, for generic values of the Majorana phases, the tree coefficient is large
with respect to the penguin-induced coefficients and the dipole, which corresponds to the
blue region at tané — 0 and tan ¢ < 2/72. In this paper, we leave the neutrino mass scale
free, so can obtain tan ¢ — 1072 by increasing mmi, to 2 0.2eV; we will study the impact
of complementary observables — such as the cosmological bound on the neutrino mass

scale — in [89].

3 Inverse Type I seesaw

In this section, we consider the inverse type I seesaw model [50-52], which generates neutrino
masses via the exchange of heavy gauge-singlet fermions. Like the type II seesaw, the model
can generate LF'V without Lepton Number Violation, so LFV rates are not suppressed by



small neutrino masses. However, unlike the type II case, the flavour-changing couplings are
disconnected from the neutrino mass matrix, and several heavy new particles are added,
with potentially different masses.

We add to the SM n pairs of gauge singlet fermions N, S of opposite chirality, with
the interactions

§Lns = iNON +i5dS — (y;w (L FIN,) + MoySaNy + %p,absjsg n h.c) @)

where Y, is a complex 3 x n dimensionless matrix and M, u are n X n mass matrices. If
Lepton Number is attributed to £, N and S, then only p is Lepton Number Violating. Upon
the spontaneous breaking of the electroweak symmetry, the neutrino mass Lagrangian reads
(suppressing flavour indices)

L0 mp O vy
Myn = (v N°S) [mh, 0 MT||N|+he (3.2)
0 M pu S¢

which, in the seesaw limit (Y, v = mp < M), give the following active neutrino masses
my = mp(M ™) u(M") " mp, (3-3)

while for M > 1 the N, .S pairs have pseudo-Dirac masses determined by the eigenvalues of
M. Neutrino masses and oscillation parameters can be obtained by adjusting the lepton
number breaking matrix p for arbitrary choices of the Yukawa couplings Y, and sterile
neutrino masses M. This contrasts with the “vanilla” type I seesaw expectation of GUT
scale sterile neutrinos or suppressed Yukawa couplings [117-121], which give negligible
contributions to LF'V observables.

In the following, we consider M ~ TeV and allow Y, to vary in the parameter space
allowed by current LFV searches and other experimental constraints. Low-scale type 1
seesaw models can be directly probed via the production of the heavy neutral leptons at
colliders [122-128], or indirectly through the active-sterile neutrino mixing (or the associated
non-unitarity of the effective 3 x 3 lepton mixing matrix), which affect electroweak precision
observables, universality ratios and lepton flavor violating processes [129-132].

3.1 p—eLFV

Large lepton flavour violating transitions are among the distinctive features of the inverse
seesaw [56, 58-68]. In this paper, we focus on the contact interactions that are relevant for
1 — e observables and aim at determining the region of the EFT coefficient space that the
model cannot reach.

The LFV transitions we are interested in occurs in this model via loops, as we illustrate
in figure 3. The four-fermion operator coefficients are obtained in matching out the heavy
singlets in penguin and box diagrams. The vector four-fermion coefficients C"e,” j—{ )f<, receive
contributions from penguin diagrams shown in figures 3a and 3b, which are respectively
O(Y,Y,]) and O(Y,Y,]Y,Y,)). We include the diagram in figure 3b following ref. [68], who
observed that the contributions oc Y} could be relevant for Y, O(1). The box diagrams



(a) O(Y,Y,)) Z,~ penguin diagram contributing to u — e four- (b) Penguin diagram propor-

vector operators. tional to four neutrino Yukawas
contributing to the y — e four-
fermion operators.

H 2
UL —»— -<¢--—— €], e
NY AN I\{ N
e <+-L-»--Le—ep LR A er
H H
(c) Box diagrams matching onto (d) Matching onto the u — e
the u — ererer vector. dipole operator.

Figure 3. Matching contributions to yu — e operators in the inverse seesaw. The diagrams
illustrate the relevant interactions that are generated, but other diagrams may also contribute to
the same operators.

of figure 3c also match onto vector four-lepton operators, while the diagrams of figure 3d
match onto the y — e dipole. Similarly to the type II seesaw model of section 2, the new
states couple to the left-handed doublets, so the operators featuring LFV currents with
electron singlets are suppressed by the electron Yukawa coupling. As a result, the model
matches onto five of the operators in eq. (1.1). Leaving aside the one associated with p — e
conversion on heavy nuclei, since upcoming experiments will use light targets, we are left
with the following four coefficients:”

Oty 2ae<15[YM ( +In <M2)>YT]W—27[ L (Y] Y)abﬂﬁiwln(%:z)lfj]w
+0(3))

CAlzghtL_U2%< 0.6[Y,, M, (21+1n(TE))Yj]eu+1~1[Yu(YJYu)anglw111(%:2)YVT]eu
+o(%))

2
Cyes ~ 23( L8[V, M, ( +1In <M2

a

1 M?2
)) ]cu+2 7[ (Y Y, )abmln <Mb2) YVT]@M

y!
eavy/ *pay eby *xeb 1 %2 Qe
2.5V Yy by MgMgln<Mg)+(’)(4ﬂ))

02
Cgl,R = Y <4 e) [Y M~ 2YT]e/u (3.4)

o Aheavy,r, can be predicted from these four coefficients, and will be given in [89)].

~10 -



where a, b are summed over the number n of sterile neutrinos. We include the finite part
of the penguin diagrams shown in figure 3a because the ratios of sterile masses and the
electroweak scale involved in the logarithms are not large (as we discuss in the introduction).
Higher-order terms in the «a./(47) expansion are neglected because they are small and
would require including some two-loop diagrams for a consistent treatment. Consequently,
the results presented in eq. (3.4) are reliable at the < 10% level.

The above coefficients, generated by the model and in principle observable, are linear
combinations of four contractions of the Yukawa and sterile neutrino mass matrices (which
we refer to as “invariants”). Since the number of coefficients equals the number of invariants,
it seems that the model could predict any observation — i.e. any point in the 4-dimensional
space of the operator coefficients — with suitable choices of the Y, and M matrices.
However, the number of invariants is reduced if the sterile neutrinos are nearly degenerate. '
In this limit, the combination entering the O(Y,Y,) penguin contributions aligns with the
matrix elements parameterizing the dipole coefficient. Indeed, by expanding M2/M? = 1+z,
for small z, (where M now denotes the average sterile neutrino mass), we have that

1 (11 m? 1 11 m3
iz (5 0 (58) ) = ey (5 00 () -t
1 11 m
=3 <6 +1In <MV5>+O(%)>. (3.5)

If the mass-splitting between the heavy singlets is < v?, the error introduced by the

degenerate approximation is a dimension eight v?/M? suppressed contribution, that, for
TeV scale sterile masses, would be approximately of the same order of the neglected O(ae/47)
corrections. Similarly, the leading order term in the x, expansion of the mass function that

enters in the O(Y, Y[V, Y) penguin and in the boxes is

1 M? 1
mln (Mb2> a2 1+ O@a,20)), (3.6)

so that in the nearly degenerate limit, we find!

Cpiglmy) ~ =107 M2 (Y Ve
2

Clliignt,r (M) = W(O (Y, Yi)ep + 6.6 x 1074(Y, YTYY)6M>
2

v _ _
CHiR(my) = 17 (—28 x 1073V, ¥1)ep — 1.6 x 103V, V1V, V) )
112
O m) = 75 (33 x 1073 (% ¥, )en(1 + 0.56(Y, Y, )ee) + 1.55 x 103V, ¥V, V).

(3.7)

10A motivation for considering this limit comes from the baryon asymmetry of the Universe, which can be
generated from resonant leptogenesis with highly degenerate TeV-scale sterile neutrinos (see e.g. refs. [76-79]),
or from the CP-violating oscillations of nearly degenerate sterile neutrinos [80] with masses in the GeV [81]
to multi-TeV [82] range.

HRecall that the operator coefficients depend logarithmically on the scale of the new states, which we
take to be around 1TeV.
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Figure 4. Parameter space covered by the inverse seesaw (with degenerate sterile neutrinos) in the
low-energy operator coefficient space.

Despite the large number of free parameters in the inverse seesaw model, even in the
degenerate limit, the coefficients of the 1 — e operators can now be determined by just
two invariant contractions of the neutrino Yukawa matrix. Being linear combinations of
two invariants, the correlations of the operator coefficients that the model can predict are
restricted: by measuring two (complex) coefficients, it would be possible to predict the
others. Focusing on the first three operators of eq. (3.7), we find that

CYrr(my) = =2.4CY, 1, 1 (my) +0.02C7 R (my,) (3.8)

In the purely left-handed p — 3e vector the magnitude of the coefficient multiplying the
matrix element (Y,Y,l)., is dependent on the real and positive parameter (Y, Y,])e. arising
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from the box diagram contribution. However, since the Yukawa couplings are assumed to
be perturbative (Y, Y,/)ee <1, we can similarly find that

Cxe/l,lLez(mu) = 2-4cz7ight,L(mu) + CdC]SH,R(mu) (3.9)

where —1.99 < ¢q < —0.57. The correlations described by egs. (3.8) and (3.9) hold, within
the accuracy of our calculations, for general complex coefficients. To visually represent the
parameter space accessible to the inverse seesaw model, we consider the real parts of the
coefficients and plot the corresponding planes in the 3D space of low-energy coefficients. By
normalizing each coefficient to the upper limit imposed by current experimental searches,
the allowed region of parameter space correspond to the interior of a sphere. The inverse
seesaw model (with nearly degenerate sterile neutrinos) can sit in the intersection of this
region with the planes defined by eq. (3.8) and eq. (3.9), as illustrated in figure 4. Since
the dipole coefficient in eq. (3.9) is unknown but bounded, the model can cover the volume
enclosed by the two extreme planes

4 Leptoquark

This section studies the p— e predictions of an SU(2) singlet leptoquark of hypercharge
Y =1/3 that could fit the Rp anomaly [2-6, 84-87], which is an excess of b — cTv events.
Requiring the leptoquark to fit Rp fixes the mass to be O(TeV) and restricts the quantum
numbers, but our u— e interactions are independent of the couplings that contribute to
Rp. Unlike the models of the previous sections, the leptoquark couples to both lepton
doublets and singlets, and can mediate uA — eA at tree level — but does not generate
neutrino masses.

The SU(2)-singlet leptoquark is denoted S; [133] (not to be confused with the singlet
fermions {S,} of the previous section), with interactions:

Ls=(DyS1) DPS1—m3 5S]S1+(— AP lairags+ A5 eaud) S+ (NP Eimala+ A5 0% e0)S]

+ Higgs interactions

where the leptoquark mass is mpg ~TeV, the generation indices are o € {e,p, 7} and
J € {u,c,t}, and the sign of the doublet contraction is taken to give +)\°L¥jq(uL)csl. Like
in the type II model of section 2, the leptoquark-Higgs interactions are neglected because
their contributions to LF'V observables are negligible assuming perturbative couplings.

Leptoquarks are strongly interacting, so can be readily produced at hadron colliders; the
current LHC searches impose mrg & 1-2TeV [112]. Also, their peculiar Yukawa interactions
connecting quarks to leptons, can predict diverse quark and/or lepton flavour-changing
processes [66, 87, 134]. For instance, non-zero )&“, )\‘)L(C ,A¥ and A5 induce p — e processes
on a w and c quark currents — which we study here — and also induce LF'V D decays with
et /T in the final state. In addition, S; will mediate AF = 2 four-quark operators via box
diagrams which can contribute to meson-anti-meson mixing [135]. We did not find relevant
constraints on the LFV interactions of S7 from quark flavour physics, but will discuss in
more detail the complementarity of quark and lepton observables in [89].
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Figure 5. Representative diagrams for the matching of the leptoquark onto four-fermion operators,
and the dipole.

In matching the leptoquark onto the QCD x QED-invariant EFT at mpq, vector (o
ANpAR, AT AL), and scalar/tensor (o< ARAL, A} AR) operators are generated at tree-level. We
only consider the subset which are quark flavour-diagonal and p— e flavour-changing. The
model matches onto vector four-fermion operators of the form (&y”Pxu)(fv,Py f) (where
X,Y € {L,R} and f any lepton or quark) via “penguin” diagrams (see figure 5a), and
also can generate vector four lepton operators via box diagrams as in figure 5b. Finally,
the dipole operators can be generated via the last diagram of figure 5. This collection of
operators at the leptoquark mass scale is schematically represented in figure 6 as the top
row of boxes and ovals.

Several of the operators generated in matching out the leptoquark are present in
the Lagrangian of eq. (1.1). For instance, S; matches onto vector and/or scalar e-p-u-u
operators, which give large contributions to yA —eA. In addition, the log-enhanced loops
change the predictions significantly: the coefficients of scalar and tensor quark operators
respectively grow and shrink due to QCD, and QED loops can cause some O(1) mixing,
such as the top and charm tensors into the dipole, or the u-tensor into the u-scalar. The
effect of the RGEs is represented by lines in figure 6.

At the experimental scale, the S; leptoquark generates both © — ey and u — eg
coefficients. For conciseness, we give results for y — ep; the u — er coefficients can be
obtained by judiciously interchanging R <+ L. The contribution to the dipole coefficients is

2 T1e 2 ep
LR ren o EALALST 0 pae Mg 20 mLQ
2 Cp r(my) ~ 1 1647r In + Or2e ALln —=AL

12872 my mQ
o m o
T ALY, @I QT 4.1
2mey,, [ LYy f*n mgQ R (4.1)

where the first term is the matching contribution (times its QED running), the second term
is the 2-loop mixing of tree vector operators into the dipole, the last term is the RG-mixing
of tensor operators to dipoles, and the mg serving as lower cutoff for the logarithms (here
and further in the paper) is max{mg,2 GeV}.'? For C’le)’f 1, one interchanges R <> L. The
QCD running of the quark tensor operator is intricated with the QED mixing to the

12We neglect the estimates of ref. [136].
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Figure 6. A schematic representation of how the leptoquark generates u — ey, u — eee and A —
eA. The top row represents classes of coefficients, generated in matching out the leptoquark, of given
Lorentz structure and particle type, for any flavours and chiralities. The boxes correspond to operators
with coefficients of O(A\2 /mQLQ)7 whereas the ovals have suppressed coefficients ~ O(A\?/ [167r2mQLQ])7
or ~ (’)()\4/[167T2m2LQ}). The bottom row of boxes are the six observable coefficients (for fixed e
chirality in the p— e bilinear) of eq. (1.1). Lines represent the transformation between the mpg
and experimental scale; a straight line means the observable coefficient can be directly obtained in
matching. Operator mixing is represented as wavy lines: a thick line indicates an O(1) contribution
of at least one operator from the class to the observable; a thin line indicates a more suppressed
O(a) contribution.

dipole [137, 138], so induces a quark-flavour-dependent rescaling f@ ~ {1,1.4} for {t,c}
quarks.
The leptoquark also generates vector four-lepton operators (for X € {L, R})

ep
mLQ epee N, T T Qe mrLQ Qe ML 1t
oy ~ — ALAT [ Ax A 1F12—1 — (A In AL
) Vix(my) 64 2[ P Px A 1F s -~ +37T L mo
Ne mrg iyt |
where g7 = —1 + 2sin? Oy, 95 = 2sin? Oy, the first term represents the box diagram at

mrq (and its QED running to my, with —/+ for X=/#Y) which is represented as the V, 4l
oval at the top of figure 6 connecting to the Vxy box at the bottom, the second term is the
log-enhanced photon penguin that mixes the tree operators (’)V I (for Q € {u,c,t}) into
4-lepton operators (represented in figure 6 as a thin wavy line between the V, 2[2u and Vxy
boxes), and the last term is the contribution of the Z-penguins shown in figure 5a (the
V212 f oval of figure 6), not including the negligible effect of the RGEs.

The scalar 4-lepton coefficient CyS can be generated via a box diagram, with Higgs
insertions on the internal quark lines (so the coefficient can be significant for internal
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top quarks); however, the coupling constant combination that appears on the flavour-
changing line is already strictly constrained by p — ey. So this coefficient has a very small
contribution to p — e processes, and we neglect it.

A classic signature of leptoquarks is uA — eA, which can be mediated at tree level
via scalar or vector operators involving first generation quarks. The constraint from light
targets like Titanium or Aluminium can be written (for outgoing ey)

BRexp
250

eu y Hu* 2 92 eupux 1 TTVLQ
2 [0250C, () + 037NN (145 1n ) +0.39 | Lxgxg In 2142

e ep
- lA In ”;i;? AT] i [)\LY In mL;? YJATL] (4.3)
LOBAT N + A“W ) )\et)\“
( 27m +lme) == m%Q’

where in order, the terms are: the dipole coefficient given in eq. (4.1), the tree vector
coefficient on u quarks with its QED running (represented as the upper left box of figure 6),
the electroweak box contribution to the d vector, the QED then Z penguin (see figure 5a)
contributions to the u and d vectors (where we took V4 = 1,sin? 6y, = 1/4), and the scalar
u, ¢ and t contributions. Most of the scalar top contribution comes from a loop-induced
flavour changing Higgs coupling (in SMEFT, Oz’g%U mixing into O%},), which generates
scalar quark operators of all quark flavours. The tensor to scalar mixing is neglected,
because the model generates tensor coeflicients that are proportional to the scalars. The

QCD and QED running of the scalars is contained in 7:

_ {%(mw)}um (1 LBy mLQ) ~1.79

as(2GeV) 6r  2GeV
as(mLQ)} 12/23( 13a mLQ)
— 1+ 22 ~1.11. 4.4
n(me) { s () + e t (4.4)

It is easy to see that the operator coefficients of eq. (1.1) depend on more than 12
different combinations of the leptoquark couplings, so the only prediction of the leptoquark
model is that the four-lepton scalar coefficients C'¢" X v are negligible, as discussed after

q. (4.2); the model could fit any observed values for the remaining 10 coefficients.

However, the leptoquark has the interesting feature of predicting specific patterns of
p— e LFV when this occurs with only one quark generation: in this case, all the four-lepton
coefficients are of comparable magnitude, and knowing in addition the dipole allows to
predict C'az, x (or vice versa). To illustrate this, we neglect the box contributions to 4-lepton
operators (discussed in more detail in [89]), which are subdominant for internal ¢ quarks,
but can give an O(1), same-sign contribution for internal v and ¢ quarks when A;? ~ 1.
Without the boxes, all the coefficients are determined by four combinations of coupling
constants: AN and NSEALL* for X,V € {L,R} and Y # X (the expressions for the
coefficients are given in appendix C). This leads to correlations among operator coefficients,
as occurred in the inverse seesaw. In figure 7, we illustrate this correlation by plotting
ratios of coefficients, rather than the 3-d plots of section 3 (notice that the horizontal axis
is in logig scale, but runs from negative to positive values, so small values of Cy; x have
been deleted at the origin).
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Figure 7. The S; leptoquark interacting only with one quark generation predicts relations among

coefficients given in appendix C: for large positive values of the four-fermion coefficient on light
targets C4}; 1, ,/Cy/ry, (horizontal,in log), the ratio Cpp/Cy/T] (magnitude on the vertical) is

large and positive. The four-lepton coefficients are comparable for all quark generations.

One sees that “generically”, a leptoquark coupled to the t gives a large dipole, whereas
a large uA — eA rate is expected for leptoquarks interacting with the up quark. However,
neither of these expectations is an unambiguous footprint of the quark flavour dominantly
coupled to the leptoquark, because Cy; x (resp. Cp,x ) can vanish for leptoquarks interacting
with u (resp. t) quarks. Therefore, the observation of u — 3e without p — ey would not
exclude an S; leptoquark coupling mostly to top quarks; it would just exclude generic
values of the parameters of that model (i.e., values of the parameters that do not lead to
cancellation in some Wilson coefficients). Similarly, the observation of y — ey but not
@ — e conversion on light nuclei would not exclude an S; leptoquark coupling only to

up quarks.

5 Discussion and summary

In this paper, we explored whether a bottom-up EFT analysis (outlined in section 1)
can give a perspective on LFV models that is complementary to top-down studies. We
emphasize that in EFT, the data for uy — ey, u — eée and pA — eA consists of twelve
Wilson coefficients, given in eq. (1.1), and not just three branching ratios. The current
experimental null-results confine the coefficients to the interior of a 12-D ellipse centered at
the origin, and the aim of this paper was to determine whether a future observation could
exclude models. To address this question, we searched for the regions of coefficient space
accessible-to-future-experiments that each model cannot reach, as an observation in that
part of the ellipse would rule the model out.
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We studied three TeV-scale!® models: the type II seesaw, the inverse type I seesaw
and a singlet scalar leptoquark added to the SM. We chose the first two because they can
explain neutrino masses (which are the best motivation for LFV), while we considered the
scalar leptoquark in light of the charged current anomaly observed in b — clv transitions.
The model predictions depend on combinations of NP and SM parameters which we refer
to as “invariants”, see e.g. egs. (3.4) and (3.7).

The type Il and inverse seesaw models generate Majorana neutrino masses via the
tree-level exchange of heavy new particles, respectively a scalar triplet and fermion singlets.
Large lepton-flavour-changing rates are possible because the models can contain LFV
without lepton number violation, avoiding any suppression by small neutrino masses. In
both models the new particles interact with lepton doublets, so the coefficients of operators
with flavour-changing currents involving singlet charged leptons are suppressed by the
lepton Yukawa couplings'* and neglected here:

epee epee epee e e epee . }
Cb,r, CV,RR’ CV7RL’ CS,RRv CAlz‘ght,Rv CAhecwy,R’ CS,LL = (type II, inverse seesaw)

So in the twelve-dimensional space that can be probed by experiment, these models can
only occupy 5 dimensions: should one of the above coefficients be observed (in the absence of
the unsuppressed ones), then these models would be excluded. In addition, these vanishing
coefficients imply that yA —eA only occurs via the dipole and vector interactions.

Section 2 showed that in the type II model, three of the remaining coefficients, C'};; ght.L>
Cllheavy.r, a0d CYTR (given in egs. (2.4), (2.5)) arise from the same loop diagrams and are
all proportional to the same combination of invariants. This implies that the model occupies
a line in the three-dimensional space of these three coefficients, and that one of the three
rates for u — ep7y, 4 — erérer and pA — ep A being predicted by the other two. The
coefficients C’E‘f r and C‘e/fb 77 can be expressed in terms of two other invariants, all of which
are constructed with the Yukawa matrix of the triplet scalar. This is proportional to the
neutrino mass matrix, so known, up to the overall magnitude, the neutrino mass hierarchy,
the lightest mass mmin and the Majorana Phases o 2. So although the model generates
Cy/Ty at tree level, suggesting p — eée to discover the type II seesaw, this coefficient can
vanish (for specific values of the Majorana phases and a range of muyi,), as could Cl%’f R
or C‘c}“ % When this occurs, the ratio of the remaining two coefficients is restricted, so
there are combinations of observations that the type Il seesaw cannot predict. This is
illustrated in figure 2, where coefficient ratios (that correspond to angular coordinates in the
three remaining dimensions of the original ellipse) are varied over the ranges accessible to
upcoming experiments. We find that at least one of the four-fermion coefficients is always
larger than the dipole, so that observing 1 — ey with a branching ratio Br(u — ey) > 10714
without detecting j — 3e in upcoming searches with Br(u — 3e) 2 10716 can rule out the
type II seesaw model studied here.

13 Although the EFT calculations are only logarithmically sensitive to the choice Anp ~ TeV, our results
may depend on this assumption, especially in the cases where cancellations between different contributions
are envisaged.

1A muon Yukawa coupling also appears in Ch'n, but since the operator is defined with the muon mass —
see eq. (1.1) — this does not count as a suppression in this case.
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Section 3 studied the inverse seesaw model and showed that Cp'n, CY/77, CYTh,

Cllight.r, and C%y 0, 1 are functions of four invariants constructed from the neutrino
Yukawa and sterile neutrino mass matrices, as given in eq. (3.4). This implies that
Br(pAu — epAu) could be predicted, given the rates for pAl — epAl, u — ererer,
u — ererer and p — ep~y. The relevant contributions to these u — e coefficients arise
via loop diagrams in matching (no four-SM-fermion operators are generated at tree-level),
and are non-linear functions of the nondegenerate singlet masses. The RGEs of QED just
renormalise these coefficients by a few percent, but do not generate additional invariants.
So we observe that the number of invariants is reduced, if the sterile neutrino masses can
be approximated as degenerate — as occurs for mass differences of O(v), see eq. (3.5). In
this limit, the five non-negligeable coefficients are controlled by two invariants constructed
from the neutrino Yukawa matrices: O(Y,Y,)) and O(Y,Y,/Y,Y,}). This implies that when
two coeflicients are known, the remaining three are predicted, implying, eg, that the model
predicts Br(uA —eA), from the rates for 4 — ey and p — eee. In the twelve-dimensional
ellipse, our inverse seesaw model with degenerate sterile neutrinos therefore occupies a
two-dimensional subspace (see egs. (3.8) and (3.9)), which we illustrate in figure 4 by
plotting the model prediction for the real part of three coefficients.

Finally, in section 4, we investigated the ;. — e predictions of a singlet scalar leptoquark,
selected to fit the excess of b — ¢Tv events observed in the Rp ratio. The model contributes
to all but two of the u — e observable coefficients with different coupling combinations,
implying that it could entirely fill 10 dimensions of the 12-D ellipse. Only the observation
of a non-zero 1 — 3e scalar coefficient C'Y’y could not be explained by the leptoquark. On
the other hand, the model is more predictive when the leptoquark only interacts with one
quark generation. In this case, all the invariants become o< Ai?)\’iQ* or )&QA*I%Q*, so once
four coefficients are measured, the remaining eight can be predicted. For a specific chirality
of the outgoing electron in the LF'V current, this resembles the degenerate inverse seesaw
case, and the equations relating the coefficients are given in appendix C. The relations
between coefficient ratios that are expected when the leptoquark only interacts with one
quark generation are illustrated in figure 7.

The results of this paper will be extended in a subsequent publication, where also some
technical details of our EFT calculations will be discussed. We will explore the impact of
complementary observables and the uses of invariants, and we will discuss the consequences
of relative complex phases for the operator coefficients.

In summary, we find that there are observations of u — e processes that could rule out
the three models we considered. The type II seesaw model predicts coefficients in part of a
3-dimensional subspace of the 12-d coeflicient space accessible to experiments. The inverse
seesaw maps onto a 4-d subspace of the 12-d space, in the case of non-dengenerate sterile
neutrinos, but is more predictive for (nearly) degenerate steriles, where it is restricted to a
2-dimensional subspace. The singlet scalar leptoquark model does not generate sizable scalar
four-lepton operators but can give arbitrary contributions to all other Wilson coefficients,
thus completely filling 10 dimensions of the 12-d ellipse. However, if the leptoquark couplings
to the electron and muon involve a single quark generation, the model predictions are
restricted to a 4-dimensional subspace.
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A Branching ratios

For completeness, we list here the branching ratios for p — ey, and u — eee:

BR(p — ey) = 384”2(’CE“L’2 + ’CEMRP) ) (A1)
CCMEC 2 _"_ C@M€€ 2
BR(ji — ece) Cs.Ll - ICS rRl n <641n my 136) (|eCS L2 + |eCS [2)
Me ’ ’
+2|CPEG + 4eCH |2 + 2O + 4eCH (A.2)

euee en |2 euee ew |2
+|CV R +4eCp " + [CY TR +4eCh gl”.

B The uA — eA operators

The Spin-Independent i — e conversion rate, normalised to the u capture rate [99, 139]
can be written [99]

32G2m®  ~ ~ ~ e Iap 2
BRgi(uAd — ed) = ° FF N [|C€?RI$)V + O I+ Ot (), + Ot T + Cp, 1=
cap
+{L R}, (B.1)

where IXV‘;, IXQ and 4 p are target(A)-dependent “overlap integrals” inside the nucleus
of the lepton wavefunctions and the appropriate nucleon density. This shows that a target
probes a linear combination of coefficients identified by the overlap integrals. With current
theoretical uncertainties on the overlap integrals, at least two independent combinations
of the coefficients-on-nucleons {C'} could be constrained [14]. We will take these two
combinations to correspond to light and heavy nuclei.

For light targets like Aluminium or Titanium, all the four-fermion overlap integrals are
comparable, so the four-fermion operator that is probed is approximately

Otighsx % 5 ((EPx ) B0) + (2" P i) (Brap) + (€Pxcn) () + (87 Px) (mam)— (B:2)

or more precisely, the KKO calculation says that the combination of coefficients probed by
Aluminium is [14]

Catight,x = 0.455C%y + 0.473CY%, + 0.490CEY + 0.503CT3,) .
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For Gold, the coefficient combination is slightly misaligned:
CAhe(wy x =0. 2890 x +0. 4580€py + 0. 4320 v +0. 686CVY ,

indeed, the operator probed by heavy targets can be written as O apeqvy, x = €08 0O aight, x +
sin @O Aheavy L, x - Measuring the coefficient of O speavy 1, x is the new information that can
be obtained from heavy targets, but not light ones.

The definition of O gpeqvyL,x depends on whether it is constructed in the nucleon EFT,
or the quark EFT relevant above a scale of 2 GeV. This is because there is information
loss in matching nucleons to quarks, because the scalar densities of both v and d quarks
in the neutron and proton are all comparable, so the scalar u and d coefficients C%% are
indistinguishable unless the scalar nucleon coeflicients CS, y are accurately measured. In
addition, there is a several-o discrepancy between the determinations of the scalar quark
densities in the nucleon from the lattice and pion data.

So in this paper we focus on uA —eA on light targets, because only the leptoquark
induces scalar quark coefficients, and we prefer to avoid the quark-scalar uncertainties
associated with defining O gpeavy1,x- We will consider the complementary information from
heavy targets in [89].

C If the leptoquark interacts only with one generation of quarks

In this appendix, we give formulae for the operator coefficients in the leptoquark model, for
the case where the leptoquak interacts only with one generation of quarks.
If the leptoquark only interacts with top quarks, one obtains:

m
—L9 Cppr(my) = 2.3 x 1074 ALAL]ep — 120 A ey (C.1)
L epee _
Uf O (my) ~ =445 x 10 P Ak lew [y Al e
+(1.36 x 1073 — 5:0.033) [Ax AL Jep (C.2)
m%

22 Ctighi = —6.8 x 1074 [\LAL ™ — 0.0084[ApAF 2.4 x 107 AE N

where X,Y € {L, R} for the vector four-lepton coefficients, for which the contributions
due to boxes are included. The three terms of the four-fermion contribution to pA —eA
are induced by the photon and Z penguins, and the top-loop contribution to the u—e
Yukawa coupling.

If the leptoquark only interacts with charm quarks, then:

2
mL

(my) =~ 2.3 x 1074 AT, — 04200 b (C.3)

m
ULQQ O (my) = —4.5 x 10 Ax A)eu My M e+ (4.8 x 1073 — 6§1.9 % 107%) Ax A Jey
2
m
22 Catigne,r, ~ =24 x 107 [AAL] " —0.0225 0
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where X,Y € {L, R} in the vector four-lepton coefficients, for which the Z-penguin (the
last term) is suppressed o m?/v%, and any box can contribute because (g — 2). only
constrains AF°A%* < 0.7.

And finally for a leptoquark that only has y— e interactions on u quarks, one obtains:

2
my, _ _
TQQCDR(mM) ~ 2.3 % 107 ALAL o) — 7.3 x 1074 AL AL (C.4)

2

m

%C{E/’f{ey(mu) ~ —4.5 x 107 A AR eu Ay Al Jee +4.8 x 1072 A AL e,
mig

—z Catight, = 0.38AT NS — 2.0nAF N (C.5)

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

1]

2]

3]

L € 3

[10]

[11]

MUON G-2 collaboration, Measurement of the Positive Muon Anomalous Magnetic Moment
to 0.46 ppm, Phys. Rev. Lett. 126 (2021) 141801 [arXiv:2104.03281] [INSPIRE].

BABAR collaboration, Evidence for an excess of B — D)1~ 0. decays, Phys. Rev. Lett. 109
(2012) 101802 [arXiv:1205.5442] [INSPIRE].

BELLE collaboration, Measurement of the branching ratio of B — D™t~ relative to
B — D™{~ vy, decays with hadronic tagging at Belle, Phys. Rev. D 92 (2015) 072014
[arXiv:1507.03233] [INSPIRE].

BELLE collaboration, Measurement of R(D) and R(D*) with a semileptonic tagging method,
Phys. Rev. Lett. 124 (2020) 161803 [arXiv:1910.05864] [INSPIRE].

LHCB collaboration, Measurement of the ratios of branching fractions R(D*) and R(DY),
Phys. Rev. Lett. 131 (2023) 111802 [arXiv:2302.02886| [INSPIRE].

LHCB collaboration, Test of lepton flavor universality using B® — D*~ 7% vr decays with
hadronic T channels, Phys. Rev. D 108 (2023) 012018 [arXiv:2305.01463] [INSPIRE].

H. Georgi, Effective field theory, Ann. Rev. Nucl. Part. Sci. 43 (1993) 209 [INSPIRE].
H. Georgi, On-shell effective field theory, Nucl. Phys. B 361 (1991) 339 [INSPIRE].

A.J. Buras, Weak Hamiltonian, CP violation and rare decays, in the proceedings of the Les
Houches Summer School in Theoretical Physics, Session 68: Probing the Standard Model of
Particle Interactions, Les Houches, France, July 28 — September 05 (1997), p. 281-539
[hep-ph/9806471] [INSPIRE].

A.V. Manohar, Introduction to Effective Field Theories, arXiv:1804.05863
[DDI:10.1093/0s0/9780198855743.003.0002] [INSPIRE].

A. Pich, Effective Field Theory with Nambu-Goldstone Modes, arXiv:1804.05664
[DOI:10.1093/050/9780198855743.003.0003] [INSPIRE].

L. Silvestrini, Effective Theories for Quark Flavour Physics, arXiv:1905.00798
[DDI:10.1093/050/9780198855743.003.0008] [INSPIRE].

- 29 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.126.141801
https://arxiv.org/abs/2104.03281
https://inspirehep.net/literature/1856627
https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.1103/PhysRevLett.109.101802
https://arxiv.org/abs/1205.5442
https://inspirehep.net/literature/1115826
https://doi.org/10.1103/PhysRevD.92.072014
https://arxiv.org/abs/1507.03233
https://inspirehep.net/literature/1382593
https://doi.org/10.1103/PhysRevLett.124.161803
https://arxiv.org/abs/1910.05864
https://inspirehep.net/literature/1758794
https://doi.org/10.1103/PhysRevLett.131.111802
https://arxiv.org/abs/2302.02886
https://inspirehep.net/literature/2629770
https://doi.org/10.1103/PhysRevD.108.012018
https://arxiv.org/abs/2305.01463
https://inspirehep.net/literature/2682591
https://doi.org/10.1146/annurev.ns.43.120193.001233
https://inspirehep.net/literature/378619
https://doi.org/10.1016/0550-3213(91)90244-R
https://inspirehep.net/literature/315930
https://arxiv.org/abs/hep-ph/9806471
https://inspirehep.net/literature/472266
https://arxiv.org/abs/1804.05863
https://doi.org/10.1093/oso/9780198855743.003.0002
https://inspirehep.net/literature/1668143
https://arxiv.org/abs/1804.05664
https://doi.org/10.1093/oso/9780198855743.003.0003
https://inspirehep.net/literature/1667914
https://arxiv.org/abs/1905.00798
https://doi.org/10.1093/oso/9780198855743.003.0008
https://inspirehep.net/literature/1732953

[13]

[14]

[15]

[22]

[25]

[26]

M. Balsiger et al., Solutions to Problems at Les Houches Summer School on EFT,
arXiv:2005.08573 [DOI:10.1093/0s0/9780198855743.003.0012] INSPIRE].

S. Davidson, Y. Kuno and M. Yamanaka, Selecting . — e conversion targets to distinguish
lepton flavour-changing operators, Phys. Lett. B 790 (2019) 380 [arXiv:1810.01884]
[INSPIRE].

MEG collaboration, Search for the lepton flavour violating decay p™ — e~ with the full
dataset of the MEG experiment, Eur. Phys. J. C 76 (2016) 434 [arXiv:1605.05081]
[INSPIRE].

MEG II collaboration, The design of the MEG II experiment, Eur. Phys. J. C' 78 (2018) 380
[arXiv:1801.04688] [INSPIRE].

SINDRUM collaboration, Search for the Decay u™ — etete™, Nucl. Phys. B 299 (1988) 1
[INSPIRE].

A. Blondel et al., Research Proposal for an Ezperiment to Search for the Decay u — eee,
arXiv:1301.6113 [INSPIRE].

SINDRUM 1T collaboration, A search for muon to electron conversion in muonic gold, Eur.
Phys. J. C 47 (2006) 337 [INSPIRE].

SINDRUM II collaboration, Test of lepton flavor conservation in u — e conversion on
titanium, Phys. Lett. B 317 (1993) 631 [INSPIRE].

PRISM collaboration, An Experimental Search for a uN — eN Conversion at Sensitivity of
the Order of 10~'8 with a Highly Intense Muon Source: PRISM, unpublished, J-PARC LOI,
(2006).

C. GrOUP collaboration, A New Charged Lepton Flavor Violation Program at Fermilab, in
the proceedings of the Snowmass 2021, Seattle, United States, July 17-26 (2022)
[arXiv:2203.08278] [INSPIRE].

P. Wintz, Results of the SINDRUM-II experiment, Conf. Proc. C 980420 (1998) 534
[INSPIRE].

COMET collaboration, Conceptual design report for experimental search for lepton flavor
violating mu- - e- conversion at sensitivity of 10**(-16) with a slow-extracted bunched proton

beam (COMET), KEK-2009-10 (2009) [NSPIRE].

COMET collaboration, Overview of the COMET Phase-1 experiment, PoS FPCP2015
(2015) 059 [INSPIRE].

MU2E collaboration, Proposal to search for p~ N — e~ N with a single event sensitivity below
10716, FERMILAB-PROPOSAL-0973 (2008) [DOI:10.2172/952028] [INSPIRE].

BABAR collaboration, Searches for Lepton Flavor Violation in the Decays 7+ — e*~ and
7% — uty, Phys. Rev. Lett. 104 (2010) 021802 [arXiv:0908.2381] [INSPIRE].

BELLE collaboration, Search for lepton flavor violating 7~ decays into £~ n, £~n' and £~ 70,
Phys. Lett. B 648 (2007) 341 [hep-ex/0703009] [InSPIRE].

BELLE-II collaboration, The Belle IT Physics Book, PTEP 2019 (2019) 123C01 [Erratum
ibid. 2020 (2020) 029201] [arXiv:1808.10567] [INSPIRE].

J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Lepton flavor violation via right-handed
neutrino Yukawa couplings in supersymmetric standard model, Phys. Rev. D 53 (1996) 2442
[hep-ph/9510309] [INSPIRE].

~ 93 -


https://arxiv.org/abs/2005.08573
https://doi.org/10.1093/oso/9780198855743.003.0012
https://inspirehep.net/literature/1796706
https://doi.org/10.1016/j.physletb.2019.01.042
https://arxiv.org/abs/1810.01884
https://inspirehep.net/literature/1696975
https://doi.org/10.1140/epjc/s10052-016-4271-x
https://arxiv.org/abs/1605.05081
https://inspirehep.net/literature/1459275
https://doi.org/10.1140/epjc/s10052-018-5845-6
https://arxiv.org/abs/1801.04688
https://inspirehep.net/literature/1648154
https://doi.org/10.1016/0550-3213(88)90462-2
https://inspirehep.net/literature/251865
https://arxiv.org/abs/1301.6113
https://inspirehep.net/literature/1216296
https://doi.org/10.1140/epjc/s2006-02582-x
https://doi.org/10.1140/epjc/s2006-02582-x
https://inspirehep.net/literature/716542
https://doi.org/10.1016/0370-2693(93)91383-X
https://inspirehep.net/literature/364817
https://arxiv.org/abs/2203.08278
https://inspirehep.net/literature/2053459
https://inspirehep.net/literature/485202
https://inspirehep.net/literature/842353
https://doi.org/10.22323/1.248.0059
https://doi.org/10.22323/1.248.0059
https://inspirehep.net/literature/1413536
https://doi.org/10.2172/952028
https://inspirehep.net/literature/809087
https://doi.org/10.1103/PhysRevLett.104.021802
https://arxiv.org/abs/0908.2381
https://inspirehep.net/literature/828777
https://doi.org/10.1016/j.physletb.2007.03.027
https://arxiv.org/abs/hep-ex/0703009
https://inspirehep.net/literature/745737
https://doi.org/10.1093/ptep/ptz106
https://arxiv.org/abs/1808.10567
https://inspirehep.net/literature/1692393
https://doi.org/10.1103/PhysRevD.53.2442
https://arxiv.org/abs/hep-ph/9510309
https://inspirehep.net/literature/400851

[31]

[32]

[33]

[34]

[35]

[46]

[47]

[48]

[49]

S. Antusch, E. Arganda, M.J. Herrero and A.M. Teixeira, Impact of 6135 on lepton flavour
violating processes within SUSY seesaw, JHEP 11 (2006) 090 [hep-ph/0607263] [INSPIRE].

A. Rossi, Supersymmetric seesaw without singlet neutrinos: Neutrino masses and lepton
flavor violation, Phys. Rev. D 66 (2002) 075003 [hep-ph/0207006] [INSPIRE].

W. Altmannshofer et al., Anatomy and Phenomenology of FCNC and CPV Effects in SUSY
Theories, Nucl. Phys. B 830 (2010) 17 [arXiv:0909.1333] [INSPIRE].

V. Cirigliano, A. Kurylov, M.J. Ramsey-Musolf and P. Vogel, Lepton flavor violation without
supersymmetry, Phys. Rev. D 70 (2004) 075007 [hep-ph/0404233] [INSPIRE].

Y. Omura, E. Senaha and K. Tobe, Lepton-flavor-violating Higgs decay h — put and muon
anomalous magnetic moment in a general two Higgs doublet model, JHEP 05 (2015) 028
[arXiv:1502.07824] [INSPIRE].

E. Arganda, M.J. Herrero, X. Marcano and C. Weiland, Imprints of massive inverse seesaw
model neutrinos in lepton flavor violating Higgs boson decays, Phys. Rev. D 91 (2015) 015001
[arXiv:1405.4300] [INSPIRE].

F. Deppisch and J.W.F. Valle, Enhanced lepton flavor violation in the supersymmetric
inverse seesaw model, Phys. Rev. D 72 (2005) 036001 [hep-ph/0406040] [INSPIRE].

K. Agashe, A.E. Blechman and F. Petriello, Probing the Randall-Sundrum geometric origin
of flavor with lepton flavor violation, Phys. Rev. D 74 (2006) 053011 [hep-ph/0606021]
[INSPIRE].

M. Blanke et al., Charged Lepton Flavour Violation and (g —2), in the Littlest Higgs Model
with T-Parity: A Clear Distinction from Supersymmetry, JHEP 05 (2007) 013
[hep-ph/0702136] [INSPIRE].

T.M. Aliev, A.S. Cornell and N. Gaur, Lepton flavour violation in unparticle physics, Phys.
Lett. B 657 (2007) 77 [arXiv:0705.1326] [iNSPIRE].

Y. Cai et al., From the trees to the forest: a review of radiative neutrino mass models, Front.
in Phys. 5 (2017) 63 [arXiv:1706.08524] [INnSPIRE].

P. Escribano, M. Hirsch, J. Nava and A. Vicente, Observable flavor violation from
spontaneous lepton number breaking, JHEP 01 (2022) 098 [arXiv:2108.01101] [INSPIRE].

M.L. Lépez-Ibafiez et al., Constraining low-scale flavor models with (g —2), and lepton flavor
violation, Phys. Rev. D 105 (2022) 035021 [arXiv:2112.11455] [INSPIRE].

L. Calibbi and G. Signorelli, Charged Lepton Flavour Violation: An Experimental and
Theoretical Introduction, Riv. Nuovo Cim. 41 (2018) 71 [arXiv:1709.00294] InSPIRE].

M. Ardu and G. Pezzullo, Introduction to Charged Lepton Flavor Violation, Universe 8
(2022) 299 [arXiv:2204.08220] [iNSPIRE].

M. Magg and C. Wetterich, Neutrino Mass Problem and Gauge Hierarchy, Phys. Lett. B 94
(1980) 61 [INSPIRE].

G. Lazarides, Q. Shafi and C. Wetterich, Proton Lifetime and Fermion Masses in an SO(10)
Model, Nucl. Phys. B 181 (1981) 287 [iNnSPIRE].

J. Schechter and J.W.F. Valle, Neutrino Masses in SU(2) x U(1) Theories, Phys. Rev. D 22
(1980) 2227 [INSPIRE].

R.N. Mohapatra and G. Senjanovic, Neutrino Masses and Mixings in Gauge Models with
Spontaneous Parity Violation, Phys. Rev. D 23 (1981) 165 [INSPIRE].

— 24 —


https://doi.org/10.1088/1126-6708/2006/11/090
https://arxiv.org/abs/hep-ph/0607263
https://inspirehep.net/literature/722236
https://doi.org/10.1103/PhysRevD.66.075003
https://arxiv.org/abs/hep-ph/0207006
https://inspirehep.net/literature/589595
https://doi.org/10.1016/j.nuclphysb.2009.12.019
https://arxiv.org/abs/0909.1333
https://inspirehep.net/literature/830543
https://doi.org/10.1103/PhysRevD.70.075007
https://arxiv.org/abs/hep-ph/0404233
https://inspirehep.net/literature/649133
https://doi.org/10.1007/JHEP05(2015)028
https://arxiv.org/abs/1502.07824
https://inspirehep.net/literature/1346839
https://doi.org/10.1103/PhysRevD.91.015001
https://arxiv.org/abs/1405.4300
https://inspirehep.net/literature/1297065
https://doi.org/10.1103/PhysRevD.72.036001
https://arxiv.org/abs/hep-ph/0406040
https://inspirehep.net/literature/651655
https://doi.org/10.1103/PhysRevD.74.053011
https://arxiv.org/abs/hep-ph/0606021
https://inspirehep.net/literature/718214
https://doi.org/10.1088/1126-6708/2007/05/013
https://arxiv.org/abs/hep-ph/0702136
https://inspirehep.net/literature/744468
https://doi.org/10.1016/j.physletb.2007.09.055
https://doi.org/10.1016/j.physletb.2007.09.055
https://arxiv.org/abs/0705.1326
https://inspirehep.net/literature/750258
https://doi.org/10.3389/fphy.2017.00063
https://doi.org/10.3389/fphy.2017.00063
https://arxiv.org/abs/1706.08524
https://inspirehep.net/literature/1607799
https://doi.org/10.1007/JHEP01(2022)098
https://arxiv.org/abs/2108.01101
https://inspirehep.net/literature/1898329
https://doi.org/10.1103/PhysRevD.105.035021
https://arxiv.org/abs/2112.11455
https://inspirehep.net/literature/1994872
https://doi.org/10.1393/ncr/i2018-10144-0
https://arxiv.org/abs/1709.00294
https://inspirehep.net/literature/1621276
https://doi.org/10.3390/universe8060299
https://doi.org/10.3390/universe8060299
https://arxiv.org/abs/2204.08220
https://inspirehep.net/literature/2068399
https://doi.org/10.1016/0370-2693(80)90825-4
https://doi.org/10.1016/0370-2693(80)90825-4
https://inspirehep.net/literature/152871
https://doi.org/10.1016/0550-3213(81)90354-0
https://inspirehep.net/literature/153328
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://inspirehep.net/literature/153987
https://doi.org/10.1103/PhysRevD.23.165
https://inspirehep.net/literature/154264

[50] D. Wyler and L. Wolfenstein, Massless Neutrinos in Left-Right Symmetric Models, Nucl.
Phys. B 218 (1983) 205 [INSPIRE].

[51] R.N. Mohapatra, Mechanism for Understanding Small Neutrino Mass in Superstring
Theories, Phys. Rev. Lett. 56 (1986) 561 [INSPIRE].

[52] R.N. Mohapatra and J.W.F. Valle, Neutrino Mass and Baryon Number Nonconservation in
Superstring Models, Phys. Rev. D 34 (1986) 1642 NSPIRE].

[53] E.J. Chun, K.Y. Lee and S.C. Park, Testing Higgs triplet model and neutrino mass patterns,
Phys. Lett. B 566 (2003) 142 [hep-ph/0304069] [INSPIRE].

[54] M. Kakizaki, Y. Ogura and F. Shima, Lepton flavor violation in the triplet Higgs model, Phys.
Lett. B 566 (2003) 210 [hep-ph/0304254] [INSPIRE].

[55] A.G. Akeroyd, M. Aoki and H. Sugiyama, Lepton Flavour Violating Decays T — lll and
w — ey in the Higgs Triplet Model, Phys. Rev. D 79 (2009) 113010 [arXiv:0904.3640]
[INSPIRE].

[56] D.N. Dinh, A. Ibarra, E. Molinaro and S.T. Petcov, The u — e Conversion in Nuclei,
uw— ey, u — 3e Decays and TeV Scale See-Saw Scenarios of Neutrino Mass Generation,
JHEP 08 (2012) 125 [Erratum ibid. 09 (2013) 023] [arXiv:1205.4671] [NSPIRE].

[57] N.D. Barrie and S.T. Petcov, Lepton Flavour Violation tests of Type II Seesaw Leptogenesis,
JHEP 01 (2023) 001 [arXiv:2210.02110] [INSPIRE].

[58] D. Tommasini, G. Barenboim, J. Bernabeu and C. Jarlskog, Nondecoupling of heavy neutrinos
and lepton flavor violation, Nucl. Phys. B 444 (1995) 451 [hep-ph/9503228] [INSPIRE].

[59] A. Ilakovac and A. Pilaftsis, Flavor violating charged lepton decays in seesaw-type models,
Nucl. Phys. B 437 (1995) 491 [hep-ph/9403398] [INSPIRE].

[60] A. Ibarra, E. Molinaro and S.T. Petcov, Low Energy Signatures of the TeV Scale See-Saw
Mechanism, Phys. Rev. D 84 (2011) 013005 [arXiv:1103.6217] [INSPIRE].

[61] R. Alonso, M. Dhen, M.B. Gavela and T. Hambye, Muon conversion to electron in nuclei in
type-I seesaw models, JHEP 01 (2013) 118 [arXiv:1209.2679] InSPIRE].

[62] A. Abada, V. De Romeri and A.M. Teixeira, Impact of sterile neutrinos on nuclear-assisted
cLFV processes, JHEP 02 (2016) 083 [arXiv:1510.06657] [INSPIRE].

[63] R. Coy and M. Frigerio, Effective approach to lepton observables: the seesaw case, Phys. Rev.
D 99 (2019) 095040 [arXiv:1812.03165] [INSPIRE].

[64] A. Abada, J. Kriewald and A.M. Teixeira, On the role of leptonic CPV phases in ¢cLFV
observables, Eur. Phys. J. C 81 (2021) 1016 [arXiv:2107.06313] [INSPIRE].

[65] D. Zhang and S. Zhou, Complete one-loop matching of the type-I seesaw model onto the
Standard Model effective field theory, JHEP 09 (2021) 163 [arXiv:2107.12133] [INSPIRE].

[66] R. Coy and M. Frigerio, Effective comparison of neutrino-mass models, Phys. Rev. D 105
(2022) 115041 [arXiv:2110.09126] NSPIRE].

[67) A. Granelli, J. Klari¢ and S.T. Petcov, Tests of low-scale leptogenesis in charged lepton
flavour violation experiments, Phys. Lett. B 837 (2023) 137643 [arXiv:2206.04342]
[INSPIRE].

[68] A. Crivellin, F. Kirk and C.A. Manzari, Comprehensive analysis of charged lepton flavour
violation in the symmetry protected type-I seesaw, JHEP 12 (2022) 031 [arXiv:2208.00020]
[INSPIRE].

— 95—


https://doi.org/10.1016/0550-3213(83)90482-0
https://doi.org/10.1016/0550-3213(83)90482-0
https://inspirehep.net/literature/181466
https://doi.org/10.1103/PhysRevLett.56.561
https://inspirehep.net/literature/229265
https://doi.org/10.1103/PhysRevD.34.1642
https://inspirehep.net/literature/18076
https://doi.org/10.1016/S0370-2693(03)00770-6
https://arxiv.org/abs/hep-ph/0304069
https://inspirehep.net/literature/616542
https://doi.org/10.1016/S0370-2693(03)00833-5
https://doi.org/10.1016/S0370-2693(03)00833-5
https://arxiv.org/abs/hep-ph/0304254
https://inspirehep.net/literature/617706
https://doi.org/10.1103/PhysRevD.79.113010
https://arxiv.org/abs/0904.3640
https://inspirehep.net/literature/818590
https://doi.org/10.1007/JHEP08(2012)125
https://arxiv.org/abs/1205.4671
https://inspirehep.net/literature/1115502
https://doi.org/10.1007/JHEP01(2023)001
https://arxiv.org/abs/2210.02110
https://inspirehep.net/literature/2160577
https://doi.org/10.1016/0550-3213(95)00201-3
https://arxiv.org/abs/hep-ph/9503228
https://inspirehep.net/literature/393216
https://doi.org/10.1016/0550-3213(94)00567-X
https://arxiv.org/abs/hep-ph/9403398
https://inspirehep.net/literature/372489
https://doi.org/10.1103/PhysRevD.84.013005
https://arxiv.org/abs/1103.6217
https://inspirehep.net/literature/894577
https://doi.org/10.1007/JHEP01(2013)118
https://arxiv.org/abs/1209.2679
https://inspirehep.net/literature/1185279
https://doi.org/10.1007/JHEP02(2016)083
https://arxiv.org/abs/1510.06657
https://inspirehep.net/literature/1399360
https://doi.org/10.1103/PhysRevD.99.095040
https://doi.org/10.1103/PhysRevD.99.095040
https://arxiv.org/abs/1812.03165
https://inspirehep.net/literature/1707883
https://doi.org/10.1140/epjc/s10052-021-09754-w
https://arxiv.org/abs/2107.06313
https://inspirehep.net/literature/1883928
https://doi.org/10.1007/JHEP09(2021)163
https://arxiv.org/abs/2107.12133
https://inspirehep.net/literature/1892468
https://doi.org/10.1103/PhysRevD.105.115041
https://doi.org/10.1103/PhysRevD.105.115041
https://arxiv.org/abs/2110.09126
https://inspirehep.net/literature/1946494
https://doi.org/10.1016/j.physletb.2022.137643
https://arxiv.org/abs/2206.04342
https://inspirehep.net/literature/2093834
https://doi.org/10.1007/JHEP12(2022)031
https://arxiv.org/abs/2208.00020
https://inspirehep.net/literature/2129300

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

M. Fukugita and T. Yanagida, Baryogenesis Without Grand Unification, Phys. Lett. B 174
(1986) 45 [INSPIRE].

S. Davidson, E. Nardi and Y. Nir, Leptogenesis, Phys. Rept. 466 (2008) 105
[arXiv:0802.2962] INSPIRE].

T. Hambye, M. Raidal and A. Strumia, Efficiency and mazimal CP-asymmetry of scalar
triplet leptogenesis, Phys. Lett. B 632 (2006) 667 [hep-ph/0510008] [NSPIRE].

D. Aristizabal Sierra, M. Dhen and T. Hambye, Scalar triplet flavored leptogenesis: a
systematic approach, JCAP 08 (2014) 003 [arXiv:1401.4347] NSPIRE].

S. Lavignac and B. Schmauch, Flavour always matters in scalar triplet leptogenesis, JHEP 05
(2015) 124 [arXiv:1503.00629] [iNSPIRE].

N.D. Barrie, C. Han and H. Murayama, Affleck-Dine Leptogenesis from Higgs Inflation, Phys.
Rev. Lett. 128 (2022) 141801 [arXiv:2106.03381] [INSPIRE].

I. Affleck and M. Dine, A New Mechanism for Baryogenesis, Nucl. Phys. B 249 (1985) 361
[INSPIRE].

A. Pilaftsis and T.E.J. Underwood, Resonant leptogenesis, Nucl. Phys. B 692 (2004) 303
[hep-ph/0309342] [INSPIRE].

S. Blanchet, T. Hambye and F.-X. Josse-Michaux, Reconciling leptogenesis with observable
w — ey rates, JHEP 04 (2010) 023 [arXiv:0912.3153] [INSPIRE].

P.S. Bhupal Dev, P. Millington, A. Pilaftsis and D. Teresi, Flavour Covariant Transport
Equations: an Application to Resonant Leptogenesis, Nucl. Phys. B 886 (2014) 569
[arXiv:1404.1003] [INSPIRE].

P.C. da Silva, D. Karamitros, T. McKelvey and A. Pilaftsis, Tri-resonant leptogenesis in a
seesaw extension of the Standard Model, JHEP 11 (2022) 065 [arXiv:2206.08352] INSPIRE].

E.K. Akhmedov, V.A. Rubakov and A.Y. Smirnov, Baryogenesis via neutrino oscillations,
Phys. Rev. Lett. 81 (1998) 1359 [hep-ph/9803255] [INSPIRE].

T. Asaka and M. Shaposhnikov, The vMSM, dark matter and baryon asymmetry of the
universe, Phys. Lett. B 620 (2005) 17 [hep-ph/0505013] [INSPIRE].

J. Klari¢, M. Shaposhnikov and I. Timiryasov, Reconciling resonant leptogenesis and
baryogenesis via neutrino oscillations, Phys. Rev. D 104 (2021) 055010 [arXiv:2103.16545]
[INSPIRE].

P. Hernandez, J. Lépez-Pavén, N. Rius and S. Sandner, Bounds on right-handed neutrino
parameters from observable leptogenesis, JHEP 12 (2022) 012 [arXiv:2207.01651] INSPIRE].

Y. Sakaki, M. Tanaka, A. Tayduganov and R. Watanabe, Testing leptoquark models in
B — D™, Phys. Rev. D 88 (2013) 094012 [arXiv:1309.0301] [NSPIRE].

Y. Cai, J. Gargalionis, M.A. Schmidt and R.R. Volkas, Reconsidering the One Leptoquark
solution: flavor anomalies and neutrino mass, JHEP 10 (2017) 047 [arXiv:1704.05849]
[INSPIRE].

A. Angelescu, D. Becirevi¢, D.A. Faroughy and O. Sumensari, Closing the window on single
leptoquark solutions to the B-physics anomalies, JHEP 10 (2018) 183 [arXiv:1808.08179]
[INSPIRE].

H.M. Lee, Leptoquark option for B-meson anomalies and leptonic signatures, Phys. Rev. D
104 (2021) 015007 [arXiv:2104.02982] [INSPIRE].

— 96 —


https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1016/0370-2693(86)91126-3
https://inspirehep.net/literature/226949
https://doi.org/10.1016/j.physrep.2008.06.002
https://arxiv.org/abs/0802.2962
https://inspirehep.net/literature/779828
https://doi.org/10.1016/j.physletb.2005.11.007
https://arxiv.org/abs/hep-ph/0510008
https://inspirehep.net/literature/693898
https://doi.org/10.1088/1475-7516/2014/08/003
https://arxiv.org/abs/1401.4347
https://inspirehep.net/literature/1278075
https://doi.org/10.1007/JHEP05(2015)124
https://doi.org/10.1007/JHEP05(2015)124
https://arxiv.org/abs/1503.00629
https://inspirehep.net/literature/1346988
https://doi.org/10.1103/PhysRevLett.128.141801
https://doi.org/10.1103/PhysRevLett.128.141801
https://arxiv.org/abs/2106.03381
https://inspirehep.net/literature/1867273
https://doi.org/10.1016/0550-3213(85)90021-5
https://inspirehep.net/literature/201853
https://doi.org/10.1016/j.nuclphysb.2004.05.029
https://arxiv.org/abs/hep-ph/0309342
https://inspirehep.net/literature/629456
https://doi.org/10.1007/JHEP04(2010)023
https://arxiv.org/abs/0912.3153
https://inspirehep.net/literature/840283
https://doi.org/10.1016/j.nuclphysb.2014.06.020
https://arxiv.org/abs/1404.1003
https://inspirehep.net/literature/1288467
https://doi.org/10.1007/JHEP11(2022)065
https://arxiv.org/abs/2206.08352
https://inspirehep.net/literature/2097119
https://doi.org/10.1103/PhysRevLett.81.1359
https://arxiv.org/abs/hep-ph/9803255
https://inspirehep.net/literature/467841
https://doi.org/10.1016/j.physletb.2005.06.020
https://arxiv.org/abs/hep-ph/0505013
https://inspirehep.net/literature/681771
https://doi.org/10.1103/PhysRevD.104.055010
https://arxiv.org/abs/2103.16545
https://inspirehep.net/literature/1854532
https://doi.org/10.1007/JHEP12(2022)012
https://arxiv.org/abs/2207.01651
https://inspirehep.net/literature/2106121
https://doi.org/10.1103/PhysRevD.88.094012
https://arxiv.org/abs/1309.0301
https://inspirehep.net/literature/1252083
https://doi.org/10.1007/JHEP10(2017)047
https://arxiv.org/abs/1704.05849
https://inspirehep.net/literature/1593772
https://doi.org/10.1007/JHEP10(2018)183
https://arxiv.org/abs/1808.08179
https://inspirehep.net/literature/1691247
https://doi.org/10.1103/PhysRevD.104.015007
https://doi.org/10.1103/PhysRevD.104.015007
https://arxiv.org/abs/2104.02982
https://inspirehep.net/literature/1856569

[38]

[100]

[101]

[102]

[103]

[104]

[105)

S. Davidson, Completeness and complementarity for u — eyu — eee and uA — eA, JHEP
02 (2021) 172 [arXiv:2010.00317] [INSPIRE].

M. Ardu, S. Davidson and S. Lavignac, work in progress.

V. Cirigliano, S. Davidson and Y. Kuno, Spin-dependent u — e conversion, Phys. Lett. B 771
(2017) 242 [arXiv:1703.02057] [INSPIRE].

S. Davidson, Y. Kuno and A. Saporta, “Spin-dependent” yu — e conversion on light nuclei,
Eur. Phys. J. C 78 (2018) 109 [arXiv:1710.06787] [INSPIRE].

M. Hoferichter, J. Menéndez and F. Noél, Improved Limits on Lepton-Flavor-Violating
Decays of Light Pseudoscalars via Spin-Dependent u — e Conversion in Nuclei, Phys. Rev.
Lett. 130 (2023) 131902 [arXiv:2204.06005] [INSPIRE].

Y. Kuno and Y. Okada, Muon decay and physics beyond the standard model, Rev. Mod. Phys.
73 (2001) 151 [hep-ph/9909265] [INSPIRE].

R. Kadono et al., Repolarization of Negative Muons by Polarized Bi-209 Nuclei, Phys. Rev.
Lett. 57 (1986) 1847 [arXiv:1610.08238] [INSPIRE].

Y. Kuno, K. Nagamine and T. Yamazaki, Polarization Transfer From Polarized Nuclear Spin
to = Spin in Muonic Atom, Nucl. Phys. A 475 (1987) 615 [INSPIRE].

Y. Okada, K.-I. Okumura and Y. Shimizu, jey and [i3e processes with polarized muons and
supersymmetric grand unified theories, Phys. Rev. D 61 (2000) 094001 [hep-ph/9906446]
[INSPIRE].

Y. Okada, K.-I. Okumura and Y. Shimizu, CP violation in the u — 3e process and
supersymmetric grand unified theory, Phys. Rev. D 58 (1998) 051901 [hep-ph/9708446]
[INSPIRE].

P.D. Bolton and S.T. Petcov, Measurements of u — 3e decay with polarised muons as a probe
of new physics, Phys. Lett. B 833 (2022) 137296 [arXiv:2204.03468| [INSPIRE].

R. Kitano, M. Koike and Y. Okada, Detailed calculation of lepton flavor violating muon
electron conversion rate for various nuclei, Phys. Rev. D 66 (2002) 096002 [Erratum ibid. 76
(2007) 059902] [hep-ph/0203110] [INSPIRE].

W.C. Haxton, E. Rule, K. McElvain and M.J. Ramsey-Musolf, Nuclear-level effective theory
of uw — e conversion: Formalism and applications, Phys. Rev. C 107 (2023) 035504
[arXiv:2208.07945] [INSPIRE].

S. Davidson and B. Echenard, Reach and complementarity of pn — e searches, Eur. Phys. J.
C 82 (2022) 836 [arXiv:2204.00564] INSPIRE].

A. Crivellin, S. Davidson, G.M. Pruna and A. Signer, Renormalisation-group improved
analysis of u — e processes in a systematic effective-field-theory approach, JHEP 05 (2017)
117 [arXiv:1702.03020] [INSPIRE].

A.G. Akeroyd and M. Aoki, Single and pair production of doubly charged Higgs bosons at
hadron colliders, Phys. Rev. D 72 (2005) 035011 [hep-ph/0506176] [INSPIRE].

P. Fileviez Pérez et al., Neutrino Masses and the CERN LHC: Testing Type II Seesaw, Phys.
Rev. D 78 (2008) 015018 [arXiv:0805.3536] [iNSPIRE].

A. Melfo et al., Type II Seesaw at LHC: The Roadmap, Phys. Rev. D 85 (2012) 055018
[arXiv:1108.4416] [NSPIRE].

— 97 -


https://doi.org/10.1007/JHEP02(2021)172
https://doi.org/10.1007/JHEP02(2021)172
https://arxiv.org/abs/2010.00317
https://inspirehep.net/literature/1820635
https://doi.org/10.1016/j.physletb.2017.05.053
https://doi.org/10.1016/j.physletb.2017.05.053
https://arxiv.org/abs/1703.02057
https://inspirehep.net/literature/1516419
https://doi.org/10.1140/epjc/s10052-018-5584-8
https://arxiv.org/abs/1710.06787
https://inspirehep.net/literature/1631363
https://doi.org/10.1103/PhysRevLett.130.131902
https://doi.org/10.1103/PhysRevLett.130.131902
https://arxiv.org/abs/2204.06005
https://inspirehep.net/literature/2066476
https://doi.org/10.1103/RevModPhys.73.151
https://doi.org/10.1103/RevModPhys.73.151
https://arxiv.org/abs/hep-ph/9909265
https://inspirehep.net/literature/506592
https://doi.org/10.1103/PhysRevLett.57.1847
https://doi.org/10.1103/PhysRevLett.57.1847
https://arxiv.org/abs/1610.08238
https://inspirehep.net/literature/244505
https://doi.org/10.1016/0375-9474(87)90228-4
https://inspirehep.net/literature/244911
https://doi.org/10.1103/PhysRevD.61.094001
https://arxiv.org/abs/hep-ph/9906446
https://inspirehep.net/literature/502185
https://doi.org/10.1103/PhysRevD.58.051901
https://arxiv.org/abs/hep-ph/9708446
https://inspirehep.net/literature/447568
https://doi.org/10.1016/j.physletb.2022.137296
https://arxiv.org/abs/2204.03468
https://inspirehep.net/literature/2064395
https://doi.org/10.1103/PhysRevD.76.059902
https://arxiv.org/abs/hep-ph/0203110
https://inspirehep.net/literature/584024
https://doi.org/10.1103/PhysRevC.107.035504
https://arxiv.org/abs/2208.07945
https://inspirehep.net/literature/2136840
https://doi.org/10.1140/epjc/s10052-022-10773-4
https://doi.org/10.1140/epjc/s10052-022-10773-4
https://arxiv.org/abs/2204.00564
https://inspirehep.net/literature/2061446
https://doi.org/10.1007/JHEP05(2017)117
https://doi.org/10.1007/JHEP05(2017)117
https://arxiv.org/abs/1702.03020
https://inspirehep.net/literature/1512935
https://doi.org/10.1103/PhysRevD.72.035011
https://arxiv.org/abs/hep-ph/0506176
https://inspirehep.net/literature/685357
https://doi.org/10.1103/PhysRevD.78.015018
https://doi.org/10.1103/PhysRevD.78.015018
https://arxiv.org/abs/0805.3536
https://inspirehep.net/literature/786465
https://doi.org/10.1103/PhysRevD.85.055018
https://arxiv.org/abs/1108.4416
https://inspirehep.net/literature/924708

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

F.F. Freitas, C.A. de S. Pires and P.S. Rodrigues da Silva, Inverse type II seesaw mechanism
and its signature at the LHC and ILC, Phys. Lett. B 769 (2017) 48 [arXiv:1408.5878|
[INSPIRE].

D.K. Ghosh, N. Ghosh, I. Saha and A. Shaw, Revisiting the high-scale validity of the type IT
seesaw model with novel LHC signature, Phys. Rev. D 97 (2018) 115022 [arXiv:1711.06062]
[INSPIRE].

S. Antusch, O. Fischer, A. Hammad and C. Scherb, Low scale type II seesaw: Present
constraints and prospects for displaced vertex searches, JHEP 02 (2019) 157
[arXiv:1811.03476] [INSPIRE].

A. Arhrib et al., The Higgs Potential in the Type II Seesaw Model, Phys. Rev. D 84 (2011)
095005 [arXiv:1105.1925] [INSPIRE].

A. Arhrib et al., Higgs boson decay into 2 photons in the type~II Seesaw Model, JHEP 04
(2012) 136 [arXiv:1112.5453] [INSPIRE].

CDF collaboration, High-precision measurement of the W boson mass with the CDF I
detector, Science 376 (2022) 170 [INSPIRE].

PARTICLE DATA GROUP collaboration, Review of Particle Physics, PTEP 2022 (2022)
083C01 [NSPIRE].

T2K collaboration, Measurements of neutrino oscillation parameters from the T2K
experiment using 3.6 x 10%! protons on target, Bur. Phys. J. C' 83 (2023) 782
[arXiv:2303.03222] INSPIRE].

M. Ciuchini, E. Franco, L. Reina and L. Silvestrini, Leading order QCD corrections to b — sy
and b — sg decays in three reqularization schemes, Nucl. Phys. B 421 (1994) 41
[hep-ph/9311357] [INSPIRE].

G. Degrassi and G.F. Giudice, QED logarithms in the electroweak corrections to the muon
anomalous magnetic moment, Phys. Rev. D 58 (1998) 053007 [hep-ph/9803384] [INSPIRE].

A. Cgzarnecki, W.J. Marciano and A. Vainshtein, Refinements in electroweak contributions to
the muon anomalous magnetic moment, Phys. Rev. D 67 (2003) 073006 [Erratum ibid. 73
(2006) 119901] [hep-ph/0212229] [INSPIRE].

P. Minkowski, 1 — ey at a Rate of One Out of 10° Muon Decays?, Phys. Lett. B 67 (1977)
421 [INSPIRE].

M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unified Theories, Conf.
Proc. C' 790927 (1979) 315 [arXiv:1306.4669] [INSPIRE].

T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, Conf. Proc. C 7902131
(1979) 95 [INSPIRE].

S.L. Glashow, The Future of Elementary Particle Physics, NATO Sci. Ser. B 61 (1980) 687
[INSPIRE].

R.N. Mohapatra and G. Senjanovic, Neutrino Mass and Spontaneous Parity Nonconservation,
Phys. Rev. Lett. 44 (1980) 912 [InSPIRE].

F. del Aguila, J.A. Aguilar-Saavedra and R. Pittau, Heavy neutrino signals at large hadron
colliders, JHEP 10 (2007) 047 [hep-ph/0703261] [INSPIRE].

A. Atre, T. Han, S. Pascoli and B. Zhang, The Search for Heavy Majorana Neutrinos, JHEP
05 (2009) 030 [arXiv:0901.3589] [INSPIRE].

~ 98 —


https://doi.org/10.1016/j.physletb.2017.03.016
https://arxiv.org/abs/1408.5878
https://inspirehep.net/literature/1312199
https://doi.org/10.1103/PhysRevD.97.115022
https://arxiv.org/abs/1711.06062
https://inspirehep.net/literature/1636771
https://doi.org/10.1007/JHEP02(2019)157
https://arxiv.org/abs/1811.03476
https://inspirehep.net/literature/1702660
https://doi.org/10.1103/PhysRevD.84.095005
https://doi.org/10.1103/PhysRevD.84.095005
https://arxiv.org/abs/1105.1925
https://inspirehep.net/literature/899081
https://doi.org/10.1007/JHEP04(2012)136
https://doi.org/10.1007/JHEP04(2012)136
https://arxiv.org/abs/1112.5453
https://inspirehep.net/literature/1082748
https://doi.org/10.1126/science.abk1781
https://inspirehep.net/literature/2064224
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://inspirehep.net/literature/2106994
https://doi.org/10.1140/epjc/s10052-023-11819-x
https://arxiv.org/abs/2303.03222
https://inspirehep.net/literature/2638628
https://doi.org/10.1016/0550-3213(94)90223-2
https://arxiv.org/abs/hep-ph/9311357
https://inspirehep.net/literature/360540
https://doi.org/10.1103/PhysRevD.58.053007
https://arxiv.org/abs/hep-ph/9803384
https://inspirehep.net/literature/468307
https://doi.org/10.1103/PhysRevD.67.073006
https://arxiv.org/abs/hep-ph/0212229
https://inspirehep.net/literature/604695
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1016/0370-2693(77)90435-X
https://inspirehep.net/literature/4994
https://arxiv.org/abs/1306.4669
https://inspirehep.net/literature/9686
https://inspirehep.net/literature/143150
https://doi.org/10.1007/978-1-4684-7197-7_15
https://inspirehep.net/literature/144466
https://doi.org/10.1103/PhysRevLett.44.912
https://inspirehep.net/literature/143802
https://doi.org/10.1088/1126-6708/2007/10/047
https://arxiv.org/abs/hep-ph/0703261
https://inspirehep.net/literature/747071
https://doi.org/10.1088/1126-6708/2009/05/030
https://doi.org/10.1088/1126-6708/2009/05/030
https://arxiv.org/abs/0901.3589
https://inspirehep.net/literature/811669

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

F.F. Deppisch, P.S. Bhupal Dev and A. Pilaftsis, Neutrinos and Collider Physics, New J.
Phys. 17 (2015) 075019 [arXiv:1502.06541] NSPIRE].

S. Banerjee et al., Prospects of Heavy Neutrino Searches at Future Lepton Colliders, Phys.
Rev. D 92 (2015) 075002 [arXiv:1503.05491] [INSPIRE].

S. Antusch, E. Cazzato and O. Fischer, Displaced vertex searches for sterile neutrinos at
future lepton colliders, JHEP 12 (2016) 007 [arXiv:1604.02420] [INSPIRE].

A. Das, S. Jana, S. Mandal and S. Nandi, Probing right handed neutrinos at the LHeC and
lepton colliders using fat jet signatures, Phys. Rev. D 99 (2019) 055030 [arXiv:1811.04291]
[INSPIRE].

K. Mekala, J. Reuter and A.F. Zarnecki, Heavy neutrinos at future linear ete™ colliders,
JHEP 06 (2022) 010 [arXiv:2202.06703] [INSPIRE].

S. Antusch and O. Fischer, Non-unitarity of the leptonic mizing matriz: Present bounds and
future sensitivities, JHEP 10 (2014) 094 [arXiv:1407.6607] INSPIRE].

E. Fernandez-Martinez, J. Hernandez-Garcia and J. Lopez-Pavon, Global constraints on
heavy neutrino mizing, JHEP 08 (2016) 033 [arXiv:1605.08774] INSPIRE].

M. Chrzaszcz et al., A frequentist analysis of three right-handed neutrinos with GAMBIT,
Eur. Phys. J. C 80 (2020) 569 [arXiv:1908.02302] [INSPIRE].

M. Blennow et al., Bounds on lepton non-unitarity and heavy neutrino mizing, JHEP 08
(2023) 030 [arXiv:2306.01040] [iNSPIRE].

W. Buchmuller, R. Ruckl and D. Wyler, Leptoquarks in Lepton-Quark Collisions, Phys. Lett.
B 191 (1987) 442 [INSPIRE].

A. Crivellin, C. Greub, D. Miiller and F. Saturnino, Scalar Leptoquarks in Leptonic Processes,
JHEP 02 (2021) 182 [arXiv:2010.06593] [INSPIRE].

UTFIT collaboration, Model-independent constraints on AF = 2 operators and the scale of
new physics, JHEP 03 (2008) 049 [arXiv:0707.0636] INSPIRE].

W. Dekens, E.E. Jenkins, A.V. Manohar and P. Stoffer, Non-perturbative effects in u — ey,
JHEP 01 (2019) 088 [arXiv:1810.05675] [INSPIRE].

S. Bellucci, M. Lusignoli and L. Maiani, Leading Logarithmic Corrections to the Weak
Leptonic and Semileptonic Low-energy Hamiltonian, Nucl. Phys. B 189 (1981) 329 [INSPIRE].

G. Buchalla, A.J. Buras and M.K. Harlander, The Anatomy of €'¢ in the Standard Model,
Nucl. Phys. B 337 (1990) 313 [INSPIRE].

T. Suzuki, D.F. Measday and J.P. Roalsvig, Total Nuclear Capture Rates for Negative Muons,
Phys. Rev. C' 35 (1987) 2212 [INSPIRE].

~ 99 —


https://doi.org/10.1088/1367-2630/17/7/075019
https://doi.org/10.1088/1367-2630/17/7/075019
https://arxiv.org/abs/1502.06541
https://inspirehep.net/literature/1345828
https://doi.org/10.1103/PhysRevD.92.075002
https://doi.org/10.1103/PhysRevD.92.075002
https://arxiv.org/abs/1503.05491
https://inspirehep.net/literature/1353410
https://doi.org/10.1007/JHEP12(2016)007
https://arxiv.org/abs/1604.02420
https://inspirehep.net/literature/1444895
https://doi.org/10.1103/PhysRevD.99.055030
https://arxiv.org/abs/1811.04291
https://inspirehep.net/literature/1703136
https://doi.org/10.1007/JHEP06(2022)010
https://arxiv.org/abs/2202.06703
https://inspirehep.net/literature/2032064
https://doi.org/10.1007/JHEP10(2014)094
https://arxiv.org/abs/1407.6607
https://inspirehep.net/literature/1307770
https://doi.org/10.1007/JHEP08(2016)033
https://arxiv.org/abs/1605.08774
https://inspirehep.net/literature/1466145
https://doi.org/10.1140/epjc/s10052-020-8073-9
https://arxiv.org/abs/1908.02302
https://inspirehep.net/literature/1748268
https://doi.org/10.1007/JHEP08(2023)030
https://doi.org/10.1007/JHEP08(2023)030
https://arxiv.org/abs/2306.01040
https://inspirehep.net/literature/2665273
https://doi.org/10.1016/0370-2693(87)90637-X
https://doi.org/10.1016/0370-2693(87)90637-X
https://inspirehep.net/literature/235471
https://doi.org/10.1007/JHEP02(2021)182
https://arxiv.org/abs/2010.06593
https://inspirehep.net/literature/1822759
https://doi.org/10.1088/1126-6708/2008/03/049
https://arxiv.org/abs/0707.0636
https://inspirehep.net/literature/755026
https://doi.org/10.1007/JHEP01(2019)088
https://arxiv.org/abs/1810.05675
https://inspirehep.net/literature/1698388
https://doi.org/10.1016/0550-3213(81)90384-9
https://inspirehep.net/literature/164142
https://doi.org/10.1016/0550-3213(90)90275-I
https://inspirehep.net/literature/282534
https://doi.org/10.1103/PhysRevC.35.2212
https://inspirehep.net/literature/245934

	Introduction and review
	Introduction
	Review

	Type II seesaw
	Inverse Type I seesaw
	mu –> e LFV

	Leptoquark
	Discussion and summary
	Branching ratios
	The mu A –> eA operators
	If the leptoquark interacts only with one generation of quarks

