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There has been a longstanding discrepancy between the experimental measurements of the electron and
muon anomalous magnetic moments and their predicted values in the Standard Model. This is particularly
relevant in the case of the muon g — 2, which has attracted a remarkable interest in the community after the
long-awaited announcement of the first results by the Muon g —2 collaboration at Fermilab, which
confirms a previous measurement by the E821 experiment at Brookhaven and enlarges the statistical
significance of the discrepancy, now at 4.2¢. In this paper we consider an extension of the inverse type-III
seesaw with a pair of vectorlike leptons that induces masses for neutrinos at the electroweak scale and show
that one can accommodate the electron and muon anomalous magnetic moments, while being compatible

with all relevant experimental constraints.
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I. INTRODUCTION

The charged leptons anomalous magnetic moments,

gy — 2
af:fT’ (1)

with £ = e, u, 7, are known to be powerful probes of new
physics (NP) effects, potentially hidden in virtual loop
contributions. Interestingly, there has been a longstanding
discrepancy between the Standard Model (SM) prediction
for the electron and muon anomalous magnetic moments
and their experimentally determined values [1-7]. In the
case of the electron g — 2, the significance is slightly below
~30, and hence not very significant at the moment. In
contrast, the deviation has become particularly relevant in
the case of the muon g — 2, in particular after the Muon
g —72 experiment at Fermilab has published its long-
awaited first results [8]. Their measurement of a,, perfectly
agrees with the result obtained by the E821 experiment at
Brookhaven [5] and, consequently, disagrees with the SM.
Their combination leads to a 4.2¢ discrepancy with the
SM prediction compiled by the theory community in [9].
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In summary, the current status of the electron and muon
g —2 can be quantified as'

Aa, = a;? — aSM = (=87 4+ 36) x 10714,
Aa, = a;® —aiM = (25.1 £5.9) x 10719, (2)

New measurements and more refined theoretical calcu-
lations are definitely required to assess the relevance of
these anomalies, and confirm whether these intriguing
deviations are hints of NP [12], SM contributions not
correctly taken into account or just statistical fluctuations.’
However, it is tempting to interpret them as a signal of the
presence of new states beyond the SM (BSM). In this case,
the g — 2 anomalies may hide valuable information about

'The status of the electron g — 2 has recently changed by a new
measurement of the fine-structure constant [10]. The new value
differs by more than 50 to the previous one and affects the
electron g — 2 anomaly, which gets reduced to just 1.6¢ and flips
sign, see [11]. We will not include these results in our analysis,
but note that it would be straightforward to accommodate a
positive Aa, in our model, as shown in Sec. IV. We also point
out that this change in the fine-structure constant value has
little impact on the muon g — 2.

>The theoretical calculation of the electron and muon anoma-
lous magnetic moments is a challenging task and has led to some
controversies along the years. For instance, a recent calculation of
the hadronic vacuum polarization contribution by the Budapest-
Marseilles-Wuppertal collaboration [13] brings the SM predic-
tion for the muon g — 2 into agreement with the experimental
value, hence ruling out any discrepancy. However, it has been
pointed out that this result in turn leads to some tension with
electroweak data [14—17].

Published by the American Physical Society


https://orcid.org/0000-0003-3701-0969
https://orcid.org/0000-0003-3117-5017
https://orcid.org/0000-0002-1137-4695
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.115018&domain=pdf&date_stamp=2021-06-14
https://doi.org/10.1103/PhysRevD.103.115018
https://doi.org/10.1103/PhysRevD.103.115018
https://doi.org/10.1103/PhysRevD.103.115018
https://doi.org/10.1103/PhysRevD.103.115018
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ESCRIBANO, TEROL-CALVO, and VICENTE

PHYS. REV. D 103, 115018 (2021)

the shape of the underlying model. In particular, the sign
difference between Aa, and Aa, and the sizable value of
|Aa,| would indicate that the NP contributions do not scale
with the square of the charged lepton masses [18]. This
calls for a nontrivial extension of the SM.

The inverse type-III seesaw model (ISS3) is obtained by
replacing the fermionic SU(2), singlets in the original
inverse type-I seesaw [19] by SU(2), triplets. This variant
has already been studied [20-26], although not extensively,
and many of its phenomenological features are still to be
investigated.3 In fact, there are several phenomenological
directions of interest in the ISS3. The fact that triplets
couple to the SM gauge bosons allow for new production
mechanisms at the LHC, where one can also look for lepton
number violating signatures. Lepton flavor violation might
also be an interesting subject to explore in this model,
which may offer some differences with respect to the more
common inverse type-I seesaw [34]. Finally, the potentially
sizable mixing between the charged components of the
type-III triplet and the SM charged leptons may also lead to
observable Z — f;rf; decays with i # j. We refer to [35]

for a recent analysis of these and other relevant observables
in the presence of light fermion triplets.

While many models have been put forward to address the
discrepancy between theory and experiment in the electron
and muon g — 2, the main motivation for the ISS3 is not to
accommodate the existing deviations, but to induce non-
zero masses for neutrinos. It is therefore natural to inves-
tigate whether the model can account for the experimental
values for the electron and muon anomalous magnetic
moments in the region of parameter space that can
reproduce the observed neutrino masses and leptonic
mixing angles, measured in oscillation experiments, while
being compatible with the bounds obtained at colliders and
low-energy experiments. In this paper we show that these
constraints preclude the ISS3 from inducing large contri-
butions to (g —2),,. More importantly, the ISS3 contri-
butions are negative, making it impossible to address the
existing discrepancy in the muon g — 2. This motivates a
minimal extension of the model that keeps its most relevant
features but provides additional ingredients to generate the
required contributions to the electron and muon g — 2. We
find that the introduction of a pair of vectorlike (VL) lepton
doublets with sizable couplings to electrons and muons can
explain both anomalies and simultaneously satisfy all the
experimental constraints. It is the aim of this paper to study
the electron and muon g — 2 in this model, which we denote
as the ISS3VL.

3See also [27,28] for discussions of generalized inverse seesaw
models, including versions with Dirac neutrinos, [29-32] for four
references studying the phenomenology of light fermion triplets
and [33] for a recent work on the inverse seesaw with sponta-
neous violation of lepton number.

The muon ¢ — 2 has been considered in a wide variety of
contexts, in many cases in connection to neutrino mass
generation. This includes models based on the inverse seesaw
mechanism [36—44] and/or with VL leptons [45-65]. See
also [66] for a recent work in the context of a radiative
neutrino mass model including triplet fermions. Finally, we
note that the muon g — 2 has also been considered as a
motivation for a muon collider [67-69].

The rest of the manuscript is organized as follows. In
Sec. 1I the basic features of the ISS3VL model are
introduced, including the generation of charged and neutral
lepton masses. In Sec. III we compute the charged lepton
g — 2 values and provide simplified approximate expres-
sions. A numerical analysis is performed in Sec. IV. After
arguing that the pure ISS3 model cannot address the
anomalies, we explore the parameter space of the
ISS3VL model and obtain results for the electron and
muon ¢ — 2 compatible with the relevant experimental
constraints. Finally, we discuss our results and conclude
in Sec. V. Appendixes A and B contain additional details,
such as analytical expressions for the couplings of interest
to our calculation and full expressions for the charged
lepton anomalous magnetic moments.

II. THE MODEL

The ISS3VL is an extension of the leptonic sector of the
SM with the addition of six right-handed Weyl fermion
SU(2),, triplets with vanishing hypercharge, £, and X/,
(A=1,2,3),and a VL copy of the SM lepton doublet, L;
and Lg. The X, and X/, triplets are introduced in order to
generate neutrino masses via the inverse type-IIl seesaw
mechanism.” T hey can be distinguished by their different
lepton numbers, with L(X)=+1 and L(¥X)=-1.
Nevertheless, lepton number will be explicitly broken in
the ISS3VL. Therefore, this lepton number assignment is
arbitrary. The new fermionic fields L; and Ly have the
same representations under the SU(3), x SU(2); x U(1)y
gauge group, and both are doublets under SU(2), . The full
particle content of the ISS3VL model and the representa-
tions of all fields under the SU(3), x SU(2), x U(1)y
gauge group are shown in Table L.

As usual, the SM SU(2), doublets can be decomposed as

() ) () o

The X and ¥/ triplets can also be decomposed into SU(2);
components. With ¥, = (X!, 22 ¥%),, they can be con-
veniently written in the usual 2 x 2 matrix notation
according to (the same holds for the primed states)

“In order to simplify the notation, we will not denote the
chirality of the £, =Xz and X, =X} fermions explicitly.
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TABLE 1. Particle content of the ISS3VL. ¢;, ¢}, ug, dg, eg,
and H are the usual SM fields.
qr. Uup dR LﬂL €R E 2’ LL LR H
SU3)¢ 3 3 3 1 1 1 1 1 1 1
SU(2). 2 1 1 2 1 3 3 2 2 2
Uy kR o b o100 oh b
GENERATIONS 3 3 3 3 3 3 3 1 1 1
.o (E/V2 %
ZA = \/—_T tp = _ 0 ’ (4)
2 T -X/V2

where 7, are the usual Pauli matrices and the states with
well-defined electric charge are given by

_ Iy Fix]
NoRa

Finally, the VL leptons L;  can decomposed as

tee= <Z>L.R' ©

Under the above working assumptions, the most general
Yukawa Lagrangian allowed by all symmetries can be
written as

=33

(5)

Ly = LM+ LPS + Ly, (7)
where
—E%M :QLYMMRH+QLYddRH+2LYeeRH+H'C' (8)

is the usual SM Lagrangian, with H = iz, H*, and Y wd.e A€
3 x 3 Yukawa matrices in flavor space. Here and in the
following we omit SU(2); contractions and flavor indices
to simplify the notation. The terms

_ I 15
—£§SS3 = \/EZYszH' + XZMX + 52//1216 +H.c.,
9)

correspond to the usual ISS3 extension. Here Yy, My and u
are 3 x 3 matrices, the latter two with dimensions of mass.
Finally, the VL leptons allows for additional Lagrangian
terms, given by

—E;//L = \/Ei/lLLLHT + ERARLLFIT + ]:LMLLR
+7¢;eLg +H.c. (10)

Here A; and Ay are dimensionless 3 x 1 vectors and M; a
parameter with dimensions of mass. The 1 x 3 vector € has

dimensions of mass, and will be assumed to vanish
for simplicity.5 The guiding principle when writing the
Yukawa Lagragian in Eq. (7), in particular the piece in
Eq. (9), is the conservation of lepton number, only allowed
to be broken by the ¥'uX’¢ term. In fact, in the absence of
the Majorana mass y, the Lagrangian would have an
additional U(1); global symmetry. In the following we
will consider 4 <« My, corresponding to a slightly broken
lepton number, in the spirit of the original inverse seesaw
mechanism.®

The scalar potential of the model is the same as in the
SM,

YV =m?H|* + A|H[*, (11)

with m? a parameter with dimensions of [mass]?. Therefore,
electroweak symmetry breaking takes place in the usual
way, with

= (). (12)

with v ~246 GeV the SM Higgs vacuum expectation
value. After electroweak symmetry breaking, several
terms in the Yukawa Lagrangian in Eq. (7) induce mixings
in the neutral and charged lepton sectors. In the bases
n=ny = (v, () ()N Ng),  fr=(er.(TV),
(), Ep) and fr = (eg,X7,X",Eg), the neutral and
charged fermion mass terms read

1 - J—
-L,, :En"MNn + fiMcfr+He., (13)

with the mass matrices given by

0 ml 0 0 0
mp 0 Mz my, 0
My=|0 ML u o o[ (4

0 0 0 M, O

and

>The ¢ term contributes to the electron, muon and tau masses
and is therefore constrained to be small.

In principle, a term of the form Xu/'X¢ is also allowed by all
symmetries. However, it is well known that such a term would
contribute to neutrino masses in a subdominant way if u and '
are of the same order, see for instance [28]. Therefore, we neglect
this term in the following.

115018-3
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m, 2mp 0 0
0 0 My 0

Mc == T . (15)
0 Ms W 0

mbk  2ml0

Here we have defined

v v v
mp =——=Yy, m,=—7=Y,, m; =—=A
D \/i z \/z L \/E L
v
and mp = —}VR. (16)
V2

We note that the neutral lepton mass matrix My is 11 x 11,
whereas the charged lepton mass matrix M is 10 x 10.
They can be brought to diagonal form by means of the
unitary transformations &, V* and VR, defined by

U MUt = diag(my,). (17)
VEEM VR = diag(m, ), (18)

resulting in the 11 neutral (Majorana) fermion masses my;,
and the 10 charged (Dirac) fermion masses my with i =

I,...,11and j = 1, ..., 10. In the following we will assume
the hierarchy of energy scales

u<Lmp,mp,mp L My, My, (19)

which allows one to obtain approximate expressions for the
physical lepton masses. We note that a small g parameter is
justified through ’t Hooft naturalness criterion [70]. In the
case of the neutral leptons, one finds 3 light states, to be
identified with the standard light neutrinos. Their mass
matrix is approximately given by

m, ~ mp(ME)™ Mz 'mp, (20)
|

with corrections of the order of the small ratios (m, /My )?
and (m;/M;)?. This result is proportional to the u
parameter. It is then clear that sizable Yy Yukawa couplings
and triplets at the TeV scale are consistent with light
neutrino masses due to the suppression by the u term. This
is the inverse seesaw mechanism.

III. CHARGED LEPTON ANOMALOUS
MAGNETIC MOMENTS

The charged lepton magnetic moments can be described
by the effective Hamiltonian [71]
H = C; jl:ﬂ 10

JCuv

Ppt;F* + He., (21)

where Pp = (1 +y5)/2 is the usual right-handed chiral
projector, F* the electromagnetic field strength tensor
and Z; denote the light charged lepton mass eigenstates,
equivalent in our scenario to y;,3. The anomalous mag-
netic moment is given in terms of the real components of
the diagonal ¢ coefficients as

2m,» 4mi

Rec;;, 22
e ecll ( )

a; = —

B (cii +¢fy) = -
whereas the imaginary components would in turn induce
electric dipole moments.

The ISS3VL has the ingredients to induce large charged
lepton anomalous magnetic moments, namely, light new
particles with sizable couplings to the charged leptons. In
the ISS3VL, new contributions to the charged lepton
anomalous magnetic moments are induced at the 1-loop
level, as shown in Fig. 1. While these diagrams also exist in
the SM, in the ISS3VL the mass eigenstates N; and y;
include new heavy states beyond the SM Ieptons.
Moreover, the couplings of the SM states get modified
due to mixings with the new BSM states. The amplitudes of
these Feynman diagrams are given by7

. d4q _ . 5 . % + my.
MY = [ ST )P+ () P
; (P=9)a(P=1)s
~i(Gas — L)
X lya[(g;l(lNW)]fPL + (g)fNW)]fPR] (p _ q)2 _ ’:/12 lrﬂa/j
w
. (P'=a)s(p'=q)p
y ~i(ggp =) wlp)e -
¢ ,
(P —q)* —my g

"In order to obtain the correct sign for the ISS3VL contributions to the electron and muon g — 2 one must use a consistent set of sign
conventions for the Feynman rules of the model. We used the useful Ref. [72] to guarantee the consistency of the amplitudes in

Egs. (23)-(25).

115018-4
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(b)

FIG. 1.

Feynman diagrams that contribute to the charged lepton anomalous magnetic moment at the 1-loop level in the ISS3VL. Here

xi and N; denote any of the charged and neutral lepton mass eigenstates, respectively. Momenta are shown in blue. (a) W. (b) Z. (¢) h.

4 |- m
IMZ — / (‘21734 io(p)ir"[(952), ,Pr + (sz)ifPR]i%
— + m
x iyt |( gxr 11PL + gﬂlfr k)i ((Z—j))zx,ly(l[(gﬂ)f,h + (gXZ)ZtPR]
—i(gap — qaq/f)
X ﬁuf(p)gu’ =
4 ' — m
iMh = / (;173 i (p")il(gk,). Pr + (th)mPR]i%
% iY”[(g;%y)iiPL + (gR ) PR] (195))2_;11% -[(g)?h)fiPL + (gfh)ﬁPR]
X q2+m% Mf(P)flr =

Here P, = (1 —y5)/2is the left-handed chiral projector, ¢,
is the photon polarization 4-vector and the couplings g)lf‘l’fw,

gﬂ g, g){h and I' are defined in Appendix A. A sum
over the indices i, j is implicit in these expressions, while £
is the index of the external charged lepton. We have
computed the amplitudes in Egs. (23)—(25) with the help
of Package-X [73]. After projecting onto the operator
in Eq. (21), one obtains analytical expressions for the

I
contributions to the c¢ coefficient, which can then be
translated into contributions to the charged leptons g — 2
thanks to the relation in Eq. (22). The total ISS3VL
contribution to Aa, can be written as®

8Higher—order contributions, such as those induced by 2-loop
Barr-Zee diagrams [74], will be neglected in the following.
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Aay = Aay,(W) + Aay(Z) + Aag(h). (26)

Assuming that the ISS3VL states N; and y; are much
heavier than the SM states (this is, assuming the mass
hierarchy my , m, > m,, my,mz > m;), one can find
approximate expressions for the three contributions:

Aa,(W)

me 4
e )@,

3m? m?
— my, {1 - m—zw (3 + 210gm—zw)] (D)%NW)M}, (27)

N, N,

m2

3 2
[1 - 2w (11 +610g
4m?

N; Nz

m 5
8ar(2) =35 { =3 ey (D3, o 29
m 1
Bar) = e {3+ m 03, ) 29
Xi

Here we have defined the coupling combinations

(C)ie = |(g9)ie* + 1(g¥)i [ and
(DP)ie = (99)ie(98)ie + (97)i2(98) e (30)

with Y = yNW, yZ, yh. Again, the indices i and 7
denote the BSM particle running in the loop and the
charged lepton, respectively. We have checked that
Egs. (27), (28), and (29) reproduce the ISS3VL contri-
butions to the charged leptons anomalous magnetic
moments in very good approximation. Nevertheless, full
expressions are given in Appendix B and used in the
numerical analysis presented in the next section. We note
that Aa,(W), Aa,(Z), and Aa,(h) contain contributions
proportional to mygbyw g, m,gt,95,, and m g}{hgxh,
respectively, proportional to the mass of the fermion in
the loop. These terms are usually called chirally en-
hanced contributions and they typically dominate due to
the large masses of the heavy fermions running in the
loop.

IV. PHENOMENOLOGICAL DISCUSSION

We proceed now to present our phenomenological
exploration of the parameter space of the ISS3VL.

A. Experimental constraints

Let us first discuss how we fix the parameters of the
model in order to reproduce the measured lepton masses
and mixings. The Y, Yukawa matrix will be fixed to the
same values as in the SM, hence neglecting corrections
from the mixing between the SM charged lepton states
and the charged components of the £ and X' triplets.
These corrections are multiplicative and enter at order

~(mp/My)? and can thus be safely neglected. The same
argument applies to the mixing with the charged com-
ponents of the VL leptons, which enter at order
~(mg/M)?. Without loss of generality, we will work
in the basis in which My is diagonal and u is a general
complex symmetric matrix. In this case, Yy and p must
be properly fixed in order to reproduce neutrino oscil-
lation data [75]. In principle, one can fix the entries of u
to some input values and express the Yy Yukawa matrix
by means of the master parametrization [76,77], which in
this case reduces to a modified Casas-Ibarra parametri-
zation [78]. While this is perfectly valid, one generically
obtains Yy matrices with sizable off-diagonal entries
unless some input parameters are tuned very finely.
Due to the strong constraints from the nonobservation
of lepton flavor violating processes, this excludes most of
the parameter points. Therefore, we take the alternative
choice of fixing Yy to specific input values, diagonal for
simplicity, and computing u by inverting Eq. (20) as

p=Mg(mp)~ m,mp My, (31)
where m, = U,’jﬁzDUz. Here U, is the leptonic mixing
matrix measured in oscillation experiments, given in
terms of 3 mixing angles and 3 CP-violating phases,
while 771, is a diagonal matrix containing the physical
neutrino mass eigenvalues. Equation (31) guarantees that
all the parameter points considered in our numerical
analysis are compatible with neutrino oscillation data. In
our analysis we use the results of the global fit in [75]
and we consider both normal and inverted neutrino mass
orderings.

In order to ensure compatibility with constraints from
flavor and electroweak precision data we use the bounds
derived in [35], where a global analysis is performed in
the context of general type-III seesaw models. The limits
provided in this reference are given for the 3 x 3 matrix
i, defined in our case in terms of the matrices

0 M
MD:<mD> and M:( 2), (32)
0 M5 u

as
1 1l y—1 1
n=5Mp(M)~ M M),
1 - * * | — — —
= S (M) L+ e (M)~ (M) M
1
S mh (ML) M . (33)

In our analysis, we make sure that the bounds are
respected by computing the # matrix in all the parameter
points considered. As we will explain below, these limits
imply very small BSM contributions in the ISS3, thus
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motivating our ISS3VL extension. Furthermore, we also
consider the decay widths for the processes Z — £7¢~
and h - £1¢~, with £ = e, u, which are also affected
due to the mixing of the light charged leptons with the
heavy states in our model. They are computed as

+ - my
[(Z-c¢te ):127”]2

[|(g)‘(/Z>If{|2 + |(g?2)ff 2]7 (34)

D(h = £+¢7) = 2 11(g), P+ (65, 1. (39)

with ¢/, =g, + g%, and g}, = g%, — g5, The Z -
£1¢~ decay turns out to provide an important constraint
in our setup. In fact, it has been recently pointed out that
this process potentially correlates with the charged
leptons g —2 [79]. We define the ratios

(Z-c¢te)

Rfo - FSM<Z N f+f_> ’ (36)
with Ty (Z — £7¢7) the SM predicted decay width, and
impose that R;,, lies within the 95% CL range, which
we estimate to be 0.995 < R,,, < 1.003 and 0.993 <
Rz, < 1.006 [80]. Regarding the Higgs boson decays,
no constraints are actually obtained from them, since at
present there is no hint for 4 — ete™ and evidence for
h — putu~ was only obtained recently [81]. Therefore,
they will be considered as predicted observables, poten-
tially correlated with Aa, [79,82].

Finally, we also impose bounds from collider searches.
The type-III seesaw triplets have been searched for at the
LHC in multilepton final states, both by ATLAS [83] and
CMS [84,85]. No excess above the expected SM back-
grounds has been found, hence allowing the experimental
collaborations to set limits on the triplet mass and
couplings. Using a data sample obtained with proton
collisions at /s = 13 TeV and an integrated luminosity
of 35.9 fb~!, CMS reports a lower bound on the triplet
mass of 840 GeV at 95% confidence level, if the triplet
couplings are assumed to be lepton flavor universal [85].
While the flavor structure of the triplet couplings to
leptons does not affect the heavy triplet pair production
cross sections, driven by gauge interactions, it has an
impact on the flavor composition of the multilepton
signature. The limit changes if the assumption of lepton
flavor universal couplings is dropped, resulting in a more
stringent bound when the triplet couples mainly to
electrons and a more relaxed bound when the triplet
couples mainly to taus, with values ranging between 390
and 930 GeV. The bounds from the CMS collaboration in
[85] are applied in our analysis. However, since the CMS
analysis focuses on the standard type-III seesaw scenario,
and does not consider the particular features of the

ISS3VL model, several simplifying assumptions must
be made. We define

(X% - £, +boson) + (X} — £, + boson)
S [C(Z4 = £, +boson) + (X} — ¢, +boson)]’
(37)

BAa =

where XY and X} are the quasi-Dirac pairs approximately
formed by the mass eigenstates N; + N; and y; + x;,
respectively. An implicit sum over the bosons in the final
states is also assumed, including decays to W=, Z and h.
For instance, in a parameter point in which the lightest
BSM states are mainly composed by the components of
the X, triplet, we have i=4, j=35 and (X7, +
boson) =T'(N, —» WE£F) +T(Ny— Zu,) +T(Ny— hyy,) +
[(Ns—>W*£F)+T(Ns— Zv,) +T(Ns— hv,). We note
that By, + Bs, + By, = 1. This is the quantity that we
use to confront each quasi-Dirac pair with the limits
given on Figure 3 of [85]. Our approach approximates
the total heavy triplet pair production to pp — 222:{,
which is known to give the dominant contribution at the
LHC [86]. Furthermore, we apply two additional sim-
plifications. First, since CMS assumes the neutral and
charged components of the triplet to be mass degenerate,
we adopt a conservative approach and take the lowest of
them as the triplet mass to be used in the analysis. And
second, we do not apply the CMS bounds to quasi-Dirac
triplet pairs that are largely mixed with the VL leptons,
since their production cross section is clearly reduced
with respect to the pure triplet case.” We believe that our
assumptions conservatively adapt the CMS limits in [85]
to our scenario. We note that ATLAS finds a similar
bound on the triplet mass in the flavor universal scenario,
ruling out (at 95% confidence level) values below
790 GeV [83]. Finally, LHC limits on VL leptons
strongly depend on their decay modes, namely the flavor
of the charged leptons produced in the final states [87].
In our analysis we will consider M; > 500 GeV, a
conservative value that guarantees compatibility with
current LHC searches. These limits are expected to be
improved by the end of the LHC Run-III [88].

B. (g-2),, in the ISS3

Before studying the electron and muon g—2 in the
ISS3VL, let us discuss these observables in the context
of the pure ISS3 and show that this model is unable
to address the existing discrepancies. One can easily
reach this conclusion by estimating the size of the

°In practice, we do not apply the CMS bounds in cases with
large mixings. For instance, they are not applied to y; Dirac states
that combine a left-handed fermion that is mostly a type-III triplet
with a right-handed fermion that is mostly a VL lepton, or vice
versa.
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FIG. 2. Dominant W contribution in the ISS3. Mass insertions
are represented by white blobs.

dominant contributions to the charged lepton ¢-—2.
Figure 2 shows the dominant W contribution. Assuming
that the chirally enhanced term in Eq. (27) dominates, one
finds the estimate

2
Ady (W)~ N 2<@>2 e 103N

- 2 2 — 3 Hee-
327° my, Ms) o v miy

(38)

First of all, we notice that this contribution is always
negative since 7., > 0. Therefore, it cannot accommodate
the muon g —2 anomaly, which requires Aa, > 0. This
result was already found in early studies of the charged
leptons anomalous magnetic moments in seesaw scenarios
[89-91], as well as in [92]. Furthermore, the absolute value
of Aa,(W) is also too small to account for the anomalies.
This implies that the electron g —?2 cannot be explained
either in the ISS3. In this regard, we highlight the relevance
of the m,/v factor in Eq. (38). This factor is not apparent
when inspecting the analytical expressions for the cou-
plings in Appendix A. In fact, the individual contributions
to Aa,(W) by the neutral fermions in the loop are larger
than their sum, Aa,(W), by a factor ~v/m,. Therefore, a
strong cancellation among them takes place. This cancel-
lation can be easily understood due to the chirality-flipping
nature of the dipole moment operator in Eq. (21). The factor
my /v is required to flip the chirality of the fermion line and
induce a contribution to a dipole moment. One can now
consider my = 1 TeV to obtain

Aa, (W) ~=5x10"1y,,, (39)

Aa,(W)~-2x107* (40)

Ny
Since 7,, and 1, are constrained to be smaller than ~107%
[35], these contributions fail to address the electron and
muon g — 2 anomalies by several orders of magnitude. The
same argument can be applied to the Z and & contributions
to find that they are actually even more suppressed. In
summary, the suppression by the m,/my, chirality flip and
the stringent bounds on 7., imply that the ISS3 cannot
induce sizable contributions. This, added to the fact that the

w
€y, m EL €R
/\LU 9

g Yyv ARV

FIG. 3. Dominant W contribution in the ISS3VL. Mass
insertions are represented by white blobs.

contributions to the muon g—2 have the wrong sign,
implies that the ISS3 cannot explain the deviations in the
electron and muon anomalous magnetic moments. We now
proceed to show that the additional ingredients in our
extended model can alter this conclusion.

C. (g-2),, in the ISS3VL

As already discussed, the ISS3 cannot explain the
experimental anomalies in the electron and muon anoma-
lous magnetic moments. Therefore, we now consider its
ISS3VL extension. In this case one has W contributions
such as the one shown in Fig. 3. We can now derive an
analogous estimate, along the same lines as in the case of
the ISS3. One finds

1 mymg, mp my; mg
Aa,(W)| ~ =) =
| f( )| 327[2 m%‘, g (MZ I,’fML ML

3 mympeniy Mp \/_
——— Ve (41)
miy, M

~ 10~

One can now choose my =1 TeV, M; =500 GeV,
m; = 200 GeV, and my = 10 GeV to obtain

|Aa (W) ~ 6 x 1071/, (42)
A, (W)| ~ 1077 /i (43)

Therefore, even after the suppression given by /7,7, <

1072 these W contributions can address the current dis-
crepancies with the electron and muon g —2 measure-
ments. Furthermore, the signs of these contributions are not
fixed and can be properly adjusted by fixing the signs of the
relevant Yukawa couplings. We note that the loop in Fig. 3
is proportional to the product Ys; A which, as shown
below, will be crucial for the resulting values for Aa, in the
ISS3VL model. Similar & contributions are also found,
again proportional to the YyA;Ag product. Therefore, the
model is in principle capable of producing sizable con-
tributions to the electron and muon g — 2. We now proceed
to confirm this by performing a detailed numerical analysis
of the parameter space of the model. Since we are interested
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FIG.4. Aa, (left) and Aa, (right) as a function of the product (Yy);;(4..);(4g);. Blue dots correspond to parameter points that pass all
the experimental constraints, whereas gray points are experimentally excluded. The horizontal dashed lines represent the central values
for Aa, and Aa,, whereas 1o (30) regions are displayed as yellow (green) bands.

in Aa, and Aa,, we fix (4;); = (4g); = 0 and randomly
scan within the following parameter ranges:

Parameter Min Max
(My);; 850 GeV 1.5 TeV
M; 500 GeV 1.5 TeV
(Ys): 0.05 0.2
(L)1 —Varx —0.1
(1), 0.1 Ner:
(Ar); 0.05 0.5
(Ar)2 0.05 0.5

Some comments about the chosen ranges are in order.
First, the ranges for the mass parameters (My); and M
have been selected following the discussion on LHC
bounds of Sec. IVA. Many of the parameter points in
our scan were ruled out due to LHC searches for triplets,
but we also find that a substantial fraction pass the test. The
ranges for the Yukawa couplings have been chosen in order
to maximize the resulting Aa,. The usual ISS3 Yukawas
(Ys);; have been scanned around their maximal values
compatible with the #;; bounds. A relative sign between
(A2); and (A;), has been introduced in order to obtain
Aa, <0 and Ag, > 0, as required by the experimental
hints. Finally, the corrections to I'(Z — £7¢7) tend to be
too large unless (4g),, <0.5.

Our results are based on a random scan with 50.000
parameter points, out of which about 12%—13% pass all the
experimental tests. We have selected normal neutrino mass
ordering. However, we have also run a second scan with
inverted ordering and found the same qualitative results. As
already explained, we consider a scenario with diagonal Yy
and My matrices. In this case, the lepton mixing angles
encoded in the matrix U, are generated by the off-diagonal
entries of the y matrix and all lepton flavor violating
processes are strongly suppressed. For this reason, the
bounds on the 7;; entries, with i # j, are easily satisfied. In
contrast, the bounds on the diagonal elements of the 7

matrix turn out to be very important, removing a significant
amount of the parameter points considered and implying
the approximate bounds (Yy);; <0.2 and (Yy),, $0.15
for triplet masses of the order of the TeV. Another very
important constraint in our setup is provided by the decay
Z — ¢*¢~. The mixing between the SM charged leptons
and the new charged BSM states from the X and X' triplets
and L; p VL doublets reduces I'(Z — £7¢~) with respect
to its SM value. This has a strong impact on the mp/Myx
and my/M; ratios. Since these ratios must be sizable in
order to induce large contributions to Aay, see Fig. 3, this
limit is crucial for the correct evaluation of our scenario.
Finally, the CMS limits discussed in Sec. IV A also have an
impact, discarding some of the parameter points in
our scan.

Our choice of a diagonal Y5 (in the basis in which My is
diagonal too) implies that the mixing among different
triplets is typically very small. In this case, and unless
there is a large mixing with the VL neutral leptons, two of
the heavy neutral mass eigenstates are given in good
approximation by the X; — X} quasi-Dirac pair and couple

107

1077

Aay,

1071

101

107 1072 107! 10°
(¥s)y (\)y (An)y/ [(Ms), ME] (TeV™?)

FIG. 5. Aa, as a function of the combination
(Ys)2(41)2(Ag)2/[(Mz),M?]. Dashed line, horizontal bands
and color code as in Fig. 4.
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FIG. 6. Aa, (left) and Ag,, (right) as a function of (My),, and (Ms),,, respectively. Dashed line, horizontal bands and color code as in

Fig. 4.

mainly to electrons. Similarly, two of the heavy neutral
mass eigenstates are approximately given by the X, — X}
quasi-Dirac pair and couple mainly to muons. Therefore,
the discussion in the previous section implies that one
expects a strong correlation between Aa, and the product
(Y5)11(42)1(4g);, as well as between Aa, and the product
(Ys)2(41)2(4g),. This is clearly shown in Fig. 4. The left
side of this figure shows Aa,, whereas the right side
displays results for Aa,, in both cases as a function of the
said parameter combinations. Here, and in the following
figures, parameter points that pass all the experimental
constraints are displayed in blue color, whereas gray points
are excluded for one or several of the reasons explained
above, but included in the figure for illustration purposes.
The horizontal dashed line represents the central value for
Aa,, while 1o (30) regions are displayed as yellow (green)
bands. The first and most important result shown in this
figure is that the ISS3VL can indeed explain the electron
and muon g — 2 anomalies. In the case of the electron, one
can easily find fully valid parameter points within the 1o
region, corresponding to values of —(Yx),;(4.);(4z); in
the ballpark of ~0.01-0.05. In fact, one can even exceed the
experimental hint. In contrast, the muon g — 2 can only be
explained within 1o in a narrow region of the parameter
space, with (Y5),,(47),(4g), ~0.1. This is due to the
combination of constraints that apply to our setup.
Figure 4 also confirms the correlations with the product
(Ys);i(A2):(Ag);, as we expected from the arguments given
in the previous section. The correlation is even more
pronounced in terms of the combination (Yy);;(4;);(Az);/
[(My);M?], as shown in Fig. 5 for the case of the muon
g — 2. This implies that the Feynman diagram in Fig. 3
indeed provides one of the dominant contributions to Aa,.
An example parameter point that achieves Aa, and Aa,
values in the 1o regions indicated in Eq. (2) is given by

(Mg); =1TeV,  M; =630 GeV,  (44)

and

(Yy); = 0.117,
(Jg); = 0.1,

() = =06, (A1), = V4,
(Ar), = 0.25. (45)

We note that a large (4;),, close to the nonperturbativity
regime, is required to obtain a muon g — 2 close to the
measured central value. While in principle this is perfectly
fine, one can relax this restriction with additional contri-
butions to the muon g — 2. For instance, we expect this to
happen in a nonminimal version of our model with more
than just one generation of VL leptons or including singlet
VL leptons.

Figure 6 shows the dependence of Aa, on (My);;. On the
left side, Aa, is shown as a function of (My),;, whereas the
right side panel shows Aa, as a function of (My),,. As
explained above, these are the parameters that determine
the masses of the triplets that couple mainly to electrons
and muons, respectively. Therefore, as expected, the NP
contributions decrease for larger values of (My),;.
However, given the limited range over which these param-
eters were scanned, the reduction is not very strong. A
lower bound (My),; Z 930 GeV is clearly visible on the
left side panel. This is due to the fact that lower (My),

1078

1079} e

5
4
“)71()
101
500 600 700 800 900 1000 1100 1200 1300 1400 1500
My, (GeV)
FIG.7. Aa, as a function of M; . Dashed line, horizontal bands

and color code as in Fig. 4.
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Aa, and Aa,, whereas 1o (30) regions are displayed as yellow (green) bands.

values would lead to lighter triplets, excluded by CMS
searches. The dependence on M, the VL. mass, is shown in
Fig. 7 for the case of the muon g — 2. One can clearly see in
this plot, as well as in the previous ones, that the density of
valid parameter points gets reduced for low masses. This is
because low (My);; and/or M; often lead to exclusion due
to the I'(Z — £7¢~) constraint.

We turn now our attention to the predictions of our setup.
Figure 8 shows the predicted values for the ratios

[(h—¢t¢7)

Rhff - FSM(h — f+l/p_) ’ (46)
where T'gy(h — £7¢7) is the SM decay width, as a
function of Aa,. In both cases, the reductions are small,
at most of about ~2% in the parameter points that pass all
the experimental bounds. This is due the fact that the R;,.,
ratios correlate with the corresponding R, ratios, and are
thus strongly constrained. Therefore, our setup predicts
SM-like Higgs boson decays into charged leptons.

Finally, we have focused on a scenario with diagonal Yy
couplings in order to enhance the diagonal contributions to
the muon g — 2. This strongly suppresses all lepton flavor
violating signals, which can only take place via the off-
diagonal entries of the small y parameter. We believe this to
be a generic prediction of our model when the muon g — 2
anomaly is addressed. However, we cannot discard the
possibility of very fine-tuned parameter regions with large
off-diagonal Yy couplings and accidentally suppressed
flavor violating transitions.

V. DISCUSSION

The recent announcement of the first results by the Muon
g—2 collaboration at Fermilab has sparked a renewed
interest in a longstanding anomaly. Together with the
analogous discrepancy in the anomalous magnetic moment
of the electron, they constitute a pair of intriguing devia-
tions with respect to the SM predictions. If confirmed, new

BSM states with masses not much above the electroweak
scale will be required in order to address the discrepancies.

We have analyzed the electron and muon g —2 in an
extended version of the ISS3 model that includes a pair of VL
doublet leptons. This model is motivated by the need to
generate neutrino masses, which in this setup are induced at
the electroweak scale. This naturally leads to a rich phe-
nomenology in multiple fronts. Our analysis has taken into
account the most relevant experimental bounds in our
scenario. This includes limits from direct searches at the
LHC, deviations in Z — £~ decays and a compilation of
electroweak limits. These are the main conclusions of
our work:

(1) The pure ISS3 cannot address the electron and muon
g—2 anomalies due to the combination of the
constraints on the mp/Msy ratio derived from a
variety of electroweak data and a strong chiral
suppression of the order of m,/v. In addition, the
contributions to the muon g — 2 have the wrong sign.

(i1) The inclusion of a VL lepton doublet pair to the
ISS3 particle content suffices to enhance the con-
tributions to the muon g — 2, allows one to adjust its
sign conveniently and fully addresses the observed
discrepancy.

(iii) The electron g — 2 anomaly can also be explained, in
this case in a wider region of the parameter space.

(iv) No significant change in the h — £7#~ decays is
found, and then these stay SM-like.

In this work we have focused on a minimal extension of
the ISS3, containing only one VL lepton doublet pair. In
principle, one may introduce additional copies of L;  or
VL lepton singlets, see for instance [45]. These nonminimal
variations may reduce the impact of some of the bounds or
enlarge the parameter space compatible with the current
experimental hints in the muon g — 2. Furthermore, lepton
number is explicitly broken in our model. Alternatively,
one may consider the spontaneous breaking of a global
U(1), lepton number symmetry, leading to the appearance
of a massless Goldstone boson, the majoron. However, a
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pure massless pseudoscalar state gives negative (lepton
flavor conserving) contributions to the electron and muon
anomalous magnetic moments [93], hence being unable to
solve the tension in the case of the muon g — 2.

Exciting times are ahead of us. The muon g — 2 anomaly,
now hinted by a second experiment, joins the list of results
that have recently attracted attention to muons. It is natural
to speculate about this anomaly together with the Ry and
R~ anomalies found by the LHCb collaboration, as well as
with the set of deviations observed in recent years in
semileptonic b — s and b — ¢ transitions. New experi-
mental results, that may finally confirm an emerging
picture beyond the SM, are eagerly awaited.
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APPENDIX A: COUPLINGS

The couplings involved in the calculation of the charged
lepton anomalous magnetic moments are shown in the
Feynman diagrams of Fig. 1 and have been computed with
the help of SARAH [94-98]."° We define them and list their
analytical expressions here:

+
W,

Xj

ﬁxNW:Nﬂ” {(9 NW) PL+(9XNW) PR} x; Wy +hee.
(A1)

"%See [99] for a pedagogical introduction to the use of SARAH.

1 * *
<9;[ENW)U = _g<%az:vL uta + Zvj"auia

1
+ 5 Vhiddao ) (A2)

(z Vfau;ka - leoujl 1) (A3)

(g)(NW

Xi
ﬁXZ =X |:(9XZ) P+ (gxz) PR:| X Z + h.c.

(A4)

(gcos @y — ¢ sinBy) <Z VBV + Vleovno)

a=1

NI'—‘

(gxz)

+ gcos Oy, Z Vvl
a=4

(AS)

(952),; = —9 sin Oy ZVR*VR + gcos Oy ZVR*VR

(gcos @y — ¢ sin GW)VﬁBVﬁO (A6)

N =

+

X

L= [(95),, Pr+ (95),, Pa] xih + e,
(A7)
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(g;(h Z VL* VR*

abl

- Z Z VEVRS (Vs
b=

g
(A8)

3

- VJL‘I*O |:Z ta+3 /1L

3
Z Vlbvla+3 YE

1 b=1

Mw

gxh Z V

abl a

[Z R 5(7) ZVR (1) ]vf,o (A9)

Vu

X

Exv:Xi’Y# |:(gX'y) PL"’(QXV) PR] X]A +hC

(A10)
(g)%y)ij = (gfy)ij = _eéij (All)
Wy
W
(A12)
8

Ly, = TFP W, WA,

b = gsin Oy g (phy, + Phy,) + 9 (=P, — P§)

+ g% (P} = Phyy)] (A13)

APPENDIX B: CHARGED LEPTON ANOMALOUS
MAGNETIC MOMENTS: FULL EXPRESSIONS

We define the dimensionless quantities

mey me m
€Eyi —_—, 5&' = W, = a and
m){i mNi m)(
My
Oy = ’ (Bl)
le_
with a = Z, h.

1. W contribution

The W contribution to the charged lepton anomalous
magnetic moments can be written as

1
Rtk (Conw), . w (67 @)
Wi%¢i

— 84i( ;(NW) fgw(ém’ sz)] (B2)

Aa,(W) =

where a sum over the repeated index i is implicit and fy,
and gy are two loop functions given by

Jw(x,y)
=x+ 328y —1) +2x(1 +y — 2y?)
+ [3x%y — x(1 = 3y + 5y%) = 3y* +2y* + 1] logy

+

[Bxdy + x2(1 = 8y?) + x(7y* = 7y* + 2y — 2)

2
A(x,y)

l+y—x+A(x,y)

+(1=v)3(1 +2y)]log B3
P(1+2y) N (83)
gw(x,y) = 2x(1 +2y) 4+ [x(3y = 1) = 2y* + y + 1] logy
2
+ x2(3y 4+ 1) = x(2 =y + 5y%) +2y?
Kreyy By + D= )
I+y—x+A(x,y)
—3y? + 1] log . B4
| N (B4)
Here we have defined the auxiliary function
A(x,y) = \/x2—2x(1+y)+(1—y)2. (B5)
2. Z contribution
The Z contribution can be written as
Aay,(Z) = ! C2 2 w3
as(Z) = W[( Zz),-,ffz(eﬁ’wz,‘)
+ €f1( ){Z) ng(eft’ w%l)] (B6)

Again, there is a sum over the repeated index i, whereas f
and g, are the loop functions
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f2(x.y) = =x[x* + x(3 —4y) +4y* -2y - 2]
+ [x? = x(2 =2y + 3y?) +2y3 = 3y* + 1]logy
2
A(x.y)
—x(5y° —4y* + 2y -3)
I+y—x+A(x,y)

[} +x*(3y* +y—3)

— (1 =y)*(1+2y)]log

2y ’
(B7)
9z(x,y) = 2x(2x =2y - 1)
— [ +x(y=2)-2y*+y+1]logy
2
+ X = 3x2 4 3x(1 + y?) = 2y?
1 - A
+3y? —1]log ry-x+ (x,y)' (B8)

25

3. h contribution

Finally, the & contribution to the charged leptons g — 2
can be written as

1
3271'26‘}1-

+¢i(D3,),,9n (€% )],

Aag(h) [(C;%h)iffh(efﬂi’ w%u)

(B9)

with an implicit sum over the repeated i/ index and the loop
functions

Jr(xy) = =x(x+2y=2) 4+ [(1 - y)* —x]logy

2
+ 2 +x(y?+y=2)+(1-y)
S0y =2+ (1)
1+y—x+Ax,y)
X log , B10
gn(x,y) =2x— (x+y—1)logy
2
+—[(1=x)>+y* =2y
1 - A
x log ty-—x+ (x,y)' (B11)

25

We have compared our results to the general expressions
provided in [71], finding full agreement. Our results also
match those recently presented in [62], where a model with
similar contributions to the muon g — 2 was considered.
Finally, analytical expressions for the contributions to the
muon g — 2 in the limit of heavy mediators are provided in
[12]. While we do not consider this limit in our paper (since
it would correspond to my,, mz, my, > my., m,, ), it can be
used to cross check our results. We find full agreement.
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