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1 Introduction

After the discovery of the Higgs boson [1, 2|, there are increasing indications of a mass
gap to the next physics scale, f, above the TeV [3, 4]. Such a scenario can be naturally
implemented in non-minimal supersymmetric models, as well as in composite Higgs mod-
els [5-7], with the scalar observed at the LHC being a pseudo-Nambu-Goldstone (NG)
boson in this latter case. Among this second class of models, the Littlest Higgs model with
T-parity (LHT) [8-12] emerges as a well-motivated and phenomenologically viable simple
model [13-32].

As a matter of fact, neutrino physics remains the only signal of new physics beyond
the minimal Standard Model (SM) [33]. Then, although the LHT is designed to interpret
the Higgs boson as a pseudo-NG boson, it must also account for the observed neutrino
masses and mixing. As we shall see, T-parity, which plays an essential phenomelogical
role suppressing new indirect effects and reducing direct production limits of new (T-odd)
particles for they must be pair-produced, also has a significant impact on the mechanism
of neutrino mass generation.

In this paper we show that the LHT can naturally accommodate the inverse see-saw
of type I [34-36], and the observed pattern of neutrino masses and mixing [37], without
breaking T-parity. Lepton Number (LN) must be explicitly broken at some stage if the
observed neutrinos acquire Majorana masses. The LHT has the matter content to account
for see-saw mechanisms of type I and II [38-47]. However, the type II see-saw, originally
considered in the literature [48], relies on the spontaneous breaking of T-parity [21]. Even
more, the invoked coupling giving neutrinos a mass explicitly breaks T-parity, what implies
that it can not be generated by quantum corrections as we argue below.

In the following we shall show that the minimal lepton content of the model is fixed
if one requires that the Higgs mass does not receive quadratically divergent contributions
and that Lepton Flavor Violating (LFV) processes, in particular, Higgs decays into two



different opposite-charge leptons, remain one-loop finite. This is assuming the originally
proposed mechanism for implementing T-parity in the fermion sector and the associated
Yukawa Lagrangian giving masses to the T-odd partners of the SM fermion doublets (mirror
fermions) [11, 12]. LFV processes stay one-loop finite when we also assume that the SM
right-handed (RH) charged leptons are singlets under the global symmetry and that they
obtain masses through the usual (minimal) Yukawa interaction [13, 15, 28]. However, the
finiteness of these processes is only guaranteed if we require the heavy neutrino singlets
completing the RH multiplets under the unbroken global symmetry to be T-even. In this
case they mix with SM neutrinos already at tree level and the corresponding mass matrix
is the inverse see-saw one, once small Majorana masses are assumed for their heavy left-
handed (LH) singlet counterparts. Hence, all phenomenological implications derived from
this mechanism follow, in particular, the constraints on the mixing between SM and heavy
leptons obtained from Electro-Weak Precision Data (EWPD) and from the non-observation
of LFV processes [49-52], as we shall summarize. The conclusion is that, even though T-
parity alleviates the flavor problem, we still have to tune the model to reduce the possible
misalignment between the SM and the heavy fermions in the absence of an extra flavor
symmetry. Constraints on neutrino mixing result in an upper bound on the mass of T-odd
mirror leptons, which are at the reach of the LHC and/or future colliders.

In next section we introduce the notation and justify why the inverse see-saw is nat-
urally implemented in the LHT. In particular, we emphasize that the see-saw of type II
must be expected to be suppressed relative to the see-saw of type I. In section 3 we review
the current constraints on the inverse see-saw and the allowed regions of LHT parame-
ters. The last section is devoted to conclusions and final comments on the implications for
LHC searches.

2 Neutrino masses in the LHT

Let us introduce the LHT to fix our notation and assumptions [25, 31]. (For excellent
reviews see [53-55].) The model realizes non-linearly the global SU(5) symmetry which is
broken down to SO(5), giving rise to 14 NG bosons
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They act on the fundamental representation of the unbroken subgroup multiplying by
¢ = eM/f. The action of T-parity is defined to make T-odd all but the SM scalar doublet



¢ = (—ir™ (U—i—h—i—iﬂo)/\/i)T of hypercharge 1/2 (v ~ 246 GeV is the SM vacuum
expectation value (vev) and the superscript 7" means transpose):

I« —QIQ, Q=diag(—1,-1,1,—1,—1). (2.2)

Four of them, w and 7, are eaten by the T-odd replica of the electro-weak gauge bosons
whereas the other six, ®, transform as a complex electro-weak triplet of hypercharge 1.

T
)

In the fermion sector each SM lepton doublet I, = (vr £1)" is doubled introducing

two incomplete quintuplets [10, 11] (o2 is the second Pauli matrix):

—io2lyg, 0
U, = 0 , Uy = 0 , (2.3)
0 —io3lyp

with Wy transforming with the fundamental SU(5) representation V' and Wy with its com-
plex conjugated V*,

\1/1 — V*\I’l, \112 — V\IJQ . (24)

The indices 1 and 2 must not be confused with the family index, which we will omit if not
necessary. The action of T-parity on the LH leptons is then defined to be

0 0142
Uy 5 Q%0W,y, with So=| 0 1 0 | . (2.5)
15,200 O

T-parity is thus implemented in the fermionic sector duplicating the SM doublet I}, =
(lip — lar)/V/2, corresponding to the T-even combination (¥; + QX¢Us)/v/2, with an
extra heavy mirror doublet Iy, = (vgL EHL)T = (I11, + la1)/V/2 obtained from the T-odd
orthogonal combination (¥ — Q¥¢Ws)/v/2. This extra doublet per family will get its
mass combining with a RH doublet lgg in an SO(5) multiplet ¥, transforming with the
fundamental SO(5) representation U,

VR
Up = XR s Up — UV¥pg. (26)
—io?lyp
The non-linear Yukawa coupling generating this large mass ~ f reads

ﬁyH = —Iﬂ:f <EQ€ —|—@120€T> Ur+he., (27)

where the first term preserves the global symmetry for £V EUT. While the second one is
its T-transformed once the T-transformed of ¥y is fixed to be QUg [12, 56, 57].

This Yukawa Lagrangian then constrains the heavy fermion content, also restricting
the see-saw pattern, as we discuss in the following. Besides giving a vector-like mass v/2k f
to vp, it also gives a quadratically divergent contribution to the Higgs mass through the
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Figure 1. Diagrams contributing to the Higgs mass. The mirror lepton exchange (left) cancels the
mirror-singlet mixing contribution (right).

diagram in figure 1 (left). This contribution with a mass insertion and vy r running
in the loop is cancelled by the contribution of the diagram in figure 1 (right) with ygr
and vy, running in the loop. This cancellation is exact if the masses of x and vy are
equal. Otherwise, the sum of both contributions is logarithmically divergent (see, for
instance, [58, 59] for the analogous cancellation in the collective breaking case). Hence,
Xr can not be ignored [11].! Few comments are in order. The T-parity of yg is even
in contrast with the other four components in W, which are odd. If we had chosen the
T-transformed of ¥ to be —V¥ i and the T-parity of xr to be also odd, the lepton running
in the diagram of figure 1 (right) would have been xr and vy, and not vy. Obviously,
including all field components both in the LH SU(5) and the RH SO(5) multiplets, the
total contribution to the Higgs mass cancels due to the NG nature of the Higgs boson.
However, as we want only to duplicate the SM (LH) lepton doublets to start with, the SM
singlet yr must be always included to cancel the quadratically divergent contribution of
vy to the Higgs mass. This can be checked diagramatically working out the corresponding
Feynman rules for the Lagrangian in eq. (2.7) and computing the diagrams in figure 1, or
reading the Higgs mass from the general Coleman-Weinberg expression [8, 60, 61]
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Vl—loop _ LS‘EI‘(MQ)AQ +

39,2 Str(M*) In

(2.8)

where Str(M") = zp(—1)25p(25p+1>mg runs over all particles with spin s, and background
dependent mass my, and A is the momentum cut-off ~ 4r f.?

The lepton singlets xr must also get a large (vector-like) mass by combining with a
LH singlet xz through a direct mass term without further couplings to the Higgs. As
they must do the extra leptons (partner doublets) in SO(5) multiplets, ¢’ in eq. (2.6), for
they must be also included in order to keep the LF'V Higgs decay amplitudes into charged
leptons one-loop finite [31]. (See also footnote 1.) Thus, their mass terms write

Ly = —MXxR — M"Y} % + hc., (2.9)

ncomplete SO(5) fermion representations also result in two-loop quartically divergent contributions to
the Higgs mass induced by the couplings of their kinetic term [10].
?Note that for fermions M? = MM,



where ¢} is the LH (doublet) counterpart of ¢,.% (Nevertheless, in the following we will
not be concerned with the mirror leptons or their partners ¢’ because they are T-odd and
do not mix with the SM leptons nor with x.) With this matter content, x, is an SU(5)
singlet and it is therefore natural to include a small Majorana mass for it. Once LN is
assumed to be only broken by small Majorana masses p in the heavy LH neutral sector,

L, = —%XCLXL +he., (2.10)

the resulting (T-even) neutrino mass matrix reduces to the inverse see-saw one:

v,
LY = —% (QX*RXTL)MZ*W” X% | +he., (2.11)
XL
where
0 is" fsin () 0
ML= = | ikt fsin ( = f) 0 M, (2.12)
0 M* I

with each entry standing for a 3 x 3 matrix to take into account the 3 lepton families. The &
entries are given by the Yukawa Lagrangian in eq. (2.7) and M stands for the direct heavy
Dirac mass matrix in eq. (2.9), while p is the mass matrix of small Majorana masses in
eq. (2.10). The natural size of the mass eigenvalues for M is ~ 10 TeV, of the order of 47 f
with f ~ TeV, as required by current EWPD (see below) if we assume the k eigenvalues to
be order 1. While the u eigenvalues shall be much smaller than the GeV. The predictions
for the SM neutrino masses and the LFV contributions of the quasi-Dirac singlets y are
those of the inverse see-saw [50-52]. (See [65—-70] for analyses in alternative SM extensions,
including models with warped extra dimensions.) Before going through the corresponding
phenomenological study, let us comment on two other a priori less natural scenarios.

2.1 T-odd heavy singlet

If we had chosen the T-parity of xyr to be odd by defining the T-action on the fermions
Uy JRLIN —oUq, Up BN —Wp and hence, the T-invariant Yukawa Lagrangian in eq. (2.7)
to be Ly, = —kf (@2{ —i—@lEoQ{TQ) Up + h.c., all new fermions would be T-odd [11].
Thus, their contribution to the mass of the SM neutrinos, once LN is broken as assumed
before, would be one-loop suppressed. This appealing possibility has the drawback that the
LFV Higgs decays into two charged leptons become logarithmically divergent due to the
contribution of xr when exchanged in the diagrams in figure 2. (We will provide further
details elsewhere.) As we are interested in setting up a predictive model at leading order

3The Higgs boson mass is also free of quadratically divergent contributions of order &2 if the SO(5) (RH)
multiplets are complete and the SM singlets x 1, are doubled by including them in the SU(5) multiplets W o
in eq. (2.3). However, the Yukawa Lagrangian in eq. (2.7) also provides a large mixing between vz and
(the T-even combination of) xr, whose relatively large value ~ v/2f is fixed. Hence, new mass term
contributions are needed to make the lepton singlets heavier (than ~ v/2kf) and satisfy the limit on the
singlet content of light neutrinos (mainly electro-weak doublets), which is bound to be < 0.03 at 95 %
C.L. [62-64] (see below), without pushing f too high. We will not consider this enlarged lepton content
any further.



Figure 2. Higgs decay diagrams exchanging the RH singlet in SO(5) quintuplets resulting in an
unmatched divergent contribution when SM charged leptons get their mass from the usual (minimal)
Yukawa coupling.

at least to one loop, meaning in our case that the Higgs boson mass can get one-loop
corrections at most logarithmically divergent and that LFV processes involving only SM
external fields must be finite, we disregard this alternative in what follows. Nevertheless,
the logarithmically divergent contribution of xyr to LFV Higgs decays into charged fermions
does rely on the mechanism giving masses to them. In our case, we assume that the charged
leptons ¢ get their masses through the Yukawa Lagrangian [13, 15, 28] (summation over
z,y,z =3,4,5 and r,s = 1,2 is understood):

2
=%

where the LH leptons are included in two other incomplete SU(5) multiplets in fundamental

Ly

FE e [(09)0(2)rg(D)ss + (V] £0Q)a ()1 ()| £ + e, (213)

representations 5 and 5%, respectively:

O‘lllL 0
wW=| o |, w3=| o |, (2.14)
0 olog,

with 0,0’ scalars with the proper charges to endow oloy, and o'l;;, with the charges of
the corresponding components of 5* and 5, respectively, and ¥/ = QX¢2EQ. Thus, the
introduction of the scalars o, 0’ allows us to change the sign of the gauged U(1) charges
in SU(5) for lyy, and Iy, while also giving the correct hypercharge to olyy, and ¢’ly;. The
action under T-parity is then defined as

09 5 Q%09 . (2.15)

However, this particular construction does not allow to allocate xz, in ¥¢ or ¥§ and then,
no coupling to {r can compensate for the logarithmically divergent contribution of xr in
figure 2. If we wanted to insist in x being T-odd and hence, in introducing the adequate
(h 4+ v)?wtxlr and (h + v)2® YLk couplings to compensate this xr contribution, we
would have to assign /r to a larger representation, for instance, generalizing the proposal
for composite Higgs models advocated in [71, 72], as we will review elsewhere.



2.2 See-saw of type I and II

As mentioned when describing the NG boson content of the model at the beginning of this
section, the triplet ® has the correct SM quantum numbers to mediate the see-saw of type
II. What originally brought to consider this mechanism to generate neutrino masses in the
LHT [48]. However, the contribution of a non-zero vev for ®° is expected to be subleading,
as we shall argue. The Yukawa couplings giving large masses to mirror leptons in eq. (2.7)
fix the ® LN to be zero and quantum corrections do not generate the see-saw operator of
type II [42-47]:

EII

see—saw

= 1
=yijlri Alpj +he. — — 5 yﬂl/LlVL] + h.c., with myﬂ \@yij@)(]) , (2.16)
where [;; = i1, = (05, — VEZ»)T, with [§, the three charge-conjugated SM lepton dou-

blets, : = 1,2, 3, and

+
(I)i _<I>++

A= q)oficpp o |- (2.17)

vz V2

(Note that we have included a —io? factor on the right in the definition of A to take care
of this factor in the definition of ¥ in eq. (2.3).) This coupling not only violates LN, which
must be assumed to be broken at some stage, but also T-parity because ® is T-odd while
the SM fermions are T-even. Obviously, T-parity is spontaneously broken if (®%) # 0 and
SM neutrinos shall get a mass once LN is broken. Nevertheless, these masses must be
induced by a T-parity preserving operator, which must then involve an even number of
®%’s and be of higher dimension than the see-saw operator of type II above. As a matter of
fact, an SM invariant operator must also involve at least two Higgs doublets because they
must compensate for the hypercharge of the two lepton doublets. In summary, an SM and
T invariant LN violating operator involving ®° is at least suppressed by a factor (®°)2/f2
relative to the SM Weinberg operator [73], as we show below for the inverse see-saw, and
then, it is subleading in the LHT.

In the inverse see-saw model at hand the integration out of the quasi-Dirac neutrinos
X, with heavy masses given to leading order by the 3 x 3 mass matrix M, generates the
corresponding Weinberg operator (see eqs. (2.7), (2.9) and (2.10))*

1 T _
S M (s f MY (0 +0)) (2.18)
with (also omitting family indices)
0, =% g—gT\IJ +ager it ey,

qfcgﬂg v, + g 2 ery (2.19)

4The fermionic kinetic terms properly normalized are written, for instance, in ref. [25].



Figure 3. Diagrammatic expansion of the tree-level integration out of x, eq. (2.20).

Both O, and (’);< include the SM Weinberg operator and subleading contributions contain-
ing ®° (we omit subleading terms not involving A)

Oy > — 2 (55 (1) - [ AT 6 (61 AlL)

2f2 4f4
— LATAYG) (1) - 1(!2&*)(&*ATA1L>] T
0, >~ 5N 1L) + 1z | HEATE) AL
+GATAEG) + GG AL] + 22

with (;3 = io?¢*. (The four terms in the operator expansion can be also read from the
diagrammatic tree-level integration out of y in figure 3.) As emphasized above, the dimen-
sion 7 operators give an extra contribution to the SM neutrino masses but proportional to
(®%)202/ 3 and then subleading, being its ratio to the leading term —(®°)2/6f2.5 Thus,

®The corresponding LHT Weinberg operators preserving the full global symmetry write (see also [21])
O =TS8, + U520y, O = T5W, + W5U, (2.21)

where ¥ = ¢X0¢7 is a 5 x 5 symmetric tensor under SU(5), ¥—=VEVT, and %o, introduced in eq. (2.5),
is the singlet direction under SO(5), Lo = UXoU”T. The expansion of O also includes the SM Weinberg
operator as well as the lowest order operators (of dimension 7) involving the scalar triplet @,

0> ——(156")("IL) —

& (A6 (6! AL)

3 f4
~(EATA )G — ()@ ATAL)] + .. (2.22)



the scalar triplet contribution to neutrino masses is expected to be very much suppressed
relative to the see-saw of type I. (We shall assume in the following a vanishing (®°).)

3 Inverse see-saw masses and mixings

The inverse see-saw has been widely studied in the literature [49-52, 65, 68, 70]. The light
(1) neutrino masses can be obtained diagonalizing the neutrino mass matrix in eq. (2.12)
to leading order or directly from eqs. (2.18) and (2.20):

* * . C e v _
(Mf,)lj = Ot , with 0y = —ifsin <\@f> Kik M, L (3.1)

where we have reintroduced the family indices (summation is understood when they are
repeated in a product) and assumed without lost of generality that the x mass matrix, M,
is diagonal and positive definite. At the same time (in the basis where the charged lepton
mass matrix is diagonal)

M., = Upnins D Ufyns and solving eq. (3.1), = (0) " Upyins DL Uy ns (01) 71, (3.2)

where Upyns is the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix [74-77] and D!, the
diagonal neutrino mass matrix. Hence, for a non-singular # matrix p can be always adjusted
to fit light neutrino masses and mixing. (We use u to denote the Majorana matrix for yr;
or any of its small entries, what should be clear by the context.) For instance, if f > 1TeV,
k=1and M = 10TeV, u ~ 0.3keV for a light neutrino mass of 0.1 eV.5

The experimental limits on 6 can be always satisfied without implementing flavor
symmetries in the model but LFV constraints set stringent limits on the heavy scale as
well as on the mixing between light and heavy leptons, as we review in the following.

3.1 LFV limits
The 6 matrix elements give the mixing between light and heavy (quasi-Dirac) neutrinos, !
and h, respectively,

1
(Upnins)ijig; = [13x3—2(99T)} vrj—bijxri, Xii= [13x3—(9T9)]”XLJ'+9LVLJ‘7 (33)

ij ij
to leading order. They are constrained by lepton flavor conserving processes at tree level

because they modify the SM charged and neutral currents (in standard notation) [79, 80]:"

. 1
‘CW \[VLZ sz EL]WJF +h.c. with le = {UE’MNS |:]_3><3 — 2(99T)j| } ,
j
g .
Elz = S yl X! VLJZN, with  X;; = {U;LMNS[13X3 _ (GHT)]UPMNS}ij ‘

(3.4)

While O’ has no scalar couplings, and with the fermion content in eq. (2.3) it vanishes.

5Note that the small mass parameters j ~ 0.3 keV are technically natural [78], as they are the only
terms in the theory breaking LN. Although in the absence of a flavor symmetry there is no dynamical
explanation for the x and p values fulfilling eq. (3.2).

"Charged and neutral currents are related at leading order X;; = Wi W}y, with the neutral currents
satisfying the positivity constraints | X;;|*> < X X,j, [0 — Xis|> < (1 — Xi3)(1 — Xj;). The latter reduces
|2

to the Schwarz inequality |(607):; (86%)::(8607);;. All of them are automatically taken care working only

with the mixing matrix elements 6;;.



EWPD (only one 6;; # 0, at 95 % C.L. [63])
16.1] < 0.04 | 10,2] < 0.03 | 16.5] < 0.09
LFV at 90 % C.L. (Mg = 10TeV)
Br(p—e) <4.2x 10713 [82] | Br(t — ev) <3.3x 1078 [83] | Br(r — pu ) < 4.4 x 1078 [83]

— 007, <0.14 x 1074 — 0507 < 0.40 x 1072 0,507 < 0.46 x 1072

Table 1. Limits on the mixing between the SM and the heavy quasi-Dirac neutrinos from electro-
weak precision data (top) and from lepton flavor violating processes (bottom). The sum on the
repeated index j = 1,2, 3 is understood.

More stringent are the constraints from (charged) LFV processes which proceed at one loop,
as do (g — 2), and at higher order the Electric Dipole Moment of the electron (EDM,).®
Even though they are suppressed by the corresponding loop factors 1/1672, they can and
do significantly restrict the 6 matrix elements (and the heavy neutrino masses M;) fixing
the coupling between the SM leptons and the heavy quasi-Dirac neutrinos:

£ = \[XLZHH’YWLJ‘W; +he., b= %XTL‘ZA(@TUPMNS)M’Y“V}JJZM +he . (3.5)

The Yukawa coupling in eq. (2.7) also enters in the calculation of Higgs decays, for instance,

Ly D —=cos

A (ar

where the last equation gives the leading term in v/f and 6;;.

> VLH%]XR]h + h.c. lL (UE’MNSH)U TJXth + h.c., (3.6)

In order to properly confront the LHT with experiment we should perform a global fit
to EWPD and to current LF'V experimental limits. This is, however, beyond the scope of
this paper, in particular because there are also other one-loop contributions to the latter
mediated by T-odd leptons [31, 32]. Moreover, while the amplitudes exchanging T-odd
leptons are suppressed by inverse powers of f, the amplitudes exchanging heavy T-even
neutrinos are suppressed by inverse powers of their masses M} and hence, their sizes can
be made to vary a priori independently. We would then only derive conservative bounds,
postponing a global fit to a future publication.

In the top part of table 1 we collect the limits from EWPD obtained assuming that
each heavy neutrino only mixes with one light neutrino of definite flavor and that only one
mixing is non-vanishing at a time [62-64]. This means that only 0;; # 0 in the basis where
the charged leptons are diagonal. Assuming universality and, in particular, that the three
mixings 0;; are equal, their absolute value is found to be < 0.03 at 95 % C.L. [64]. Hence,
eq. (3.1) implies

M;
’/ﬂi‘ < 0.17 (TeV) , (37)

8The addition of heavy neutrinos does not modify the SM neutral currents for charged leptons at tree

level and then, they remain lepton flavor conserving and universal.

~10 -



for f larger than the TeV. Note that this effective description requires M; < 4w f ~ 10 TeV
for consistency of the model. What translates into an upper bound on k;; and in turn, into
an upper bound on the mass of (T-odd) mirror leptons ~ v/2kf (see below).

LFV further restricts the mixing between light and heavy neutrinos, especially for the
first two families. A solution satisfying current bounds is to assume 0 diagonal, as above,
banishing LFV for none has been observed up to now. However, the Yukawa coupling « is

an arbitrary 3 x 3 matrix and hence, in general
k=Vigdesz, (3.8)

with V and Z unitary matrices and 428 a diagonal matrix with semipositive eigenvalues. V
is the transformation matrix relating the mass eigenvector basis for Iz, with the £1, one [25]
and Z is the transformation relating the mass eigenvector basis for lgr with the xyr one.
Nevertheless, this parameterization will only matter when performing a general global fit.
When performing it we shall find that for particular values of these Yukawa couplings some
of the LFV observables can cancel, as found when studying the contributions of the T-odd
leptons in [31, 32]. But not all of them will vanish at the same time, except in the singular
case when all heavy leptons are degenerate or the heavy sector is aligned with the SM. The
allowed parameter region will be then restricted by the non-vanishing observables. The size
of this region and the amount of fine-tuning are determined by the most stringent bounds.
However, such a phenomenological discussion is beyond the scope of this paper, as already
emphasized. In order to estimate the size of these regions is sufficient to consider the most
restrictive current bounds, which are obtained from the non-observation of the radiative
decays ¢ — 'y (see table 11 in [32], and ref. [81]). In table 1 we gather the corresponding
limits. The contribution of the heavy (quasi-Dirac) neutrinos can be evaluated in the 't
Hooft-Feynman gauge in a similar way as the contribution of the (T-odd) mirror neutrinos
in [25]. (The necessary Feynman rules and loop contributions are reviewed elsewhere.)

Gauge invariance reduces the ¢ — (v vertex for an on-shell photon to a dipole
transition,

i DY (pe,pr) = i e [iF7(Q%) + FE(Q%)ys] o Qu, (3.9)
where Q, = (per — pe),. Being the decay width (neglecting my (< my))
D(¢— €)= 5 m} (1F2 + [F3). (3.10)

where o = €? /4, and the form factor (defining aw = a/s%;)

2

v g gr QW M gy [ My
Fy = 0005 m—ﬂM—SVFM <M2> : (3.11)

J

with
2+ 5x — x2 3z 2—0 1

FX — _ — 1 —— 3.12
M) = - Ga s Tagoai Y T g (3.12)

- 11 -



and Fy; = —iF7,. While the corresponding branching ratio reads’

007, Fpy (Mv;/ )
J

2
Br({ — {'v) = sa

- (3.13)

Then, in order to estimate the bounds on the mixing we can substitute £, by its limit —1/2
for M]2 > M2, (see eq. (3.12)), resulting in the bounds in table 1. If we further assume
the moduli of 6, and .. to be less than 0.03 (see table 1), as indicated by EWPD, they
must be aligned with a precision higher than 2.4 % to fulfill the LFV bound on u — en.
No similar (significant) constraint can be derived from 7 decays at present.

Although it is flavor conserving, we can also compute the contribution to the muon
magnetic moment a, = 2m,Fy), (see [32] for the contribution of T-odd leptons), whose
current experimental value is a;, " = (116592091 & 63) x 10~ [33]. With the same as-
sumptions as above (5@5*6"8‘1 =—-12x107"? Gu;ﬁ;k and then, equal to —1.1 x 1072 for
0,07y, = (0.03)2. Which is too small (and negative) to explain a significative departure
from the SM prediction, aEM = (116591823 4+ 43) x 10~ [33].

Similarly to the T-odd contribution to the EDM,, d. = —ng, the contribution of the
heavy quasi-Dirac neutrinos vanishes at one loop. A full two-loop calculation [96] is beyond
the scope of this paper, although its current experimental precision |de| < 1.1 x 10729 e-cm
at 90 % C.L. [97] merits it.

4 Conclusions

The LHT is a phenomenologically viable model with a composite Higgs. It is minimal
in the sense that all other (pseudo-) NG bosons are T-odd, as there are the extra gauge
bosons and almost all extra fermions, while all SM fields are T-even. This translates into
less stringent constraints on their indirect effects and on their direct production because
they have to be always pair-produced.

Our long-term goal is to automate the calculation of the phenomenological predic-
tions of a definite LHT model which can be confronted to experiment, as the minimal
supersymmetric scenarios, and guide collider searches. This means fixing the minimal
fermion content that makes the experimentally most restrictive processes one-loop finite
while keeping the Higgs boson mass free from quadratic divergences. This concerns the
quark as well as the lepton sector, and in this latter case the charged LFV processes which
are the most stringently constrained. The contributions of the T-odd (heavy) leptons in the
standard construction which are necessary to make the Higgs decays finite are calculated
in refs. [31, 32]. In order to make the Higgs boson mass free of quadratic divergences one
must also include the SM singlets in the RH SO(5) quintuplets. The contributions of these
heavy quasi-Dirac neutrinos to charged LFV transitions are reviewed elsewhere. In this

A lot of attention has been payed to this process in the past [84-87] due to the stringent experimental
bound on p — e7y. The contribution of the heavy (quasi-Dirac) neutrinos involves the couplings in eqs. (3.4)
and (3.5) as well as the couplings accounting for the Goldstone boson exchange. This has been calculated
quite a few times in the past [88-95], together with other LFV transitions.
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paper we point out that such a working model can also accommodate neutrino masses and
mixings as these heavy neutrinos allow to implement the inverse see-saw mechanism in a
natural way.

If they are chosen to be T-even, they mix at tree level with the SM neutrinos, giving
rise to a rich phenomenology which has attracted a lot of attention in the past [49-52, 98—
105]. In the LHT, however, the parameters describing this mixing are common to other
sectors of the theory and this is then further constrained by the corresponding experimental
observables, in particular, by EWPD and LHC production limits [106, 107]. This inverse
see-saw mechanism of type I does not need to break T-parity, in contrast with the see-saw
of type II induced by a non-vanishing vev of the neutral component (®°) of the pseudo-NG
scalar triplet of hypecharge —1 present in the model. Moreover, the induced contribution in
this latter case is higher order in the LHT Weinberg operator expansion and hence, further
suppressed. In any case LN must be explicitly broken. A breaking which we assume to be
small and deferred to the heavy LH SU(5) singlet counterpart, xr,, of the SM RH singlets,
XR, that live in SO(5) quintuplets. (If alternatively xg is chosen to be T-odd, the minimal
coupling giving masses to the SM charged leptons has to be generalized to maintain the
LFV Higgs decay into fermion pairs one-loop finite.)

As already emphasized, current experimental limits on the allowed departure from the
SM predictions can be easily accommodated by the relatively large number of parameters
fixing the LHT. Further fine tuning in the neutrino sector is only necessary for the LFV
mixing, which has to be typically adjusted to 1% for u to e transitions. Nevertheless, the
expected range of variation of the LHT parameters makes quite interesting future searches
at the LHC. In the inverse see-saw mechanism the observed neutrino masses and mixings
are uncorrelated, in the absence of a flavor symmetry, with the masses of the heavy quasi-
Dirac neutrinos and their mixing with the light sector.!® In fact, the small LN violating
masses 4 for xr in eq. (2.10) can be adjusted to reproduce the light neutrino masses and
mixings for any (non-singular) value of the heavy-light mixing (see eq. (3.2)). Quasi-Dirac
neutrino masses and mixings are only bounded on the other hand by their direct production
limit, which for M is currently of the order of My, [113],'* and by the non-observation
of any significant departure from the SM predictions in the leptonic sector. The common
dependence on the Yukawa coupling x in eq. (2.7) of the mixing 6 ~ (v/v/2)kM ! between
the light and heavy neutrinos and of the (T-odd) mirror lepton masses myy ~ V2kf
delimits the M — myg region allowed by the bound on 6 < 0.03. Region, which is further
restricted by the non-observation of heavy lepton production [107]. In figure 4 we draw
these regions for f = 1.5 and 1.9 TeV, red and black lines, respectively. In both cases quasi-

10F]avor symmetries based on A4 or Sz (see for instance [108-112]) could be implemented to predict the
observed pattern of lepton masses and mixing angles preventing at the same time large LFV transitions.
However, this goes beyond the scope of this article and it is postponed to future work.

1 Quasi-Dirac neutrinos are mainly produced by the exchange of W*, Z and h at the LHC (see egs. (3.5)
and (3.6)) [103]. But these amplitudes are proportional to the heavy neutrino mixing with the SM neutrinos
and it must fixed to its current upper bound of 0.03 to maximize the direct production lower bound on
M. Besides, LN is practically conserved and the corresponding backgrounds are larger than in the case
of heavy Majorana neutrinos. The most significant final states turn out to be three charged leptons plus
missing energy [98-101], and the expected reach for M of the order of 300 GeV at the HL-LHC [105].
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Figure 4. Allowed mass region for the mirror lepton mass myy versus the quasi-Dirac neutrino
mass M for different values of the next physics scale f. Solid lines are fixed by the upper bound
of 0.03 on the mixing between SM and heavy neutrinos for f = 1.5TeV (red) and 1.9 TeV (black).
While dashed lines delimit the regions excluded by the non-observation of mirror leptons.

Dirac neutrino masses below few TeV are excluded. It must be emphasized, however, that
the myy production limit depends on f dramatically because pair production of new vector-
like leptons decaying into a SM lepton and the lightest T-odd boson (missing energy) at the
LHC is very much suppressed for f > 2TeV [107], then drastically relaxing the lower bound
on M. The limit from neutrino mixing will improve with a more precise determination of
the constraints from EWPD while the improvement of the bound on lepton pair-production
will mainly require a higher colliding energy. Both will cut down the allowed mass region
in the LHT as a function of the new physics scale f, mainly fixed by the non-observation
of new (T-odd) gauge bosons. More stringent limits on f can be also derived from mirror
quark production but as a function of their own Yukawa couplings [107].
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