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We present the results of an extensive analysis of flavour physics in both quark
and lepton sectors, in the Littlest Higgs model with T-parity (LHT). In the quark
sector, we identify some interesting scenarios for new mirror quark masses and Vg
mixing matrix that satisfy the existing experimental constraints from K and B physics
and simultaneously allow large New Physics effects in rare decays and CP-violating
observables. In the lepton sector, where flavour violation in the Standard Model is
highly suppressed by small neutrino masses, LHT effects turn out to be naturally
huge and could be seen in the near future measurements of lepton flavour violating
decays.

1 The LHT Model

The Standard Model (SM) is in excellent agreement with the results of particle physics
experiments, in particular with the electroweak (ew) precision measurements, thus
suggesting that the SM cutoff scale is at least as large as 10. Having such a rela-
tively high cutoff, however, the SM requires an unsatisfactory fine-tuning to yield a
correct (=~ 10%) scale for the squared Higgs mass, whose corrections are quadratic
and therefore highly sensitive to the cutoff. This little hierarchy problem has been
one of the main motivations to elaborate models of physics beyond the SM. While
Supersymmetry is at present the leading candidate, different proposals have been
formulated more recently. Among them, Little Higgs models play an important role,
being perturbatively computable up to about 10 and with a rather small number of
parameters, although their predictivity can be weakened by a certain sensitivity to
the unknown ultra-violet (UV) completion of these models.

In Little Higgs models [1] the Higgs is naturally light as it is identified with a
Nambu-Goldstone boson (NGB) of a spontaneously broken global symmetry. An
exact NGB, however, would have only derivative interactions. Gauge and Yukawa
interactions of the Higgs have to be incorporated. This can be done without gener-
ating quadratically divergent one-loop contributions to the Higgs mass, through the
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so-called collective symmetry breaking. Collective symmetry breaking (SB) has the
peculiarity of generating the Higgs mass only when two or more couplings in the
Lagrangian are non-vanishing, thus avoiding one-loop quadratic divergences. This
mechanism is diagrammatically realized through the contributions of new particles
with masses around 1, that cancel the SM quadratic divergences.

The most economical, in matter content, Little Higgs model is the Littlest Higgs
(LH) [2], where the global group SU(5) is spontaneously broken into SO(5) at the
scale f ~ O(1) and the ew sector of the SM is embedded in an SU(5)/SO(5) non-
linear sigma model. Gauge and Yukawa Higgs interactions are introduced by gauging
the subgroup of SU(5): [SU(2) x U(1)]; x [SU(2) x U(1)]s, with gauge couplings
respectively equal to g1, g1, 92, g5. The key feature for the realization of collective SB is
that the two gauge factors commute with a different SU(3) global symmetry subgroup
of SU(5), that prevents the Higgs from becoming massive when the couplings of one
of the two gauge factors vanish. Consequently, quadratic corrections to the squared
Higgs mass involve two couplings and cannot appear at one-loop. In the LH model,
the new particles appearing at the scales are the heavy gauge bosons (Wﬁ, Zy, Ag)
the heavy top (7') and the scalar triplet ®.

In the LH model, significant corrections to ew observables come from tree-level
heavy gauge boson contributions and the triplet vacuum expectation value (vev)
which breaks the custodial SU(2) symmetry. Consequently, ew precision tests are
satisfied only for quite large values of the New Physics (NP) scale f > 2 — 3 [3,4],
unable to solve the little hierarchy problem. Motivated by reconciling the LH model
with ew precision tests, Cheng and Low [5] proposed to enlarge the symmetry struc-
ture of the theory by introducing a discrete symmetry called T-parity. T-parity acts
as an automorphism which exchanges the [SU(2) x U(1)]; and [SU(2) x U(1)]2 gauge
factors. The invariance of the theory under this automorphism implies g; = g and
g4 = g5. Furthermore, T-parity explicitly forbids the tree-level contributions of heavy
gauge bosons and the interactions that induced the triplet vev. The custodial SU(2)
symmetry is restored and the compatibility with ew precision data is obtained already
for smaller values of the NP scale, f > 500 [6]. Another important consequence is that
particle fields are T-even or T-odd under T-parity. The SM particles and the heavy
top Ty are T-even, while the heavy gauge bosons Wf;, Z g, Ag and the scalar triplet
® are T-odd. Additional T-odd particles are required by T-parity: the odd heavy
top T and the so-called mirror fermions, i.e., fermions corresponding to the SM ones
but with opposite T-parity and O(1) mass. Mirror fermions are characterized by new
flavour interactions with SM fermions and heavy gauge bosons, which involve two new
unitary mixing matrices, in the quark sector, analogous to the Cabibbo-Kobayashi-
Maskawa (CKM) matrix Vo [7]. They are Vg and Vy,, respectively involved
when the SM quark is of down- or up-type, and satisfying VITIUVHd = Verr [8]. Simi-
larly, two new mixing matrices, Vg, and Vy,,, appear in the lepton sector, respectively
involved when the SM lepton is charged or a neutrino and related to the PMNS ma-
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trix [9] through VI_TIVVHg = V;MNS. Both V4 and Vi, contain 3 angles, like Vg
and Vpyns, but 3 (non-Majorana) phases [10], i.e. two additional phases relative to
the SM matrices, that cannot be rotated away in this case.

Because of these new mixing matrices, the LHT model does not belong to the
Minimal Flavour Violation (MFV) class of models [11,12] and significant effects in
flavour observables are possible. Other LHT peculiarities are the rather small number
of new particles and parameters (the SB scale f, the parameter z, describing 7, mass
and interactions, the mirror fermion masses and Vy, and Vy, parameters) and the
absence of new operators in addition to the SM ones. On the other hand, one has
to recall that Little Higgs models are low energy non-linear sigma models, whose
unknown UV-completion introduces a theoretical uncertainty reflected by a left-over
logarithmic cut-off dependence [13,14] in AF = 1 processes.

2 LHT Flavour Analysis

Several studies of flavour physics in the LH model without T-parity have been per-
formed in the last four years [15]. Without T-parity, mirror fermions and new sources
of flavour and CP-violation are absent, the LH model is a MFV model and NP con-
tributions result to be very small.

More recently, flavour physics analyses have been also performed in the LHT
model, for both quark [8,14,16] and lepton sectors [17,18]. In this model, new mirror
fermion interactions can yield large NP effects, mainly in K and B rare and CP-
violating decays and in lepton flavour violating decays.

2.1 LHT Analysis in the Quark Sector

In [14,16] we have studied in the LHT model B and K meson mixings, CP-violation,
rare decays and the radiative decay B — X v. We have imposed well known ex-
perimental constraints and estimated LHT effects in those observables that are not
yet measured or still very uncertain. We have considered several scenarios for the
structure of the Vg matrix and the mass spectrum of mirror quarks in order to gain
a global view over possible LHT signatures. The parameters f and z; have been
fixed to f = 1 and z;, = 0.5 in accordance with ew precision tests [6]. The CKM
parameters entering the analysis have been taken from tree level decays only, where
NP effects can be neglected. In order to simplify the numerical analysis we have
set all non-perturbative parameters to their central values, while allowing AM, ek,
AMg, AMs, AM;/AM, and Syk, to differ from their experimental values by +£50%,
+40%, £40%, +£40%, +£20% and £8%, respectively. This rather conservative choice
guarantees that important effects are not missed.

Two interesting scenarios have been identified. In the first one (B-scenario)
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Figure 1: Br(Kp — 7v) as a function of Br(KT — ntuvv). The shaded area
represents the experimental lo-range for Br(KT — wTvw). The model-independent
Grossman-Nir bound [19] is displayed by the dotted line, while the solid line separates
the two areas where Br(Kj — wvp) is larger or smaller than Br(KT — 7 Tuw).

large enhancements in B physics are possible, while in the second one (K-scenario)
important effects appear in K observables. They are both characterized by the
quasi-degeneracy of the first two mirror quark generations (mpg; ~ mpgs =~ 500,
mps ~ 1000), as required by AMy and ek constraints. The new mixing angles in
Vpq are chosen to satisfy the hierarchy si; < s¢; < s¢, in B-scenario and the hierar-
chy sd; ~ st < s%, = 1/4/2 in K-scenario. Moreover, the two additional phases of
Va4, whose impact is numerically small, have been set to zero. In addition, in order
to explore all possible LHT effects, we have performed a general scan over mirror
quark masses and Vyy parameters. In the following scatter plots, B- and K-scenarios
and general scan are respectively displayed as green, brown and blue points, while red
points correspond to a less general scan over Vy, parameters at fixed mirror masses
(mH1 = 400, Mgy = 500, mygs = 600)
The main results of our LHT analysis [14,16] in the quark sector are:

e The most evident departures from the SM predictions are found for CP-violating
observables that are strongly suppressed in the SM. These are the branching
ratio for K, — 7%vw (Fig. 1) and the CP-asymmetry Sy, that can be enhanced
by an order of magnitude relative to the SM predictions. Large departures from
SM expectations are also possible for Br(K; — 7°¢*¢~) (Fig. 2), Br(K™ —
ntvw) (Fig. 1) and the semileptonic CP-asymmetry Ag; , that can be enhanced
by an order of magnitude w.r.t the SM.
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Figure 2: Br(Kyp — n°u*pu™) as a function of Br(Kp — wleTe™).

e The branching ratios for By 4 — ptp~ and B — X 4v7, instead, are modified by
at most 50% and 35%, respectively, and the effects of new electroweak penguins
in B — mK are small, in agreement with the recent data. The new physics
effects in B — X4y and B — X, 407¢~ turn out to be below 5% and 15%,
respectively, so that agreement with the data can easily be obtained.

e Small, but still significant effects have been found in B, ; mass differences. In
particular, a 7% suppression of AM; is possible, thus improving the compati-
bility with the recent experimental measurement [20].

e The possible “discrepancy” [21-23] between the values of sin 2/ following di-
rectly from Acp(By — ¥ Ks) and indirectly from the analysis of the unitarity
triangle involving only tree-level processes, and in particular |V,,|, can be cured
within the LHT model thanks to a new phase ¢p, ~ —5°.

e The universality of new physics effects, characteristic for MFV models, can
be largely broken, in particular between K and B, 4 systems. NP effects, in
fact, are typically larger in K system where the SM contribution is CKM-
suppressed. In particular, sizable departures from MFV relations between
AM; 4 and Br(B;y — ptp~) and between Syr, and the K — mvv decay
rates are possible.

2.2 LHT Analysis in the Lepton Sector

In contrast to rare K and B decays, where the SM contributions play an important
and often dominant role in the LHT model, the smallness of ordinary neutrino masses
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‘ decay ‘ f =1000 ‘ f =500 ‘ exp. upper bound ‘
L — ey 12-10 7 (1-107) | 1.2-10 7 (1-10° ) | 1.2-10 17 [24]
p~ —eete” | 1.0-1071% (1-1071%) 1.0-10712 (1-1071%) 1.0- 10712 [25]
uwTi — eTi 2-10719 (5-.10712) 4-1071 (5-10712) 4.3 10712 [26]
T — ey 810719 (7.10719) 2-107% (2-1079) 1.1-1077 [27]
T — Uy 810719 (8.10710) 2-107% (2-1078) 4.5-1078 [28]
TT —eete” 7-1071° (6 - 10719) 7-1078 (7-1078) 2.0-1077 [29]
T =t 7-1071 (6-10719) 7-1078 (6-1079) 1.9-1077 [29]
T — et 5-1071° (5.10710) 6-1078 (6-107%) 2.0-1077 [30]
T~ —p ete” | 5-10710 (5.10710) 6-1078 (5-107%) 1.9-1077 [30]
T - pTetuT 5-1071 (3-1071) 5-1071 (5-1071) 1.3-1077 [29]
T — e pute 5-1071 (3-1071) 5-1071 (4-1071) 1.1-1077 [29]
T um 2107 (2-1079) 21077 (1-1077) 4.1-1077 [31]
Toen 2107 (2-1079) 21077 (1-1077) 1.9-1077 [31]
T — un 6-1071° (6-10710) 6-1078 (5-107%) 1.5-1077 [31]
T —en 6-10719 (6-10710) 6-107% (5-1078) 2.4-1077 [31]
T — un 7-10710 (7-10719) 8-107% (8-1078) 4.7-1077 [31]
T —en 7-10710 (7-10719) 81078 (7-1078) 1.0- 107 [31]
K — pe 4-1071 (2-10719) 3-1071 (3-1071) 4.7 10712 [32]
K — mue 4-1071 (2.10719) 5-1071 (5.10716) 6.2-107% [33]
By — pe 5-1071¢ (2.10719) 9-10717 (910717 1.7-1077 [34]
By — ue 5-1071 (2-10719) 91071 (9-10716) 6.1-107% [35]
By — Te 3-1071 (2-107H) 3-10719 (2-10719) 1.1-107 [36]
B, — Te 2-10719 (2.10710) 3-1072 (2-1079) —
By — T 3-1071 (3-107H) 3-10719 (310719 3.8-107° [36]
By — T 2-1071% (2.10719) 3-107% (3-1079) —

Table 1: Upper bounds on LFV decay branching ratios in the LHT model, for two
different values of the scale f, after imposing the constraints on pu — ey and p~ —
eete”. The numbers given in brackets are obtained after imposing the additional
constraint R(uTi — eTi) < 5-107'2. The current exzperimental upper bounds are also

given.



C. Tarantino Flavour Physics in the Littlest Higgs Model with T-Parity

Br (L1 »e e‘e")

1. x10°°
1. x10° M Vet
)
1. x10°13 -
e 8°
[ ]
1. x10°% Br (u—ey)

1. x10% 1. x10%® 1. x10* 1. x10°

Figure 3: Correlation between the branching ratios for u — ey and u~ — e ete”
from a general scan over the LHT parameters. The shaded area represents present
experimental upper bounds.

assures that mirror fermion contributions to lepton flavour violating (LEF'V) processes
are by far the dominant effects. Moreover, the absence of QCD corrections and
hadronic matrix elements allows in most cases to make predictions entirely within
perturbation theory.

In [18] we have studied the most interesting LF'V processes: ¢; — {;y, 7 — (P
(with P = m,m,7), p~ — e”eTe™, the six three-body decays 7= — 7], and the
rate for © — e conversion in nuclei. We have also calculated the rates for K g — pe,
Krg— 7oue, Bis — pe, Bgs — Te and By s — Tp.

At variance with meson decays, the number of flavour violating decays in the
lepton sector, for which significant experimental constraints exist, is rather limited.
Basically only the upper bounds on Br(u — ev), Br(u~ — e"ete™), Br(K, — pue)
and R(uTi — €Ti) can be used in our analysis. The situation may change significantly
in the coming years thanks to near future experiments [26,37-39]. Meanwhile, we
have estimated LHT effects, imposing the experimental bounds mentioned above and
scanning over mirror lepton masses in the range [300, 1500] and over the parameters
of the Vy, mixing matrix, with the symmetry breaking scale f fixed to f = 1 or
f =500 in accordance with ew precision tests [6].

We have found that essentially all the rates considered can reach or approach
present experimental upper bounds, as shown in table 1. In particular, in order to
suppress the © — ey and u~ — e ete™ decay rates below the experimental upper
bounds (see Fig. 3), the Vg, mixing matrix has to be rather hierarchical, unless mirror
leptons are quasi-degenerate.

Moreover, following the strategy proposed in [40-42] in the supersymmetric frame-
work, we have identified certain correlations between branching ratios that are less
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ratio LHT MSSM (dipole) | MSSM (Higgs)
Br(u~—e ete™) ~G.10-3 ~6.10-3
—BrGioe) 0.4...2.5 6-10 6-10
Br(t——e"ete™) ~1.10-2 o 1.10-2
e 0.4...2.3 1-10 1-10
Bl —w i) | 04...2.3 ~2-1073 <02
Br(r—p)
Br(t~—e putu) ~ . -3
— Brr—e) 0.3...1.6 2-10 < 0.1
Br(r——p"ete™) ~1.10-2 ~1.10-2
B 0.3...1.6 1-10 1-10
Br(t——e"ete™) -~
Brir e i) 1.3...1.7 5 0.1...5
Br(r——p ptp™) -~
Brir=opeFe) 1.2...1.6 0.2 0.2...20
Rlizel) | 992 102 | ~5-1073 >5.1073
Br(p—ey)

Table 2: Comparison of various ratios of branching ratios in the LHT model and in
the MSSM without and with significant Higgs contributions.

parameter dependent than the individual branching ratios and could provide a clear
signature of the model. In particular, we find that the ratios Br(¢; — (;¢;{;)/Br({; —
liy), Br(l; — 0il;l;)/Br(t; — £ilily) and Br(l; — (;(,ly)/Br(¢; — {;y) could allow
for a transparent distinction between the LHT model and the MSSM (see Table 2).

Finally, we have studied the muon anomalous magnetic moment finding that, even
for values of the NP scale f as low as 500, a;'" < 1.2-107"°. This value is roughly a
factor 5 below the current experimental uncertainty [43], implying that the possible
discrepancy between the SM prediction and the data cannot be solved in the LHT
model.

I would like to thank the organizers of the interesting and pleasant conference
Heavy Quarks and Leptons realized in Munich. Special thanks go to the other authors
of the work presented here: Monika Blanke, Andrzej J. Buras, Bjorn Duling, Anton
Poschenrieder, Stefan Recksiegel, Selma Uhlig and Andreas Weiler.
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