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We explore single and double flavor-violating scalar (flavon) production at the 13 and 14 TeV LHC in an
effective field theory formulation where flavons always change the flavor of the Standard Model fermions.
When those scalars couple to mass, their flavor-changing couplings to top quarks and tau leptons are
favored. Focusing on the mass region below the top-quark mass, we find couplings that fit the muon (g — 2)
discrepancy and avoid several current experimental constraints. We determine the potential of the LHC to
exclude or discover such a new physics scenario with clean signatures consisting of same-sign tau leptons
and the simultaneous observation of resonances in the tau plus electron or muon invariant mass. We found
that in the double production mode, effective couplings down to order 1072 TeV~! can be probed for flavon
masses in the 10-170 GeV range at the 14 TeV HL-LHC, but couplings down to 0.1 TeV~! can already be
excluded at 95% confidence level with data collected from the 13 TeV LHC in the same mass interval.
We also explore the impact of sizeable diagonal flavon couplings on the prospects of LHC for the signals

We propose.
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I. INTRODUCTION

Spin-zero particles with flavor-violating (FV) interactions
are predicted in several models motivated by unsolved
questions in the Standard Model (SM). Examples of such
particles include pseudoscalars in the form of Nambu-
Goldstone bosons, like familons, which are associated with
a symmetry among fermion families [ 1-6]; majorons, which
arise from the breaking of lepton number symmetry in
connection to neutrino masses [7—10]; axions, which are the
pseudo Nambu-Goldstone bosons of an anomalous global
chiral symmetry proposed to solve the strong CP problem
[11-14], and can also be relevant in astrophysics, cosmol-
ogy, and flavor physics [15-17]; and axionlike particles
(ALPs), which bear some similarities with axions [18-22].
It is still possible that these particles are linked to the
flavor U(1), symmetry based on the Froggatt-Nielsen

“aalves. unifesp @gmail.com
“alex.dias @ufabc.edu.br
:]falmeidae @ufba.br
Sdiego.vieira@ufabc.edu.br

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2024/109(5)/055013(18)

055013-1

mechanism [23], which furnishes an explanation to the
fermion hierarchical flavor structure through effectively
suppressed Yukawa couplings. In this case, axions and
ALPs can also be identified as flavons [16,17]—particles
resulting from the breaking of flavor symmetry.

As a general feature, the fields associated with these
pseudoscalar particles have derivative couplings to the
matter fields due to the presence of the shift symmetry
a(x) — a(x) + constant for the pseudoscalar field a(x),
and interactions suppressed by the energy scale in which
their related global symmetry is broken. For the case in
which these particles are very light and with feeble
interactions, there are several experiments looking for
them, including astrophysical studies, focusing on their
diagonal couplings with leptons and photons [15,24]. In
these cases, they cannot be probed directly by colliders.
However, it may well be possible that for certain types of
ALPs and flavons the new physics energy scale suppressing
the interactions is low enough allowing one to test the
production of those particles through the proton-proton
collisions at the High-Luminosity LHC. In fact, ALPs have
been searched at the LHC in several production and decay
modes conserving flavor [25-33], resulting in a variety of
constraints [34]. Previous phenomenological studies have
anticipated the viability of these searches and others
involving SM particles and new neutrinos in final states
at the LHC, for example [35-56].

Published by the American Physical Society
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In this work, we explore the hypothesis that the dominant
interactions of those new scalar particles violate flavor. If
they do not couple diagonally in the theory’s flavor space
but maximally violate the flavor conservation, then there
will be no coupling with same-flavor bosons as well; that is,
there will be no relevant couplings to photons, gluons, and
electroweak gauge boson pairs. We will denote the new
scalars with flavor violating interactions by flavons, inde-
pendently of the symmetry they are related. Of course,
avoiding the hard constraints from flavor-changing neutral
currents (FCNC) demands that flavor violation is predomi-
nantly a third-family effect, where flavons couple to top
quarks. Our motivation thus is mainly phenomenological.
As various experiments searching for flavons exclude
models as they gather more data, the model building should
follow the observations and adjust to them. Since no
couplings of flavons to same-flavor fermions and gauge
boson pairs have been observed, the hypothesis of dom-
inant off diagonal fermion couplings becomes increasingly
attractive. The effective field theory (EFT) formulation is
particularly useful in this case once we do not need to tackle
the intricacies of UV completions and leave the work open
to further investigations. However, we anticipate that
finding such a model is likely in frameworks like the
Froggatt-Nielsen models, for example, where great free-
dom is given to build flavor couplings. In most models
though, diagonal couplings will be present.

On the basis of an EFT, in which the flavons always
change the flavor of SM fermions, we study their single and
double production at the LHC with energy 13 and 14 TeV at
the center of mass. These scalars couple to mass, so that
their couplings are stronger with the top quark and the tau
lepton. We just assume that the EFT originates from an
ultraviolet completed theory containing an approximated
global symmetry, whose spontaneous breaking of an
energy scale v ~ A gives rise to the flavon.

We show that flavons lighter than the top quark can be
easily identified in proton-proton collisions at the LHC in
scenarios where only off diagonal fermion couplings are
present by performing a careful and systematic background
estimation. In this mass range, the largest branching ratio is
when the flavon decays into tau plus an electron or muon.
For the pair production, ¢g’' — aa, clean final states
comprising same-sign taus, i.e., 7ott +£T£F, with
¢ = e, u, arise forming 57T resonances. We also explore
the associated production of flavon plus a top quark,
qg — ta, showing the discovery potential for both search
channels when systematic uncertainties are considered. We
find that double production presents larger sensitivity in
most of the flavon mass range, but single production
complements the search for masses close to the top mass.

The impact of flavons on lepton flavor violations (LFV)
has also been taken into account. We identify regions of the
EFT parameter space that respect unitarity bounds, explain
the (g — 2) discrepancy of the muon magnetic moment, and

are safe from the current experimental constraints from
the total width of the top quark. In particular, we find
parameter instantiations of the maximally flavor violating
model that escape the strong constraints from the LFV
decays of the muon, 4 — ey, and the tau, ¢ — ey, 7 — puy.
Notwithstanding our working hypothesis, we analyze the
impact of sizeable diagonal couplings in the fermion flavor
space and with gauge boson pairs in the prospects of the
LHC to observe the signals anticipating models where the
presence of these couplings is present.

Such a flavon lighter than the top quark is also motivated
by recent ATLAS data on top-quark distributions which
cannot be explained by the SM event generators within
the current experimental uncertainties [57,58]. A flavon
exchanged in the ¢ channel might turn incoming up and
charm quarks into top quarks distorting the SM distribu-
tions. There are also hints from observed excesses in same-
sign lepton signals [59] that could be explained by the
double production of maximally violating flavons. These
are hypotheses we plan to test in a future investigation.

Scalars with flavor-changing interactions have been
searched for at the LHC. For example, there were searches
in the top-quark pair production, with one of them decaying
into a light quark plus a scalar that decays into a bb flavor-
conserving pair [60]; and also on the decays of the Higgs
boson, or additional scalars, into eTu* [61] and 7+£7F [62].
The production signals at LHC of such particles were
studied in top-quark decays from top-quark pair production
[63,64], gluon fusion and with a single top with decay
modes into heavy quarks and leptons [65], in association
with the Z boson [66], and in decays with multilepton
signatures [67,68]. Besides the collider phenomenology,
there are also investigations in connection with limits on
lepton flavor-violation decays of leptons, mesons, discrep-
ancies of the muon, and electron anomalous magnetic
momentum [69-76].

Our work is organized as follows: in Sec. Il we present
the effective model and its parameters, on which our
analysis is done; in Sec. III the experimental constraints
over the ALP are discussed in detail; in Sec. IV we discuss
the signal of process and the relevant backgrounds; we
present our analysis in Sec. V and the results in Sec. VI; our
conclusions are given in Sec. VII.

II. EFFECTIVE MODEL OF MAXIMALLY
VIOLATING FLAVONS

The dimension-five effective Lagrangian describing
flavon field, a, interactions is given by [69]

d,a —
'C:_MTZfiyﬂ(Uij_aijVS)fj’ (1)
fii
where A is the new physics scale, and the axial and

vectorial coupling constants between a and the SM fermion
flavors f; and f; are, respectively, a;; and v;;. Through the
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use of the equations of motion, we can derive from Eq. (1)
the following interaction terms of the flavon with fermions

LD —l%;ﬁ [(m, - mi)v,-j + (m] + mi)aij}/S]fj- (2)

In this form, we see that depending on the coefficients v;; and
a;;, the major contribution for couplings of the same order
comes from the third family of fermions. The Lagrangian in
Eq. (1) might come from a theory with a global U(1),
spontaneously broken flavor symmetry under which each
fermion can carry a different charge, which leads to the FV
interactions. We also assume that this U(1), symmetry is
explicitly broken at the scalar potential giving rise to a mass
for the flavon. Taking into account that a is a pseudoscalar
field, it can be seen that the FV couplings v;; imply violation
of parity symmetry in Eqgs. (1) and (2). However, the CP
symmetry is preserved if v;; and a;; are real.

mg,, A
Vtes Qies Vs Ay

Vors Aors Vyps Quzy Veys A

ut> Qe Veps Cep

Couplings to bottom-strange and bottom-down quarks
can, however, be generated at the one-loop level involving
the top-charm or top-up quark couplings. Because of the
strong experimental suppression of the tree-level coupling
between the bottom quark and the flavon, the loop-induced
coupling is effectively a next-to-next-to-leading order
electroweak contribution which turns out to be, at least,
2 orders of magnitude smaller than the tree-level a — 7+ ¢
and can be safely neglected for our purposes; see
Appendix C. Notice, by the way, that if those contributions
were sizeable, strong indirect FCNC limits could be placed
on the top-quark couplings to flavons.

In this work, we will restrict our analysis to flavons
lighter than top quarks, with masses between 10 and
170 GeV.! As a consequence, the flavon branching ratio
is almost 100% in taus plus an electron or muon and only a
tiny fraction into electron muon. Note that producing these
scalars at hadron colliders is viable only through top-quark
couplings. Because diagonal couplings to fermions are
absent, effective couplings to all SM bosons are sup-
pressed. Therefore, gluon fusion, weak boson fusion,
and associated production with weak bosons are out of
hand at hadron colliders.

The Standard Model is a consistent theory and does not
violate unitarity at high energies. However, when we add

lMaxirnally violating flavons heavier than the top quark will
be discussed in a forthcoming work.

Diagonal fermion couplings induce interactions with
photons, gluons, and SM weak bosons. All these inter-
actions lead to several strong experimental constraints that
must be avoided in the search for a viable model. Gauge
boson couplings can be suppressed by assuming that the
diagonal couplings to SM and new quarks and leptons are
either absent from the UV complete theory or that the new
particles are too heavy to compete with the nondiagonal
SM fermions decays. In order to bypass those constraints,
we turn off all the diagonal lepton and quark couplings to
the flavon

a; =0, i=12.q. (3)

To avoid large FCNC at tree level, we only allow
couplings of the top quarks to up and charm quarks.
This way, the only nonzero parameters of our model are
the following:

flavon mass and new physics scale
nondiagonal top-quark couplings (4)

nondiagonal lepton couplings.

I

higher dimensional effective operators, the theory might
predict scattering cross sections that grow with the center-
of-mass energy of the process violating the optical theorem
at some point. For our Lagrangian, the strongest bounds
from the f;f; — f;f; scattering are given by

A
m]—i—ml

|Uij| < \/87[ and |aij| < V8r (5)

mj—mi

The axial and vector couplings can be as large as |v3;|/A,
lasi|/A < 1.4x1072(1.5) GeV~! in the case of top(tau)
quark(lepton) couplings. These bounds differ somewhat
from those of Ref. [69] because, contrary to that work, we
are assuming only nondiagonal couplings; see Appendix A.

III. EXPERIMENTAL CONSTRAINTS

Besides the partial wave unitarity bounds, many exper-
imental constraints apply. For the mass range we consider,
we need to check the flavon contribution to the decay of top
quarks, Z, and W bosons and LFV-induced transitions. We
list below the constraints considered in this work.

(1) The measured model-independent top-quark decay
width of 1.9+£0.5 GeV [77] imposes an upper
limit on the top-quark-flavon coupling. The top-
quark partial width into Wb is measured to be
1427912 GeV [77]. Assuming the difference from
this value to the experimental constraint is due to

055013-3
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the new channels involving the new scalar, we
conservatively impose the constraint

INto>a+u)+I(t—>a+c)
<|1.9 - 1.4] = 0.5 GeV. (6)

The analytic expression for the width ¢+ — agq, with
q = u,c is given in Appendix B. This constraint
implies BR(t — aq) < 0.25, ¢ = u, c.

(i1) The lepton-flavon coupling contributes to the Z total
decay width if its mass is such that Z - t + 7 4 ais
allowed. We checked that the new partial width is of
order 107! GeV in the flavon mass range up to
my — m,, thus much smaller than the Z boson width
uncertainty of 10~ GeV [78]. We also checked that
the impact of flavons on the W boson width [79] is
negligible.

(iii) It is also necessary to check if the flavon decays fast
enough for its by-products to be found inside the
detector. For the mass range and couplings of
interest in this work, we found that the flavon decays
promptly after its production well inside the inner
tracking region of the detector.

(iv) The most stringent constraint comes from the MEG
experiment of muon decay to electron and photon
[80]. Following the null results, the limits on the
branching ratio of the muon in this channel is of
order 1073, The planned MEG 1I is expected to
improve that limit by an order of magnitude. The
BABAR Collaboration, by its turn, searched for this
LFV process in the tau channel; the limits in 7 — ey
and 7 — uy are of order 107 [81].

IV. SIGNAL AND BACKGROUND SIMULATIONS

We simulated signals and backgrounds in leading order
at the 13 and 14 TeV LHC with MADGRAPHS5 [82,83] using
the UFO [84] files generated by FEYNRULES [85] where we
implemented our effective model. The parton shower and
detector simulations were performed in the default settings
of PYTHIA 83 [86] and DELPHES3 [87], respectively. The
signal we consider comprises simple and double flavon
productions in Fig. 1. The branching ratio of the flavon to
7+ ¢ is nearly 100% if m, < m,, as discussed earlier.
The signal events were simulated setting a,, = v,, = 1,

FIG. 1.

g =u,c and A =1 TeV. With these choices, the width
I'(t - aq) described in Eq. (B1) can be simplified, and the
signals are proportional to powers of c¢,,m,/A, where

Crg=1/ a1yt i, = V2. We rescale our signal cross sections

generated with A = 1 TeV, for a given fixed flavon mass,
according to the value of A. We employed the NN23LO1
PDF set [88] in all simulations. In order to estimate the
impact of higher order QCD corrections, we simulate signals
and backgrounds with up to two extra jets in the
Michelangelo L. Mangano (MLM) merging approach [89].

The main production modes of maximally violating
flavons are double and single production. The double
production

qq' — aa. (7)

where ¢(q') = u, ¢ with a top quark exchanged in the ¢
channel, is suppressed by (m,/A)? but it is initiated by
valence up quarks; see Fig. 1, right panel.

The single production where the flavon is produced in
association with a top quark

q9 — at, (8)

occurs via a t channel diagram as well, as shown in the left
and central panels of Fig. 1. In this case, however, the final
state is heavier compared to a + a due to the presence of a
top quark, but its cross section is suppressed by (m,/A)>%
We also take the 7 + a contribution in our analysis.

We show, in Fig. 2, the left panel, the production cross
section, in pb, for double (solid black line) and single (solid
red line) production at the 14 TeV LHC. For masses up to
~120 GeV, the flavon pair production (gg’ channel)
exceeds the single production (gg channel), especially
for lighter flavons. The combined effect of a lighter final
state and two initial-state up quarks gives the double
production an advantage even being suppressed by
(m,/A)*. That advantage is lost as the flavons get heavy.
The production cross section for both processes is larger
than 1 pb for masses up to 120 GeV and drops to around
10 fb for m, ~ m,. These rates drop even further (dashed
lines in Fig. 2, left panel) as we impose selections and
kinematic cuts on the final state particles as we dis-
cuss ahead.

Feynman diagrams for single (left and central panels) and double (right panel) production of maximally flavor-violating

scalars in hadron collisions. Single production is suppressed by (m,/A)? while double production is suppressed by (m,/A)*
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FIG. 2. The production cross section of flavon pairs (¢,5) and
associated flavon + top quark (o,,) at the 14 TeV LHC. The
dashed lines depict the cross-section times selection efficiency as
discussed in the text. The branching ratio BR(¢ — agq) for various
values of flavon masses as a function of the cutoff scale, A. The
shaded area represents the constraint from Eq. (6).

Owing to the flavor violation, the double flavon pro-
duction gives rise to same-sign 7 leptons plus same-sign
electrons/muons half the time. The taus decay to ‘“one-
prong” signatures with one charged particle around 85% of
the time, while “three-prong” decays with three charged
particles occur at approximately 15%. Total leptonic decays
with one charged electron or muon have a branching ratio
of 35.1%, but leptonic decays make z-lepton identification
more difficult. On the other hand, hadronic decays give rise
to low multiplicity jets that can be more easily tagged as =
jets. Our strategy relies on the identification of charged
leptons, so we propose a search for signals with hadronic
taus

qq = aa = titf + FCOF, £=e,u. (9
This is a very clean signature if we are able to reconstruct
the z-lepton charges. Also, notice that the decay of taus
yields neutrinos, and then the signals involve missing
energy as well.

In the case of associated flavon + top quark production,
if the top quark decays to a flavon plus an up or charm
quark, the two flavons generate the same-sign tau pair
again, but the ¢+ — aq branching is suppressed by A as
shown in Fig. 2, right panel. Instead, we look at the
dominant channel where the top quark decays to Wb and
still select events with same-charge taus with one tau
originating from the W-boson decay

qg—)dt—)d—l—Wb—)Tfo-l-fq:—l—l/f—Fb. (10)

We show, in Tables I and II, all the reducible and
irreducible background sources considered in our work.
Next, we discuss the phenomenological analysis of the work.

V. ANALYSIS

We adopt two selection strategies, one for each produc-
tion mode. The selection for double production demands

TABLE 1. Reducible and irreducible background cross sec-
tions, in fb, for the double production after the selection
efficiencies at 14 TeV LHC. When a leptonic tau appears, it
decays to 77 — £T + vv. Tau leptons without a subscript can be
either of leptonic or hadronic type. In the last line of the table, we
calculate the superior limit of the total background rate. This limit
is taken to obtain the statistical significances after the cut on the
tau-lepton mass as discussed in the text.

Background Opasic (fb)
tt > WEWFbb — ©f €T + bb + wv <0.5366
IWE > WIWE+ b > T+ b+w <0.0604
WEWT - o + 6F +w <0.06694
ZZ > tftf + 0267 0.0037
ZZ — 4 > tititi ol + 4 5.4 x 1072
ZW* - 1t + 5 v 0.012
ZWE > T+ 1+ <0.003978
WIW-Z(y*) - ciooft) +w 8.5x 107
WEWFWE - ofef + 0F + o <6.7 x 1077
WWZ > oitio +6F +w 7.4 x 10~
WWy* > oftioi + 6T +w 2.9 x 1077
Total background <0.684

TABLE II. Background processes for the associate top +
flavon production at the 14 TeV LHC. In the last line of the
table, we calculate the superior limit of the total background rate.
This limit is taken to obtain the statistical significances after the
cut on the tau-lepton mass, as discussed in the text. Tau leptons
without a subscript can be either of leptonic or hadronic type.

Background Opasic (fb)
1t —» WEWFbb — 75 ¢F + bb + w 47.82

1t > WEWTbb — 717 + bb + wv 4.88
WE — W¢Wi+b—>rff¢+b+w 2.746
Wt - WFWE + b — rfrif +b+w 0.347
ZWE(j) > vt + 1 + v 0.02113
WEWT(j) > of + T +w 0.1029
WEWT(j) - oF + 1] +w <0.0129
WEWFWE()) - oftf + 6F + v 6.92 x 107*
ZZW* = bb +1tte 4+ £ty 1.14 x 107
Zj—tit)j <8.64
Total background <64.58

two same-charge taus, and two same-charge electrons
and/or muons but opposite to the tau charge. For the single
production, events must also contain two same-charge
taus, one ¢ with the opposite charge to the taus, and one
b-tagged jet. In both cases, we also impose the following
basic cuts:

055013-5



ALVES, DIAS, ALMEIDA, and GONCALVES

PHYS. REV. D 109, 055013 (2024)

Py >10GevV,  |p,| <25,
pe>10GeV,  |n <25,
Py >30GeV, |n| <25, (11)

where £ = e, p and j denotes a b-tagged jet.

The cross section times selection efficiency is shown in
Fig. 2, the dashed lines at the left panel, for the two flavon
production modes. Overall, the efficiency of identifying
two tau jets plus leptons and/or b jets is low. With a fixed
efficiency for a hadronic tau of 0.6, the DELPHES3 [87]
default value, and taking the branching ratio of tau into
hadrons as 0.65, we have an initial efficiency of (0.65 x
0.6)? = 0.15 for two hadronic taus. Taking into account
minimal requirements for triggers, generation cuts, and
identification of leptons, that efficiency drops further.
However, we profit from almost vanishing background
rates in these channels.

Selecting same-sign taus and leptons is advantageous
from the point of view of background contamination. In the
SM, the dominant irreducible source for double production
is ZZ > it} + ti7], where two taus (z,) decay leptoni-
cally and the other two (z,), hadronically. The zifz +
£T¢T final state has been investigated in the scope of the
2HDM [90,91], and the SM ZZ — 47 background was
estimated to be negligible. However, many reducible
background sources might contribute to backgrounds.
We list in, Table I, the background sources we consider

|

in our analysis for the double flavon production and decay.
The common feature of those background processes is the
presence of additional leptons/z jets from proton fragmen-
tation and QCD radiation, which, combined with produced
leptons/hadronic taus, might mimic the flavon pair signa-
ture. As anticipated in Refs. [90,91], the ZZ background
is negligible after selecting two same-sign taus and two
same-sign leptons since the same-sign leptons originate
from suppressed leptonic tau decays. On the other hand, we
estimate that reducible backgrounds amount to approxi-
mately 0.7 fb, at most, with reducible ¢7, tW, and WW as
the major contributions. As discussed in the next sec-
tion, these backgrounds can further be suppressed
by identifying the 75#F peaks in their invariant mass
distributions.

The background sources for single production are shown
in Table II. In this case, we must also deal with 7 and tW
production. However, as the final state of interest has just
one charged electron/muon, contrary to the double pro-
duction, the backgrounds pass the selection requirements
more easily. Our estimate for the upper limit of the total
cross section is much larger now, reaching around 65 fb. In
Tables I and II, the inequalities indicate an upper limit
estimate of the cross sections where no Monte Carlo events
were found after imposing selections and basic cuts
of Eq. (11).

We use the Asimov estimate for the statistical signifi-
cance [92]

Z(S.B.o}) = \/2(5 +B)In

where S and B, are the number of surviving signal and
background events after the cuts are performed, and 63 =
epB is uncertainty in the measure of B as a function of the
systematic uncertainty of the total background rate, ep.
When no background events survive, we estimate the
significance as Z = \/§

In Fig. 3, we depict the signal selection efficiency when
we impose the sequential identification of particle species.
In the right panel, the identification of two same-sign tau
jets in double production occurs in 10% of the events
with two identified same-sign electrons/muons in the
60-140 GeV mass range, approximately, but drops to only
1% of £*¢% for m, < 60 GeV and flavon masses close to
the top-quark mass. The maximum overall selection effi-
ciency reaches ~0.01 for m, ~ 120 GeV. In the case of
associate flavon-top quark production, identifying events
with at least one b jet is efficient, and identifying at least
one b jet and one charged electron/muon reaches 20% for
heavier masses. However, as in the double production case,
events with two additional tau jets of same sign are much

(S+B)(S+o%) B
B>+ (S+B)oy o3

So2
1 4+—028 12
n( +BZ+BU%>’ (12)

|

rarer. The overall identification efficiency also reaches 0.01
at most, but, different from the double production, the
efficiency increases with the flavon mass toward the top
mass. Despite the low signal identification efficiency, the

) pp — at 0 pp — aa
10 10
b
> +0 >
= S
£10! 2
& =
5] [}
= b+ 0F 4 771 S =
2 PR S S
E 102 P =
LR 3
[} / [}
9] ; %]
103 1074k ‘
10 50 90 130 170 10 50 90 130 170
mg [GeV] mg [GeV]

FIG. 3. Left: the percentage of surviving events after successive
final state selections in the associate a + ¢ production. Right: the
selection efficiencies for double production. In both cases,
requiring two taus with the same charge has the biggest impact
on the overall identification efficiency.
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A = 1000 GeV, @13 TeV LHC, 139 fb~!

i T === 80 GeV
P 100 GeV
2001 Pl —— 120 GeV
2 P
j= 1
2 150] |
5 T
£ 100 R
E ! Ll
., .

FIG. 4. The t*t — ¢T = e,y invariant mass for the double
production ¢g' — aa for flavon masses of 80, 100, and
120 GeV. The histogram is normalized by the number of events
expected at the 13 TeV LHC after 139 fb~!. We estimate a
negligible number of background events in this channel.

impact on the backgrounds is much more severe, and
choosing such a channel pays off.

In order to optimize the statistical significance even
further, we impose a cut on the highest py pair 7;#F mass,
M,,, determined by |M,, — m| < ém, and performing a
random search on m, and §,, such that

N, = argmaxZ(S(m,, ém), B(m,,ém),ep). (13)

mg,,0m

Here S(m,,6m) and B(m,, 5m) represent the number of
signal and background events after the cut on the mass of
the z-lepton pair for fixed €. This cut turns the back-
grounds to double production negligible and reduces the
backgrounds to single flavon production by a factor of
~0.25 for lighter masses raising to no reduction at all for
larger masses. We show, in Fig. 4, the 75£F mass for the
double production process, after 139 fb~! of integrated
luminosity at the 13 TeV LHC, in the cases where the
flavon has masses of 80, 100, and 120 GeV and c,q/A =

1 TeV~! prior to the invariant mass cut. In the absence of
backgrounds, these peaks should be easily identifiable;
however, our reconstruction of the invariant mass is
simplified compared to experimental analyses. For exam-
ple, the search for LFV SM Higgs boson decays to t+£F
[62] comprises multivariate tools to identify the various
objects in final states with QCD and 7 jets. Nonetheless, a
reconstruction of the scalar resonance should be feasible
within some degree of resolution.

VI. RESULTS

We now present a sensitivity analysis for the potential of
the 13 and 14 TeV LHC to exclude or discover the

proposed signals of the model in the flavon mass range
from 10 to 170 GeV.

A. Sensitivity of the LHC to top-quark couplings
and flavon masses

Because the flavon decays almost exclusively into taus
plus electrons or muons when m, < m,, our analysis is not
sensitive to lepton couplings since these parameters cancel
out when we add the branching ratios. Only the top-quark
couplings ¢,,, ¢;., and the flavon mass, m, can thus be
probed in these channels.

Figure 5 depicts the 95% confidence level (CL) limits for
both production channels. The confidence intervals take
into account different levels of systematic errors. The red
and black lines show the 95% CL exclusion limits for the
pp — aa and pp — at processes, respectively, and the
shaded areas represent the excluded regions of the param-
eter space if no signal is observed. The solid and dashed
lines represent the reach for integrated luminosities of
139 fb~'@13 TeV and 3000 fb~! @14 TeV, respectively.
Double flavon production presents better prospects for
exclusion in all systematic scenarios considered in this
work. As shown in Fig. 5, the single production, which is
contaminated by non-negligible backgrounds, is sensitive
to systematic uncertainties. Yet, for flavon masses close to
the top mass, single production wins over double produc-
tion, complementing the exclusion limits. Moreover, the
limit on ¢, /A from double production, where the statistical

significance is just v/S, scale as L~'/4 with the luminosity,
and increasing data up to 3000 fb~! improves the sensi-
tivity by a factor not much larger than 2.

Fixing systematic errors on 5%, effective coupling ¢, /A
of order 107#(5 x 107) GeV~! can be excluded in double
production for flavon masses around 80 GeV and integrated
luminosity of 139 fb~!@13 TeV (3000 fb~' @14 TeV).
Not observing single production events excludes c¢,,/A
of order 1073 for 150 < m, < 170 GeV irrespective of the
luminosity.

The 50 discovery regions for both channels are
shown in Fig. 6. We show the discovery potential for
the current 139 fb~!@13 TeV (solid lines) and projected
3000 fb~'@14 TeV (dashed lines). Just like the 95% CL
limits, the discovery region from single flavon production
depends on the systematic errors in the background
predictions, and the single production becomes competitive
m, closer to the top mass.

B. Benchmarking model parameters

Now that we established the region of ¢, / A versus m,, that
can be probed at the LHC, we look for lepton-flavon
couplings that escape theoretical and experimental con-
straints but keep compatibility with the current muon
(g — 2) data. Our goal is to instantiate some model parameters
to demonstrate their phenomenological viability. A thorough
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95% C.L. limits, 0% systematics

—— pp— at, 13 TeV, 139 th™!
—— pp — aa, 13 TeV, 139 fb~!
---- pp—at, 14 TeV, 3 ab~!
-- pp— aa, 14 TeV, 3 ab~!

95% C.L. limits, 10% systematics

FIG. 5.

95% C.L. limits, 5% systematics

95% C.L. limits, 15% systematics

95% CL exclusion region in the m, X ¢,,/A parameter space. Red and black lines represent the pp — aa and pp — at

processes, respectively. The solid and dashed lines represent the reach of these channels for 139 fb~' @13 TeV and 3000 tb~! @14 TeV
limits, respectively. Each panel assumes a different level of systematic error. For systematic errors greater than 5%, the pp — aa process

is the most competitive to exclude the model.

exploration of the parameter space might reveal other
interesting spots, but it is beyond the scope of this
analysis.

We want to find LFV couplings that are compatible with
the (g —2) of the muon [72-74] data and lie inside the
region of discovery of the LHC but evade the top decay
constraint of Eq. (B1), the LFV-induced y — ey, 7 — ey,
and 7 — uy transitions of Eq. (B2), and respect the unitarity
bounds of Eq. (5).

The measured anomalous magnetic moment of the
muon has been showing a longstanding discrepancy com-
pared to the SM prediction of approximately 50: Aa,=
a;? —aiM=(24.9+4.9)x 107, where a, = (9-2),/2.
In the case of the electron, the situation seems inconclusive.
With a¢? determined in [75,76], the predicted value for
aM using the fine-structure constant measured from !33Cs
recoil leads to the discrepancy of 2.46: Aa, =ag "’ —a>M =
(—8.7+3.6) x 10713 [93]. On the other hand, the value of
a’M obtained with the measured fine-structure constant
measured using ¥’Rb furnishes a positive discrepancy of
1.60: Aa, = az® —a™ = (4.8 £3.0) x 10713 [94]. New
measurements will be necessary to resolve the discrepancy,
so we choose to work with the muon data only.

Since we are dealing with an EFT, some care needs to be
taken with respect to the allowed range we vary the
coupling constants, as it will affect the lowest consistent
value of A, according to Eq. (5). For example, if we focus
on the parameter space region where A > 500 GeV, then
we must respect v,,, a,, <2 x 10%, while all other four
couplings must be smaller than approximately 10°. The
higher we set the minimum A, the greater the intervals in
which we can vary these constants.

When flavons have masses much greater than the lepton
masses, we can approximate the loop functions, shown in
Appendix B, as follows:

2In(x;) -3 2 1
g3(xj)zx7’_, h3(xj)z§v 94(xj)z_§’
J J J
(14)

where x; = (m,/m;)?, j = e, p.z.

The loop functions involved in Aa,, g;(x;) and h3(x;),
are always positive for m, > 10 GeV, which guarantees
the muon anomaly will have the correct (positive) sign as

long as we have v,, > a,,, accordingly to Eq. (B9).
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5o limits, 0% systematics

— pp —at, 13 TeV, 139 fh!

—— pp — aa, 13 TeV, 139 fb!

---- pp—at, 14 TeV, 3 ab™!
-= pp — aa, 14 TeV, 3 ab™!

90
mg [GeV]

5o limits, 10% systematics

130 170

5o limits, 5% systematics

90
mg [GeV]

5o limits, 15% systematics

130 170

FIG. 6. 50 discovery region in the m, x c,,/A parameter space. Red and black lines represent the pp — aa and pp — at processes,
respectively. The solid and dashed lines represent the reach of these channels for 139 fb~' @13 TeV and 3000 fb~'@14 TeV,
respectively. Each panel assumes a different level of systematic error. For systematic errors in excess of 5%, the pp — aa process is the

most competitive to discover a signal from this model.

In general, the constraints fromy — e +y,7 — e + y,and
T — u +y, depend on the couplings of the lepton inside the
loop amplitude with the external leptons and the new physics
scale, g;;gir/ A?, where i is the flavor of the lepton inside the
loop and m; > m; mustbe respected in order for the decay to
be possible. This way, if we increase the couplings, the
constraints extend to larger A, eventually excluding the points
of the parameter space that are compatible with (g — 2) data
and that can be discovered in the LHC.

We performed a log-uniform scan over the v,,, a,,
couplings in the interval [107*,2 x 10*] and all other lepton
couplings in the range [107*, 1.3 x 103], looking for points
in the LFV coupling space that evade all constraints from
lepton decays, the top quark constraint explained in Sec. III,
and the unitarity limits on A described in Sec. II. After that,
we perform a grid search in A and m,, to find a complete set
of parameters that can explain the anomalous magnetic
moment of the muon within its 16 experimental band. The
final requirement is lying in the region of the ¢,,/A versus
m, plane that can be probed by the LHC.

With these requirements over the coupling constants, our
random search found approximately 2.5% of viable points
for the general case of all LFV constants turned on. In the

special case of all » turned off, we found approximately
0.8% of viable hyperspace points. When we turned off all a
instead, we found around 3.5% viable solutions. For each
of these three cases, the sample size was 10°.

In Fig. 7, we show some examples of successful models
we found using the aforementioned method. In each panel,
the orange band represents the region that accommodates
the (g—2), data. The upper left and upper right panels
show special solutions for the purely axial and vectorial
flavons, respectively. In the lower panels we depict two
examples of general theories, where all couplings are
turned on.

In the first panel of Fig. 7, we see that the orange band
barely evades the top constraint. The reason lies in the
setting of v,, = 0, which is the constant with greater effect
to push the (g — 2), to higher values of A. This is the case
with the lowest percentage of solutions found, since a,, >
vy, and the correct sign of Aa, is not always guaranteed
anymore, as can be seen from Eq. (B9). In the second panel,
we show a case of vectorial flavon where the (g — 2) band
escapes all constraints easily.

The lower panels of Fig. 7 represent a class of viable
models that we identified where all LFV couplings are
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FIG. 7. Examples of models with purely axial (upper left), purely vectorial (upper right), and all LFV couplings turned on (lower
panels). The orange region can explain the muon anomaly within its 16 experimental uncertainty. In all panels, we found models that lie
inside a region of the parameter space that can be probed at the LHC and evade all decay rates, the top quark, and unitarity constraints.

turned on. In both of those models, a,, is much larger than
all other couplings. The reason for this can be traced back
to the BR(u — ey) derived from the decay rate in Eq. (B5)
which is the most sensible constraint, but does not depend
on a,, or v,,. Thus, by increasing a,, we are able to make
the Aa, band escape all constraints without changing the
u — ey line. Another feature present in the lower panels of
Fig. 7 is that the a,, and v,, are of order 10~ and the Ay
and v,, are of order 10. The reason is also related to
BR(u — ey) since its expression depends on all of these
constants only. According to Eq. (B5), this branching ratio
excludes smaller A if v,.a,; ¥ a,.v,, and a,.a,; X V,;V,,.

As a final benchmark point, we show a parameter space
point with nonvanishing couplings that evade experimental
and theoretical constraints, and explain (g —2) data, to
which both the LHC and the MEG II experiment will
present sensitivity:

a,e = 400,
Ve = 0.01,

a,, = 1 x 1074,

v, =2 % 1074,

a,, = 10,

vy, = 40. (15)

In the right panel of Fig. 8, we forecast the constraints
from the projected MEG II experiment and compare them

with the current limits from MEG [80]. As we see, part of
the solutions of the scenario of Eq. (15) can be probed in
that future experiment. It is interesting to notice that both
the LHC and MEG-II could work in a complementary way
with respect to the detection of this model, since the
preferred region, which explains the (g — 2) ., anomaly, is
inside the reach of both experiments.

C. Diagonal couplings

The analysis presented so far focused on negligible
diagonal couplings. However, most flavor theories
should present sizeable diagonal couplings. As we
are emphasizing, evading experimental constraints in
the case where strong diagonal couplings leading to
flavon decays into gg,yy, WW,ZZ,Zy,f;f; might be
difficult given the current status of searches for such
scalars. Part of the motivation for this work is to
investigate a testable EFT that evades such experimental
constraints.

While evaluating the phenomenological viability of this
extended scenario with the presence of diagonal couplings
is beyond the scope of our analyses, we make the exercise
of diluting the nondiagonal couplings to estimate the
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FIG. 8. Left: summarized results in our work for a specific set of LFV couplings described in Eq. (15). The (¢ — 2) region is shaded in
orange, the LFV exclusion limits are the colored lines, and the top quark constraint and unitarity bound are the black lines. The green
shade represents the 5o discovery threshold for the pp — aa process. Right: we plot the MEG-II future sensitivity for the LFV
couplings in Eq. (15). For this specific set of couplings, we see that the (g — 2) region can be partially probed by the planned experiment.

impact of diagonal couplings on the prospects of the LHC  can be probed at some statistical confidence level scales
to exclude and discover our proposed signals. equally for single and double production. The double

If p represents the branching ratio of the flavon into all ~ production has virtually no background, so we estimate
diagonal states, then the single production and decay of its statistical significance as the root of the number of signal
flavons is diluted by 1 — p, and the double production by  events. Consequently, because the production cross section
(1 — p)?. The minimum effective flavon-top coupling that is proportional to the fourth power of the effective coupling,

95% C.L. limits, 0% systematics 95% C.L. limits, 10% systematics

— pp — at, 25%

~=== pp — aa, 25%

107&

pp — at, 50%

-=== pp — aa, 50%
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\
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FIG. 9. Effect of the diagonal couplings on the LHC exclusion (upper panels) and discovery (lower panels) regions for diagonal
branching ratios of 25%, 50%, and 75% for single and double production modes. We fix the integrated luminosity at 3000 tb~! and
depict scenarios with (10%) and without systematic uncertainties.
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FIG. 10. The effect of diagonal couplings on the lepton constraints and the region that accommodates the (g — 2) ., discrepancy. The

values of the constants not shown in the figure are the same as in Eq. (15). In each of these pictures, the ¢

ayy ~ 1078, thus highly

suppressed. As we increase the diagonal couplings, it becomes harder to avoid all the constraints we considered in this work. For
diagonal couplings of order 1, the model from Eq. (15) cannot explain the g — 2 anomaly and evade the 4 — ey bound simultaneously.

then ¢,,/A ~ (1 - p)'/2. In the case of single production,
¢ig/ A~ (1= p)'/? because the statistical significance is

estimated roughly as s/v/b and the production cross
section scales as the second power of the effective coupling.

We show, in Fig. 9, the impact of diagonal decays with
branching ratios of 25%, 50%, and 75% in the LHC
sensitivity to probe the ¢, /A effective coupling as a
function of the flavon mass in scenarios with 0% and
10% systematic uncertainties in the background rates. Even
in the case of a strong suppression of nondiagonal
couplings by 0.25, the LHC sensitivity after 3000 fb~!
of data is around 0.1 TeV~! still with or without systematic
uncertainties. This diminished impact of diagonal cou-
plings is due to the lack of background events in the same-
sign taus of the double production channel.

In Fig. 10, where nondiagonal couplings were fixed as in
Eq. (15), we show that as we increase the strength of the
diagonal couplings, it becomes increasingly harder to evade
all decay rate constraints and find model parameter
instances that can be probed at the LHC. This behavior
confirms our expectations that diagonal couplings make the
model much more sensitive to experimental constraints
and reinforces our motivation to seek maximally flavor

violating scalars as a viable and attractive phenomenologi-
cal model.

VII. CONCLUSIONS

Many extensions of the Standard Model can explain the
discrepancy in the anomalous magnetic moment of muons and
electrons. Among those extensions, new scalars that break
leptonic and baryonic number conservation can be tested in
hadron colliders like the LHC. Such flavor-violating scalars, or
flavons, can also couple diagonally in flavor space. However,
if they maximally violate flavor, coupling only nondiagonally
in flavor space, various experimental constraints can be
evaded. The challenge then consists in showing that these
kinds of couplings can still explain the current experimental
discrepancy in (g — 2),, and also be tested in colliders.

In this work, we demonstrated that maximally flavor-
violating flavon models escape current experimental con-
straints, are compatible with the muon (g — 2) anomaly, and
can be searched at the LHC with the current data. The
High-Energy, High-Luminosity LHC will be capable of
extending that search even further.

In the models we tested, flavons couple to the mass of
fermions, so it is easier to look for third-family signals.
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We concentrate our phenomenological analyses in the
10-170 GeV mass range which has not been worked out
in the literature. The flavon decays almost exclusively into
taus plus electrons/muons in this mass range. Because of
the flavor violation, double scalar production might give
rise to same-charge lepton signatures that present low SM
background contamination. With default DELPHES3 7-jet
tagging and supposing that the electric charge of hadronic
taus can be efficiently measured after jet reconstructions,
we found that double and associate flavon + top quark
production channels can be used to probe the proposed
flavon models. While associated ¢ 4 a production suffers
from larger backgrounds and systematic uncertainties in the
background rates, they can complement the double pro-
duction for flavon masses close to the top quark mass.

With 139 fb~!, our results show that the 13 TeV LHC
data already present sensitivity to those flavons. The
proposed channel only probes the flavon couplings to
top-up/charm quarks since the couplings to leptons cancel
out in flavon branching ratios, almost 100% into taus plus
leptons. For flavon masses around 50-80 GeV, ¢, /A of
order 0.1/TeV can be excluded at 95% CL Discovery is also
possible for larger couplings of 0.2/TeV for favorable cases
but larger than 1/TeV for masses close to the top mass.
Projecting the results for the HL-LHC with 14 TeV, those
limits extend to 0.05/TeV for 95% CL exclusion and
0.03/TeV for 5S¢ discovery in the most favorable cases.

We also found many instantiations of the models’
parameters that explain the measured muon anomalous
magnetic moment, evade LFV constraints, and can be
reached by the LHC. Some general lessons could be
learned from this exercise. First, flavons with purely
vectorial couplings to fermions seem to be strongly dis-
favored being excluded by LFV constraints. Solutions with
purely axial couplings are rare but not impossible in the
range of parameters that we investigated. In particular,
increasing a,, makes it easier to escape current experi-
mental constraints but also pushes the solutions to (g — 2)
to larger A, making it harder to test the models in the LHC.

Scenarios with mixed vectorial-axial couplings give us
the freedom to escape constraints, explain muon (g —2)
data, and present good prospects at the LHC. Moreover, the
next generation of LFV experiments, like MEG II, will
complement the search of the LHC for viable points of the
maximally violating flavon model.

Most UV complete models of flavor are expected to
predict diagonal couplings. We showed that even if the
flavon decays predominantly to diagonal modes, the double
production of flavons and decay into same-sign taus with
virtually no SM backgrounds is still a useful probe of the
model at the LHC. However, increasing the importance of
diagonal couplings makes it harder for the model to evade
current experimental constraints and reinforces the moti-
vation to look for maximally flavor-violating scalars and
their interactions.
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APPENDIX A: PARTIAL WAVE
UNITARITY BOUNDS

In the two-to-two scattering the corresponding helicity
amplitude can be expanded in partial waves in the center-
of-mass system as [95]

Mfi(filf/lz - f/13f/14)
— 16,;2:(21 +1)D3), (R (9:.0,,0)R(9;.6;.0))T ;..

(A1)

where 4 refers to the helicity, 4; = 4; — Ay, 4p = A3 — Ay,
J the total angular momentum, Di_ i is the standard rotation
matrix given by

D3, (R(9.0.7)) = (s,m'|UR(¢,0,7)]

= e‘i”’m/d;/m(e)e_iym,

s, m)
(A2)

U is the unitary operator representing a rotation, d;, —the
Wigner rotation matrix, and Tﬁ,» = (J, M, A3, 4|T(s)| x

J,M,2;,4,). The partial-wave unitarity for the elastic
channels requires that

|T,{f,1,.(falf,12 = fu i)l <1 (A3)

Using the orthogonal relations of the Di 4, We get

1 F2

/Jw,- = EA dOsin HDjMf (0,0.0)M;;,  (A4)
where we set the azimuthal angles and the initial polar
angle to zero.

More stringent bounds can be obtained by diagonalizing
T’ in the particle and helicity space and then applying the
previous condition as in Ref. [96]. To obtain this limit we
consider the case where only the vector or axial coupling is
different from zero for a specific flavor. Since we have only
one dimension-five operator, the possible combinations of
states we have are |f;f;), |af;) and |af;), where a is the
flavon and f; is a fermion of generation i. The most
stringent bound comes from the scattering of f,f = f i]_”j.
The T’ matrices for the vector and axial couplings in the

055013-13



ALVES, DIAS, ALMEIDA, and GONCALVES

PHYS. REV. D 109, 055013 (2024)

basis [ F}), |fLFL), |£LFL), and [fLF)) (Here +.—

refers to the helicity of the particles) are given by

Diagonalizing the 77 matrix in both cases we can
improve the limit since the bigger eigenvalue is 2 and
—2 for the vector and axial coupling; therefore the final
result is

A
|vij| < \/87Z' and |aij| < \/877.'
m —

j i jTm;

(A6)

APPENDIX B: FLAVON-MEDIATED DECAYS

In models with flavor-violating couplings mediated by a
scalar particle a, the expression for the partial width of the
top quark decaying into ¢ = u, ¢ is given by

1100
TJ__v?j(mi—mj)Z 1100
167\ 0000
0000
-1 1 00
TJ:_a%j(m,-—f—mj)z 1 =100 (A3)
167A? 0 0 0O
0 0 0O
F(t—)dq):%
16zm; A

x a2y (m, 4+ mg)2((m, = mg ) = miZ) + 03, (m, = mg 2 ((m, + mg)? = m3)]

where a,,, v,, are the axial and vector flavon-top-light
quark couplings, m, is the light quark mass, and m, the top
mass. The flavon mass is m,, and the energy scale which
defines the effective field theory approach, A.

Turning our attention to the leptons, the decay width for
a heavier lepton ; into a lighter one #; plus an on shell
photon is given by [69]

D¢ = £) = 52 21F, O + 16,0, (B2)

where m; is the mass of the heavier lepton, m, or m,. The
Feynman diagram of these decays is depicted in Fig. 11. In
the above equation, F;; and Q,-j have three contributions
each. The linear

y m%
leJ(O)lin = _ezmaijcay}/gy(xj)v
N m%
G5 (0)y, = —e mvijcayygy(xj)’ (B3)

and the quadratic

ii My,

fil(o)quad = _maij[ajjmfjgl (xj) + aiime g2(x;)],
11(0) :_&U[am (x)_am (x)]
2 quad 167‘[2/\2 ijl%jj fjgl j ii f,gZ jll-

(B4)

For the 4 — ey decay, we also have

V002 = (my - m ) (2 = (m, = m,)?)

(B1)
|
m,m,
FIZM (O)quad - _m (a‘mare - U‘mv‘:e)QB (xf)
m,m
g/24€ (O)quad = _# (af;tvfe - Urﬂare)g3 (xr)’ (BS)
where aj;, v;; are the axial and vectorial LFV coupling

constants connecting two leptons, #; and ¢;, with the
flavon, respectively. The variable x;, j = p, 7 is defined as

2
m
Ma 0t B6
Xj m? m n— (B6)
For the 7 — uy case, we have
T m mT
'7:2ﬂ (0)quad = _ﬁ (area/,te + vrevﬂe)g4(x1)
T e
gz (O)quad = +m (a‘revye + Urea/w)g4<xr)' (B7)

FIG. 11. Lepton decay ¢; — £;y. When the model is max-
imally flavor violating, only the first diagram shows up, with
O # ¢}, ¢;. When the diagonal couplings are turned on, not only
is the second diagram also present, but in the first diagram it is
allowed to have ¢ = ¢;,7;.
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There is also the ¢ — ey decay, where

m,m,
'7:58 (O)quad = _ﬁ (afﬂaﬂe - Uwvye)g4(xr)

m,m,
gﬁe (O)quad = _ﬁ (ar,uvye - vTﬂaﬂE)g4(xT)' (BS)

The (g—2), uncertainty limits are codified by our
parameters through the expressions

2

1677.'2”/\2 (|U€M|2 + |a€/4|2)h3(x;4)

(AaM)LFV =

+ % (|Uﬂ‘r|2 - |all‘r|2)g3('x7):| ’ (B9)

for the lepton-flavor violating contributions, and

2 2

m A
‘ [64ﬂaemcawa,~,~ <ln—2 - hz(xi)>
m

4
A S

+4|a,~,~|2hl<xi>} (B10)

for the lepton-flavor conserving ones. The diagram for the
main flavorconserving contribution is depicted in Fig. 12.
The loop functions are

A% Inx

x
gy(x):ZInm—g—xT—(x—l)lnx_l—Z,
-3
gl(x):;c_llenx—ﬁ—l—Zx
Vi—4
—2x32\/x—4In (%) :
x
g(x) =1-2x+2(x—1)xIn T
x—
2x%Inx — (x=1)(3x—1)
93(x>_ (x_1)3 >
gs(x) =1=2x+2(x—1)xIn xl’
x—

hiy(x) =14+2x—(x—=1)xInx

+2x(x—3)\/zln<\/)_‘+;/m>,

2

hy(x) =1 +%lnx—;—c

_xﬂ;z\/mh(m),

h3(x) = 2x*In

x1—1—2x. (B11)

v

¢ ¢;

FIG. 12. Feynman diagram of the main contribution to (g — 2)
from lepton flavor-violating couplings.

APPENDIX C: LOOP-INDUCED DECAYS
TO BOTTOM QUARKS

Even in the absence of sizeable tree-level couplings
between flavons and bottom quarks, FCNC currents with
light quarks can be generated at the loop level as depicted in
Fig. 13. In this case, strong couplings with the top quark
mass could lead to a = bg, ¢ = 5,d and diminish the
branching ratio of the flavon into tau leptons. Not only this,
but it also could lead to strong constraints on those quark
couplings from the lack of evidence of FCNC interactions.

Neglecting light quark masses, including the bottom
quark mass, in the numerator of the loop amplitude
whenever it is suppressed by a top, W, or flavon mass,
but keeping the mass dependence in the propagators, we
can cast the loop amplitude into the form

( e \%*(mt m,
M=) (%) vovota=anie

1 _
X —— X iy (p1)(F + Gys)vg(pa),
167

(C1)
where F and G and form factors from the loop amplitude
are given right below. Here, sy is the sine of the Weinberg
angle, and e is the electron charge. The spinor correspond-
ing to the final state bottom is &, (p;), while v,(p,) is the
antistrange spinor. The momentum of the scalar a is
P1 + P2, where (py + pa)* = mg = mj + mg +2p; - ps.

We see that in the limit where the flavon coupling to top
quarks is of the V + A type, v,, = a,,, the coupling to W
bosons vanishes.

Assuming V,, =V, =1 and taking into account all
the four decay possibilities involving a bottom quark with
a strange and a down quark, the partial decay width is
given by

5

FIG. 13. Feynman diagrams of the loop-induced contribution to
a — bq decays.
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30 m; \? 2012 2

Taking m, = 100 GeV, A =1 TeV, v, =1, a,, =0,
®ey = 1/137, and s3, = 0.23, this partial width is of order
1078 GeV. The unitarity constraint of Eq. (5) applied to the
|

_2mj + miy mg(mi + miy) + 2mi (mi + 2mjy)

top quark bounds v,,(a,,) to less than ~30, for A = 1 TeV,
which is 1 to 2 orders of magnitude smaller than the partial
width to tau leptons. The results were evaluated at the
renormalization scale p = my,, but the results do not
change more than an order of magnitude even for light
quark mass settings:

F — B 29 )
4my,my, dm2m,my (1 e my)
24 o2 2 1 2m2 V (m2 2 2
my,(m; 2—{— myy) B(m2 + ni2 + m2, m, m;) + my,(m; + 2mW>(n;a + ”;b + m’)log(m%/m,z)
2mimy, dmgmy (my + my)
ok ) 20 ) 20
8mZmim S\l Ty
atpmtw
4 209,02 2 4 2,2 4
mg —m;(2m; + my,) + m} + mymy, — 2my, 5y, my, (1 v
lo —— |=+1o
4mxmwmg g(mt /mW) 4mW z + g(ﬂ /mc)
my(m} + m?m¥, — 2mi,) my(m? — m? —2m%,)
_ ! 2m;mW W Co(0,0,m2,0, my, m,) +—> S2m tmz W2 B(m2, m;, my)
a'w Wilta
2m3 +my,  mi(mi + m3,) + 2mi(m? + 2m3,)
bMw mgmpy
mh(m% + Zm%v) 2 2 2 mh(mt2 + 2m%v)(m%z + m% + th) 2/.2
_WB(ma +mb +ms7mc’mt) - 4m§mw(mg +mi) log(mc/mt)

N mZ(m} + miy) 4+ 2m3 (m3 + m3,) (m? + 2m3,)

Smflmzmw

4

2
dmgmyyms

my,(m} + m>m}, — 2m,)

2
2mamw

The two- and three-point functions are the following:

mt —m2(2m? + m?%,) + m} + m?m3, — 2mj, log

Co(0,0,m2,0, my, m,) +—

N2 (M2, m?, m3

log(mg/m,)

(/) + o (3 + e ) )

m,(m% — m? = 2m?
( S2mwtmz w) B(m2, m,, my).
a

B(szmlvmz) = M2

%%@WWM%@—W+M+%>

2m1m2

CO(O,O, mtzl, 0, mW’mZ) = 2
my

. 2 3 : i
(1) (1) o (i)

+
2 2 ’
my 2m;,

where A(x,y,z) = x*> + y> + 22 — 2xy — 2xz — 2yz and Li, is the dilog function. These calculations were performed with

the help of Package-X 2.0 [97].
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