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We discuss how charged-lepton masses can be induced inkiigids doublet models (NHDMSs)
through renormalization group running of Yukawa coupling&amples of electron and muon
mass generation are presented within scenarios with twebilaee-Higgs-doublet models. We
also show that quantum corrections to the Yukawa coupliagsbe naturally of the same order
as the tree-level values. The impact of such correctionsHDMs with right-handed neutrinos
is briefly commented.
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1. Introduction

The recent discovery of a Higgs-like boson at the Large Hadron Col(idéC) [B] repre-
sents an important milestone on the understanding of mass generation drmweak symmetry
breaking (EWSB). Nevertheless, an explanation for the observedisin of fermion masses is
lacking. Hierarchies in this pattern suggest that while third-generationamassy arise at the clas-
sical level, quantum corrections are responsible for the origin of theinémgeones [B]. Realistic
models of radiative fermion mass and mixing generation have been built both fratheworks
of supersymmetric theorief§ [4] and Grand Unified Theories (GUJ sH&]mion mass hierarchies
may alternatively be explained by the presence of symmetries acting ongfzawe and constrain-
ing the structure of the Yukawa couplings. One can consider, for instdhe Froggatt-Nielsen
scenario [6] where U(1) shaping symmetries are broken when some fielda S (flavong ac-
quire nonvanishing vacuum expectation values (VEVS), The effective Yukawa structures thus
generated are governed by powers of small parametersS) /M.

Concerning the explanation of the neutrino flavour pattern, where the mexsschy is mild
and the mixing large, the recently taken route is to implement discrete symmfri€&ngpossi-
ble model-building approach in this context is to extend the field content bpgddveral scalar
doublets, whose couplings to fermions depend on the broken or umbsgkametries, and may or
not be generated at the renormalizable level. The VEV and Yukawa cgumimfigurations will
then determine the pattern of fermion masses. If a certain VEV configuratimotaccommodate
the observed values of fermion masses at tree level, it is customary to disasswitphenomeno-
logically viable. This would occur if, for instance, a charged lepgois massless (or too light) at
tree level in a multi-Higgs doublet model where only one of the doublets sarNéEV. In this case,
a sizable coupling of these leptons with the nonzero-VEV Higgs can nelesthbe induced by
quantum corrections, contributing to a massafter EWSB. In the present work, the possibility of
radiatively generating charged-lepton masses due to such correctexmased. Simple examples
in two- and three-Higgs doublet models are considered, and the cadd@f/sl extended with
right-handed neutrinos is also briefly discussed.

2. Radiative charged-lepton massesin NHDMs

Consider the extension of the Standard Model (SM) WitHiggs doubletsb, = (@, @)T ~
(2,1/2). The Yukawa Lagrangian reads

— % = (Y9)i;quiPatrj + (Y )i AL Padrj + (Y L)ij fLi Paerj + H.C., (2.1)

whereqy;, ¢.; denote quark and lepton doublets;, dr; andeg; correspond to the right-handed
singlets, andb, = iox®% = (@¥, —@;)T. The Yukawa matrice¥ X are general % 3 complex
matrices which can be diagonalized by the biunitary transformations

VATYZUZ = diag(yai, Vo, Yas) » 2.2)

with yX are real and positive. After EWSB, mass matrices are generated ateeade

N N
My, = z VaYg’é , My= z VaY3, (2.3)
a=1 a=1
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wherev, = (¢@0) is the VEV of ). We restrict our attention to corrections to the charged-lepton
Yukawa couplings)Y’. At the one-loop level, the renormalization group equations (RGEs) for
these couplings read ,

16712ddYt"" — Ba, t=log (‘/Li\) , (2.4)
with u andA the renormalization and reference energy scales, respectively. &dHDM, the
beta function at one loop i§][8]

1
Bél) = ang + 0{?beJ + Yng)TYf; + éYﬁYﬁTYg, (2.5)
with ag = —9g?/4 — 159’2 /4, whereg andg’ are the SU(2) and U(1)y gauge couplings and
g
agd = 3Tr(YgTYg+YngT) +Tr(Y§YﬁT). (2.6)

The contribution controlled by these coefficients stems from Higgs wawetin diagrams with
ingoing ®,, quarks and leptons in the loop, and outgoibhyg
In order to simplify our analysis, we henceforth consider the Higgs bBEgig@fthough the
analysis is valid for a general vacuum configuration) where all VE¥szaro except the one of
someg? (v, = v = 174 GeV), and Yukawa couplings are rotated accordingly. The ctideggon
mass matrix is therefore
M¢ =Yg, VETYLU; = diag Ve, Yy, yr) (2.7)

at tree level. Notice that we are not interested here in possible flavagiitaneutral current
constraints[[30], since these can be avoided considering the decoliplingf NHDMs [[L]].

We will focus in the one-loop corrected couplings, denote&é@). The beta function fol },
given in Eq. [2.p) contains terms dependingdpitself, contributing to existing tree-level masses,
and terms proportional t6, namely the aforementione@be; term. Forb # a, such terms induce
corrections tor' which are independent from its own structure. Under the reasonahlenasion
that the top quark couples with the same strength to all Higgs doulpletsl, and considering, for
simplicity, all matriceSYf; diagonal with elements given lyy;, one can estimate the magnitude of
corrections tor' coming fromY}, to be typically of the order of

5yai~]f)g;;'zlog<£4> i=123,b+a, (2.8)
whereA is a high scale at which the Yukawa couplings are initially given, mnds the typical
scale of the extra scalars in the theory. This illustrates the fact that Yukaugalings with the
zero-VEV scalars, while not contributing to tree-level masses, can éigojgortant corrections to
Y., depending or\, my and on the size of th¥} (b # a). In order to end up with three massive
charged leptons after taking quantum corrections into account, onbe@t{t)(ﬁ(l)) = 3, wherer
denotes matrix rank. It can be seen that, in general, the rank of Yukaw@esan a NHDM may
change due to these corrections, and lepton masses which were dhiseatlavel are induced.
One starts by noticing that the beta function Ydy, at any loop orden, can be cast in the form

N
BV =S XUk, (2.9)
k=1
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wherexg?a are matrices in flavor space. For instance, from Eq] (2.5), one ha &ap
1) ak et 1 oyt
Xak = (dakag+ 0§ ) L+YY| + 50k YaYa - (2.10)

In the leading-log approximation, the structure of the couleé@ (corrected up to ordar) will

be given in the form of Eq[(3.9) with differext matricesx;(ﬂ). In the general case where at least
one a{';‘b (b # a) is nonzero, maximum rank for the¥é matrices is expected already at one-loop
level. Sincer (AB) < min{r(A),r(B)}, itis clear that the rank of each term in the sum of £q] (2.9)
is at most equal to(Y}), while since rank is subadditivee. r(A +B) <r(A)+r(B). One thus
has

N N
rYAmy =y ( 3 X Yﬁ) < min{& > r(Yﬁ)} : (2.11)
K=1 k=1

Barring tailored cancellations among Yukawa structures, equality gendwaltig in Eq. [(2.211).
This result implies that one can in principle generate charged-lepton nfasse®w-rank tree-
-level Yukawa couplings. Hence, the number of massive charged Epitniepend on these ranks
and on the number of existing Higgs doublets. For instance, to end upyyithassive charged
leptons from rank-1 (tree-level) mass and Yukawa matrices one wouttl Nee ny,,. To make this
point clear, we consider in what follows some simple and extreme examplee vaukative mass
generation is key. It is not our goal to frame these examples in specificlsnogieto provide a
proof of concept for these claims.

Considering first the 2HDM casg [12], one can see that at most omgezh#epton mass can
be radiatively generated from rank-1 Yukawa matrices in the Higgs Hastead, if 3— n charged
leptons are massive at tree level, one narédé) > nto end up with all charged leptons massive.

In the 3HDM, on the other hand, all three charged leptons could acquir@sa from rank-1
Yukawa matrices in the Higgs basis. To illustrate this, consider a 3HDM with auwaaonfig-
uration of the typg(va, vz, v3) = (0,0,v) and with Yukawa couplingsY = diag(&;,0,0), Y5 =
diag(0, £2,0), Y5 = diag(0,0, &), taking all parameters real thus neglecting possible CP-violating
effects in this sectof]3]. Within this setup, only the tau is massive at trekdedeonlyY$ is rele-
vant for charged-lepton masses. At one loop, in the leading-log ajppat®n, the charged-lepton
masses thus obtained read

my ~ #a&ia log <n’;> i=12. (2.12)

Hereafter we consideh = Agyt ~ 106 GeV andmy ~ 1 TeV. Keepingad' ~ ¢/(1), the right
masses are in this case obtained(ft &;, £3) ~ (1.6 x 107°,3.2 x 1073,0.01), whose hierarchical
structure could be explained by a Froggatt-Nielsen mechanism.

Even though so far only extreme examples of mass generation have lyesitheced, less triv-
ial Yukawa structures can also introduce corrections to lepton mixing. Teigt ean be illustrated

1This condition is necessary but not sufficient due to the aforementjoossibility of cancellations, a trivial such
exception being’$ 0 Y.

Notice that in the following examples the zero entries in the Yukawa matricmsicsiperhaps not be taken as
strict zeros but interpreted as the limit of very suppressed entriesieQuits are valid also for more complicated flavor
structures which we do not consider here.
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by considering the same 3HDM as before with a nondiagonal choice loflr} matrices:

g 00 0&€0 0 0 &3¢
Yi=| —@c00]|,Ys=[0g 0| ,Y5=]|00 0 |. (2.13)
—-£€00 00O 00 &

As before, only one charged lepton is massive at tree level, while takingtivedeffects into

account correcty’ to Y5 = Y4 — 5Y4, with

1
31 32 202 2
ay-€1  Oy°EE é535(@326 + 6¢3)

1 1 7AN
E [ —
OY5~ 62 —adlee ade é8225382 Iog<mH> , (2.14)
3
—adlge 0 ésg

anday' given by Eq.[(2]6). At this (one-loop) level, one obtains

31 A 32 A
met ~ vy &1 v 1+ 2¢2vlog (m) , mf}) ~ & VvV 1+¢€2vlog <m> , (2.15)
H H

1672 167

from the mass matrii él) =vY 4V, Taking (e, &, €3) ~ (1.5x 10°5,3.2x 10-3,0.05) ande < 1,
while keepingad' ~ (1), allows one to reproduce the observed valuesrigy ;. Moreover, the
left-handed rotation which bring\slél) to the diagonal basis is no longer trivial:

~-1+&2 ¢ €
82
V| ~ e 1-5 0 . (2.16)
2
&€
€ —g2 1-=
2

Such a rotation would be invaluable to correct, for instance, a tribimaximaM{TiBixing pat-

tern [L4] arising at tree level, as its exact version is presently excludedta a nonzero re-
actor neutrino angle. Were this the case in the above example, one woddhacorrection
Utem — VEUTBM to the lepton mixing matrix due to the rotation of charged-lepton left-handed
fields to the diagonal basis. The new mixing angles would then be:

. 1 4 . 1 .
Sir? By ~ 3tgE Sin? 6,3 ~ 51— €2) , sirf By3 ~ 2¢2, (2.17)

which, fore ~ —0.11, lead to the right value for the reactor neutrino ar@jlg while keeping the
remaining mixing angles within experimentally allowed rande$ [15]. This simplepbkashows
how a scenario which would be excluded by tree-level considerati@usrizs phenomenologically
viable when quantum corrections to the charged-lepton Yukawa cougiegacluded. We point
out that we have started from a situation where the muon and the electrenmessless and
613 =0, to end up with a case wheng, m, and 6,3 are radiatively generated. Quark masses and
mixing can also be generated through this same effelct [16].

Although we have presented examples with massless charged leptons avéteenhich
would certainly call for a justification—we stress that, even if this is not the,¢he RG corrections
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to the Yukawas in NHDMs should always be kept in mind. To illustrate this,idens 2HDM
with real and diagonal Yukawa matric¥§ = diag(ya1, Yaz, Yas) in the Higgs basis wher@?) = 0.
The one-loop corrected Yukawas will be

W . (Bwag+a) A
Y1i —Y1|—TYb||Og me . (2.18)

Taking the natural valuey? ~ ¢(1), it is apparent from the above estimate thakif> 16yy;/
log(A/my), the one-loop contributions to the Yukawa couplings are relevant. lin&tance, the
electron couples witkb; and®, with y1e = me/v~ 2.9 x 107% andyse > 4.6 x 107*/log(A/my),

the correction to its coupling will be of the same order (or larger) than thddxetvalue. Choosing

as before\ ~ 10'® GeV andmy ~ 1 TeV, this bound becomese > 3.5 x 10~°, which may still

be a relatively small parameter. For the third generatypn 0.1 would lead to a correction of
the order ofy:;; = m;/v. In fact, even if each charged lepton couples with the same strength with
the two Higgs doublets, the Yukawa couplings would becgﬁfe: Y1i — OYai, Where

NS S aWES

(2.19)

yi 162 my

Taking ag + o + ad? ~ 4, A ~ 10'® GeV, andmy ~ 1 TeV, the inducedy;; amounts to~ 70%
of the tree-level masses.

It is worth pointing out that loop effects not controlled by the RGE runnihgugh out of the
scope of the present analysis, may need to be considered. Thesbutmits have recently been
shown to be at most 5% in several versions of the 2HPNI [17].

3. Radiative charged-lepton massesin NHDM s with right-handed neutrinos

Consider now the possibility of extending an NHDM by adding three righttedmeutrinos
vrj to the field content, with mass&4; > v. The extended Yukawa Lagrangian reads

L' =L~ [(Y)ijli®Pavrj+H.C] (3.1)

where.? is that of Eq. [2]1), while Dirac neutrino Yukawa matrices are denotedby

It is known that in the SM the presence of couplings cannot generate charged-lepton
masses radiatively. This is due to the fact that new terms in the beta functiéh are of the
form YVYVTY!, implying that Yukawa eigenvalues are always proportional to themsdldgsIp
contrast, differeny in the NHDM will contribute to the renormalization of the vario\d%, both
through wave-function and vertex corrections above the right-handetitino mass scale. It can
be shown that the modified one-loop beta function, valid from M; to M;, reads

1
B = B+ adY YRV YA —2v YTy, (3.2)

with ag® = Tr(Y¥'Y}), in agreement with Ref[T19]. The presence of right-handed neuteidds
two new contributions to the beta functiﬁél) which do not depend ovi, [cf. Eqgs. [2.p) and(3]2)].
Notice, however, that these extra terms are only activefar[M;, A > M;].
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It can be seen that the second term of fq] (3.2) alone can generaesifaadsoth the electron
and the muon in an NHDM. Extending the previously presented 3HDM exanypieebaddition
of right-handed neutrinos, and considering, for simplicity, diagonabW#matrices in the Higgs
basis, one obtains

my ~ ﬁa&lsi log <|\//T|) Li=1,2, (3.3)

whereg; are the couplings of the electron=£ 1) and the muoni(= 2) to the zero-VEV Higgs
doublet®;. TakingY} ~ ¢(1), which impliesa2! ~ £(1), seesaw (light) neutrino masses ~
0.05 eV require a heavy scalef ~ 104 GeV. In this case, one could obtain the right electron and
muon masses fafey, &) ~ (1074,0.02). If, on the other hand, one assumes that charged leptons
couple with the same strength to the doubkbtsand ®,, the corrections to the masses coming
from theY\’s do not exceed 10% of the tree-level values.

4. Conclusions

In this work it has been shown that charged-lepton masses can bevelgigienerated in a
natural way in NHDMs due to the presence of Yukawa couplings of leptodsjaarks with the
extra (non-SM) Higgs doublets. It is important to mention that, besidestiaiflecharged-lepton
masses, the RGE running may have dramatic effects on the left-handedrrethtah brings the
charged-lepton mass matrix to its diagonal form. This clearly changes fioaditor lepton mixing
parameters, which have to be confronted with neutrino oscillation data e Toesections should
then be taken into account in phenomenological studies of fermion mass aimg) migdels with
more than one Higgs doublet. The presence of right-handed neutrinddgs additional sources
for this effect.
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