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The little Higgs model with T-parity, compatible with electroweak pre-
cision constraints, introduces new flavor-mixing sources some of which had
been ignored until recently. They are reviewed here, showing that their
influence does not only enrich the phenomenology of flavor-changing pro-
cesses but is also needed to render finite one-loop amplitudes.
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1. Introduction

The Standard Model (SM) suffers from a hierarchy problem: the Higgs
mass is of the order of v, the electroweak scale, despite that it receives
quadratic loop corrections of the order of the theory cutoff, as large as the
Planck scale if we take the model seriously up to the scale where gravity
sets in. There are several attempts to solve this fine-tuning problem. In
supersymmetric extensions, for instance, these corrections are canceled by
the contributions of superpartners.

Little Higgs (LH) models [1]| are tailored to solve the hierarchy problem
in a very different way. There the Higgs is a pseudo-Goldstone boson of
an approximate global symmetry spontaneously broken at a scale f, of the
order of the TeV. The low energy degrees of freedom are described by a
nonlinear sigma model, an effective theory valid below a cutoff A ~ 4xf
(order of 10 TeV). As a consequence, the one-loop corrections to the Higgs

AMQ 2 2 )\2 A2 < 2
hN{yt797 }Wm (1T€V) ) (1)
from top, gauge and Higgs loops are not fine-tuned. Ultraviolet comple-
tion, unknown but not needed, is required only for physics above A, be-
yond current experimental verification. The global symmetry is also ex-
plicitly broken by gauge and Yukawa interactions, giving the Higgs a mass
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and non-derivative interactions while preserving the cancellation of one-loop
quadratic corrections thanks to the ‘collective symmetry breaking’: the sym-
metry is broken only when two or more couplings are non-vanishing simul-
taneously. By a different mechanism, low-scale supersymmetry is not exact
either, but softly broken, still preserving the cancellation of quadratic cor-
rections.

As a byproduct, LH models introduce extra scalars, fermions and gauge
bosons that bring new flavor mixing sources leading to enhanced decay rates
of lepton flavor changing processes. This is the object of present paper.

2. The littlest Higgs with T-parity

There are several types of LH models [2]. We focus here on the littlest
Higgs [3], where the global symmetry is SU(5), that breaks spontaneously
to SO(5) when the symmetric 5 x 5 scalar field tensor X'(z) of a nonlinear
sigma model acquires a vacuum expectation value Yy at a scale f. The
14 broken generators X¢ expand the Goldstone fields IT(x) = 7%(z)X¢,
X = e?/1 5. Only a subgroup [SU(2) x U(1)]; x [SU(2) x U(1)], € SU(5)
is gauged. The combinations of SU(2); and U(1); generators Qf+Q9, Y1+Y>
are unbroken when (X) = X, so the 4 associated gauge bosons (v, Z, W,
W) remain massless, while the other 4 gauge bosons (Ag, Zg, Wi, Wy),
associated to the broken orthogonal combinations, get a mass proportional
to f, absorbing 4 would-be-Goldstone bosons. The remaining 10 Goldstone
bosons consist of a complex SU(2) doublet H and a complex triplet @. In
a second stage, 3 would-be-Goldstone bosons in H are absorbed when the
3 standard weak gauge bosons (Z, W and W ™) get a mass proportional
to v by the electroweak spontaneous symmetry breaking (EWSB). We are
left with 7 physical pseudo-Goldstone bosons of the global SU(5) symmetry:
the Higgs field h, and 6 complex scalars in @ (@ii, ot PO P ).

The presence of new particles at the TeV scale introduces significant
loop corrections to electroweak observables, generating tension with preci-
sion tests. To alleviate it [4], an additional discrete symmetry is introduced
[5], the T-parity, under which the SM fields are even and (most of) the new
fields are odd'.

In the littlest Higgs model with T-parity (LHT) the gauge-scalar in-
teractions of the fields described above are easy to implement by inserting
the corresponding covariant derivatives. However, the fermion sector is less
straightforward. Regarding leptons, one introduces two left-handed SU(2)
doublets, l11, and lo1,, in incomplete SU(5) multiplets (¥, ¥,), and two more,

! The T-parity in LH has the same purpose as the R-parity in supersymmetry.
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lyr and ¥R, together with a singlet, yg, in a complete SO(5) multiplet (¥g)

—io2lyy, 0 R
wl = 0 5 WZ = 0 5 WR = XR . (2)
0 —i02lsy, —io2lyR

The T-parity assignment is such that the combination i, = (I11, —lor,)/V/2 is
even, and identified with the SM left-handed lepton doublet (v, f1,), while
the combination lg1, = (I11,+1lor)/V/2 is odd. The latter pairs with IxR, also
T-odd, to form a heavy Dirac doublet of mirror leptons (vgr, £fr). The fields
YR (T-odd) and xR (T-even) are usually ignored assuming they are heavy
and decouple in loop corrections. However, this is not always the case, and
indeed the mirror partners in Yr = —iO’ZZE play an important role in some
lepton flavor changing processes as will be shown below.

In order to provide fermions with masses, several Yukawa interactions
are introduced preserving gauge invariance and T-parity. After the sponta-
neous breaking of the SU(5) symmetry, the mirror leptons acquire a mass
of the order of f proportional to a coupling x. The SM (charged) leptons,
whose right-handed components are SU(5) singlets, get masses of the order
of v times a coupling Ay by the EWSB. Because there is no other left-handed
doublet to pair with the right-handed mirror partners, they cannot get their
mass from Yukawa couplings, so one has to add another incomplete repre-
sentation of SO(5), ¥, = (¥r,,0,0) with ¢y, = —io?l%, and include a generic
mass term M for them in the Lagrangian. Therefore, fermions masses come
from

PV _ = .
£ —7%1) Ilr — V26 f lpnlar — M LR + h.c. (3)

3. New sources of flavor mixing

The T-parity is exact, so the SM fermions (T-even) do not mix with
the T-odd fermions. Since there are several fermion families, Ay, x and M
become matrices in flavor space. Their diagonalization leads to mass eigen-
states and flavor mixings. Two mixing matrices are observable: V', express-
ing the misalignment between [y and [; and W, showing the misalignment
between (¢ and [f;. The phenomenology of the former has been extensively
studied (see |[6-11] and references therein). However, the relevance of the
latter and its implications have been emphasized only recently [12, 13].

To simplify the discussion, we will consider two-family mixing, parame-
terized by just two mixing angles (fy and 6y, that must not to be confused
with the weak mixing angle)

_ cosby sinfy _ cosby  sin Oy
V= ( —sinfy  cos By ) ’ W= ( —sinfy  cos Oy ) ’ (4)
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and the masses of mirror leptons and mirror partners that can be traded for
two average masses (my,,, Mmpe) and two mass splittings (d¢,,, 0pc)

m=./mimza, § = (m3 —m3) /m?*. (5)

The genuine lepton—flavor violating (LFV) effects from this LH extension of
the SM vanish in the case of zero mixings (full alignment of standard with
mirror and mirror partner leptons) or zero splittings (mirror and mirror
partner masses are degenerate).

4. Lepton flavor changing processes

Let us explore the impact of these new LFV sources on the phenomenol-
ogy by analyzing the one-loop contributions of T-odd particles to the lepton
flavor changing processes h — 00/, Z — 00, 0 — 0, 0 — 000 000" 0'0'0"
and g — e conversion in nuclei. The calculation [10-13] is based on the
careful derivation of all Feynman rules needed, after the expansion of the
Lagrangian in powers of v/f, and the meticulous analytical decomposition
in the standard basis of tensor integrals of the one-loop diagrams involved.
The leading order of the resulting amplitudes is (v/f)? in all cases.

The amplitude for Higgs decays has the following Lorentz structure:

M (b= T) = alpa) (“Ler P+ e Pr) o(p) (6)

where the coefficients cp,g) are functions of the masses and mixings of the
T-odd particles running in the loop

2 2
g v

v
1,9,k

Wk Vier Gn (m,;;, My - ) } . (7

The second line contains non-decoupling contributions from mirror partner
leptons. In fact, for the case of two-family mixing, in the limit Mie — 00,

92 02 7 2
CL(R) (HW = (5,75 = 0) ~ 1672 f2 sin 29\/ M2 5£H 5 (8)
2,2 7 2 2
cLr) By =0, =0) ~ —=— —sin20py —%In —= . (9)
®) " 1672 f2 M2, 2,

The effective vertices for Z — ¢ and £ — ¢~ have the identical structure

= e [FY ()" P +1iFY (¢%) (1 +75)0man] (10)
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where ¢? is the squared momentum of V = «, Z, and we have used that, up
to corrections of the order of m?/f?, in the LHT FY = 0 and FY{ = —iFy.
Due to the U(1)em gauge invariance, the form factor F}' vanishes for on-shell
photons (¢? = 0) since £ — ('v is a dipole transition. As a consequence,
F)(¢%) ~ ¢?/(4nf)? for small |¢?|, while FZ(0) ~ FZ(M2%) ~ v?/(4rf)>.
The dipole form factors are F&’Z ~my/(4mf)2.

The amplitudes for £ — 00, 0'0"¢" '¢'¢" are obtained by the coherent
sum of photon-penguin (M), Z-penguin (Mz) and box (M) diagrams

My = 5 [0 T u(p)] (2o (ps)] (1)

Mz =~ [0 D5u)] [6w2)y (2P + ZnPr) o(ps)] . (12)
4

Miox = B [alpy)y" Puu(p)] [a(p2)7. Pro(ps)] | (13)

where Zp, g are the tree-level couplings of a Z to (two same-flavor) leptons,
and crossed diagrams with p; and po exchanged must be included as well,
where appropriate. This amplitude involves the effective vertices in (10)
whose form factors are evaluated in the limit of |¢?| < M% < f2. Then the
dynamics is captured by the coefficients

F (42 2F(0 FZ(0
L (2q ) , Ar = rl\r/ig( ) » Frowr) = _;W(%)ZL(R)a By, .

(14)

All these coefficients are of the order of (47 f)~2 = A~2. The F& dipole form

factors do not contribute here, since they are further suppressed by a factor

m?/f?. The amplitude for u N — e N (conversion in nuclei) is described

by the same A, g, Fii1r and similar box form factors Bﬁ, obtained by

replacing one of the lepton currents by a current of quarks ¢ = u, d.

The various one-loop contributions to dipole and box form factors are
finite. However, every cr, g, F{ and FLZ contain ultraviolet-divergent contri-
butions that cancel each other only when all possible gauge and T-invariant
interactions are included, making the LHT model predictable at leading or-
der in v/f. In particular, loop diagrams with mirror partner leptons (¢
accompanied by @ scalars are needed to yield a finite ¢, g and hence finite
amplitudes for LF'V Higgs decays. This fact is related to the non-decoupling
of mirror partner leptons in loops for h decay amplitudes. In contrast, if
taken sufficiently heavy, mirror partner lepton contributions can be ignored
in the other (gauge-mediated) processes.

In order to estimate the typical size of the LFV effects induced by the
LHT, we take the following set of “natural” reference values for the input
parameters [13]: f = 1.5 TeV, my, = mye = 1 TeV, mq,, = mge = 2 TeV,

A, = lim
?—=0 q
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0r, = O0pe = 1, sin 20y = sin 20y = 1, assuming for simplicity that the fla-
vor change occurs only between the two families involved in the transition.
These values are compatible with direct searches at the LHC [14]. As one
can see in Tables I and II, the u to e transitions are very constrained by
current experimental bounds, particularly from u — ey and y — e con-
version in nuclei, whereas the transitions involving the third family do not
set restrictions. The processes with double lepton flavor change, 7 — pue
and 7 — eefi, would be forbidden under the assumption of just two-family
mixing. LFV Z and Higgs decays are far from being at reach in this model.

TABLE I

Predictions for u—e transitions in the LHT with reference inputs and current 90%
C.L. experimental bounds (95% C.L. for Z and h decays). From [13].

LHT Bounds
B — ev) 43 %1072  4.2x107%
R(uAu— eAu) | 3.8 x 1072  7.0x 10712
B(p — eee) 25x 1071 1.0x 10712
B(Z — pe+ jie) | 27x10712 7.3 x1077
B(h — pe+pe) | 1.2x 107 3.5 x 107*

TABLE II

As in Table I for transitions involving the third lepton family.

LHT Bounds LHT Bounds
T—=ey | 73x1071% 33x1078% | 7 —puy | 73x10710 44x10°8
T—euf | 22x10712 27x107® | 7 > pee | 82x10712 1.8 x 1078
T—eee | T4x10712 27x1078 || 7 — puji | 1.4x 10712 2.1 x 1078
Z—s1e [27x10712 98x1078 || Z =71 |27x10712 1.2x107°
h—71e [32x107% 52x103 || h—71p |32x10718 25x1073

The dependence of the various LF'V observables on the parameters of the
model is illustrated by performing scans over one or two of them with the
others fixed to their reference values, unless otherwise stated. For instance,
in Fig. 1, the rates of different i to e transitions normalized to their current
limits as a function of the 0y mixing angle for 6y = 0 shows that y — ey
is the most sensitive, allowing only very small values of sin 26y,. Figure 2
shows contour lines in the plane of the two mixing angles (left) and of the
two mass splittings (right) that give maximal rates for p to e transitions
allowed by current bounds, forcing both mixings and the d;,, to be smaller
than 1072, If one took y = 0, then also dzc would be constrained to be
below 1072. In Fig. 3, the non-decoupling of the mirror partner leptons in
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Higgs decays is apparent. We see that taking a maximal value ~ v/47 for the
k Yukawa couplings, compatible with perturbative unitarity, the branching
ratio B(h — 7u) can be larger than 10~7 for heavy mirror partner leptons
with large mass splittings. Note that for dze > 1, m,%f — m2./dz and

10*

10?

100 f
1072 §
1071

1076

Ratio to current limits

1078

1010

10"

Fig. 1. p to e transitions as a function of the y mixing angle. From [13].
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Fig. 2. Contours saturating current bounds on p to e transitions. From [13].
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Fig. 3. Non-decoupling behavior of B(h — 7u) with the mass of the mirror partners.

It is interesting to remark that when the contribution of the photon
dipole form factor Ar dominates the three-body 7 decay, the ratio to the
corresponding radiative 7 decay is fixed by kinematics

B(T — pee)
B(r = )

B(T — pee)

B(r — ppujr)
B(r — ppfr)

B(t — )

~b5.

(15)
The dipole dominance occurs in SUSY, but not in the LHT [15, 16] if the
contributions of mirror partner leptons are negligible, namely when they are
heavy and decouple. In this case, B(T — peé) ~ B(T — ppf) in contrast
to SUSY predictions. However, if the masses of £z and [¢ are of the same
order, the LHT contributions to dipole form factor dominate as in SUSY,
and both models behave in the same way.

The current experimental bounds on p to e transitions translate into
generic limits on the scale f and the mixing angles of the LHT model. They
are summarized in Table III (left columns), together with the expected limits
(right columns) that would be derived in the absence of any signal in future

~2x 1073, ~ 1072,

TABLE III
Present and future limits on LHT parameters. From [13].
. [9\/ = HV(/ = 7T/4] [f =1.5 TBV]
Process Experiment f [TeV] > By /1072 <
W= ey [MEG] 15 27-71 1 0.3-0.04
i — eeé [Mu3e] 3.4 13-34 20 1-0.3
pAl —eAl  [Mu2e] |84 84150 | 3 0.03-0.01
wAl— eAl [COMET] | 8.4 27-84 3 0.3-0.03
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phases of those experiments. For a natural value of f = 1.5 TeV, the mixings
are already restricted to be of O(1072) by u — ey. These constraints would
be improved by two orders of magnitude from p Al — e Al in the future.

Regarding 7 to e and 7 to p transitions, the current bounds on LFV 7
decays (see Table II) will be improved by one or two orders of magnitude
at Bellell and the LHCb, starting to constrain the parameter space of the
third family. The situation would be even more promising at future lepton
colliders [17]. Thanks to the growth with s of the cross section efe™ —
71T, due to the box contributions, one may find enough LFV production
for high energies even if it is not observed at the Z peak (Fig. 4). Since
one expects 1010 77~ pairs for an integrated luminosity of 10ab™!, a good
portion of parameter space would be probed.

1073

Oy =0y =7/4

o by = /4,6 =0
£ ool — b =6w=n/8 =
T Oy =0,0w =7/4 P

—6 R
10 T
% 2Tl
— 1077 S e RNi¢
= P N

N 25 9 “
L W08 T X
e 1079 - \,(/// = XTQ\I
T 0 L T X/T‘{ZM/ //
v 10-10 v _
+© g
< - =
B 10711 / mm—
107"
50 100 200 300 400 500
V5 [GeV]

Fig. 4. Ratio of 7Te™ to 777~ production as a function of the center-of-mass energy
in eTe™ collisions. From [13].

5. Conclusions

The one-loop predictions for flavor violating processes in the LHT model
are ultraviolet-finite when all Goldstone interactions compatible with the
gauge and T-symmetries and all T-odd leptons are included.

Apart from negligible contributions of light neutrinos (suppressed by
their tiny masses), lepton flavor mixing in this model is due to the misalign-
ment of mirror leptons (v, £77) with the SM charged leptons, and also with
mirror partners (¢, £¢). The former is a well-known source of LFV, and
the latter provides additional contributions that cannot be ignored because
they are needed to make LF'V Higgs decay amplitudes finite. Actually, mir-
ror partner leptons do not decouple in h — £¢' where they contribute at one
loop accompanied by the scalar triplet @ at leading order in v/f. This is in
contrast to gauge mediated LFV processes (Z — 00/, £ — {'v, uN — e N,
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0 — 0'0"0" etc.), where the contribution of @ is subleading and the mirror
lepton partners do decouple if they are heavy. The masses of mirror leptons
and mirror partners have a very different origin, but, if taken of the same
order, their contributions to all LEV processes are of similar size”.

To summarize, flavor provides complementary constraints to LH models,
particularly from p—e transitions. Current experiments already require a
small misalignment between leptons, mirror leptons and their mirror part-
ners, with mixings and mass splittings smaller than 1072, or a high scale

f 2 10 TeV, reintroducing the unnaturalness that little Higgs came to solve.
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