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ABSTRACT: We calculate the most interesting rare and CP-violating K and B decays in the
Littlest Higgs model with T-parity. We give a collection of Feynman rules including v?/f?
contributions that are presented here for the first time and could turn out to be useful also
for applications outside flavour physics. We adopt a model-independent parameterization
of rare decays in terms of the gauge independent functions X;, Y;, Z; (i = K,d, s), which
is in particular useful for the study of the breaking of the universality between K, B; and
B, systems through non-MFV interactions. Performing the calculation in the unitary and
't Hooft-Feynman gauge, we find that the final result contains a divergence which signals
some sensitivity to the ultraviolet completion of the theory. Including an estimate of this
contribution, we calculate the branching ratios for the decays K+ — ntvw, K;, — 7n0up,
Bsa— ptu~, B — Xsqvv, K, — %070~ and B — X, 4¢*¢~, paying particular attention
to non-MFV contributions present in the model.

The main feature of mirror fermion effects is the possibility of large modifications in rare K
decay branching ratios and in those B decay observables, like Sy, and Ag;, that are very
small in the SM. Imposing all available constraints we find that the decay rates for Bs ;4 —
ptp~ and B — X, qvU can be enhanced by at most 50% and 35% relative to the SM values,
while Br(K* — ntvp) and Br(Kp — 7°vp) can be both as high as 5- 10710, Significant
enhancements of the decay rates K, — 70T ¢~ are also possible. Simultaneously, the CP-
asymmetries Sy and Ag; can be enhanced by an order of magnitude, while the electroweak

penguin effects in B — 7K turn out to be small, in agreement with the recent data.
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Rare and CP-violating K and B meson decays will hopefully provide in the coming years

a new insight into the origin of the hierarchy of quark masses and their hierarchical flavour

and CP-violating interactions. While the presently available data on these decays give a

strong indication that the CKM matrix [f]] and more generally minimal flavour violation

(MFV) [B-H], encoded entirely in Yukawa couplings of quarks and leptons, is likely to be the

dominant source of flavour and CP violation, there is clearly still room left for contributions

governed by non-MFV interactions, in particular those with new CP-violating phases.

A prime example of a model with non-MFYV interactions is a general MSSM in which

non-MFV contributions originate in squark mass matrices that are not aligned with the



quark mass matrices. Extensive analyses of the impact of such non-MFV contributions
on particle-antiparticle mixing and rare K and B decays in the MSSM with and without
R-parity have been presented in the literature. The basic strategy proposed in [f] is to
constrain the non-diagonal entries (d;;)ap of the squark mass matrices given in the so-
called super-CKM basis, in which all neutral gauge interactions and the quark and lepton
mass matrices are flavour diagonal. These studies are complicated by the fact that in
addition to (d;;)aB also new fermion and scalar particle masses appear as free parameters.
The situation in this respect may improve significantly in the coming years provided the
supersymmetric particles will be discovered at LHC and their masses measured at LHC
and later at ILC.

While supersymmetry [[f] appears at present to be the leading candidate for new physics
beyond the Standard Model (SM), Little Higgs models [fl, § appear as an interesting al-
ternative. Also here, new particles below 1TeV, or slightly above, with significant con-
tributions to electroweak precision studies and FCNC processes are present. Among the
most popular Little Higgs models is the so-called Littlest Higgs model [[]. In this model
in addition to the SM particles, new charged heavy vector bosons (Wlf), a neutral heavy
vector boson (Z%), a heavy photon (Ay), a heavy top quark (74) and a triplet of scalar
heavy particles (®) are present.

In the original Littlest Higgs model (LH) [H], the custodial SU(2) symmetry, of fun-
damental importance for electroweak precision studies, is unfortunately broken already at
tree level, implying that the relevant scale of new physics, f, must be at least 2 — 3 TeV
in order to be consistent with electroweak precision data [I(—[[6]. As a consequence, the
contributions of the new particles to FCNC processes turn out to be at most 10 —20% [[[] -
1], which will not be easy to distinguish from the SM due to experimental and theoretical
uncertainties. In particular, a detailed analysis of particle-antiparticle mixing in the LH
model has been published in [[7] and the corresponding analysis of rare K and B decays
has recently been presented in [BT].

More promising and more interesting from the point of view of FCNC processes is
the Littlest Higgs model with a discrete symmetry (T-parity) [BJ] under which all new
particles listed above, except Ty, are odd and do not contribute to processes with external
SM quarks (T-even) at tree level. As a consequence, the new physics scale f can be lowered
down to 1 TeV and even below it, without violating electroweak precision constraints [R3].

A consistent and phenomenologically viable Littlest Higgs model with T-parity (LHT)
requires the introduction of three doublets of “mirror quarks” and three doublets of “mirror
leptons” which are odd under T-parity, transform vectorially under SU(2);, and can be
given a large mass. Moreover, there is an additional heavy T_ quark that is odd under
T-parity 4.

In the first phenomenological study of FCNC processes in the LHT model by Hubisz
et al. [29), the impact of mirror fermions on the neutral meson mixing in the K, B and D
systems has been studied in some detail. As described in that paper, in the LHT model
there are new flavour violating interactions in the mirror quark sector, parameterized by
two CKM-like mixing matrices Vg and Vi, relevant for processes with external light
down-type quarks and up-type quarks, respectively. It turns out that the spectrum of



mirror quarks must be generally quasi-degenerate, but there exist regions of parameter
space, where only a loose degeneracy is necessary in order to satisfy constraints coming
from particle-antiparticle mixing.

In [P we have confirmed the analytic expressions for the effective Hamiltonians for
KO—-KO, Bg—Bg and B?— BY mixings presented in [25 and we have generalized the analysis
of these authors to other quantities that allowed a deeper insight into the flavour structure of
the LHT model. While the authors of [R5 analyzed only the mass differences AMpg, AMy,
AMg, AMp and the CP-violating parameter g, we included in our analysis also other
theoretically cleaner quantities: the CP asymmetries Acp(Bg — ¢ Ks), Acp(Bs — 9¢)
and Agf, and the width differences AT'g ;. We have also calculated Br(B — X, 47v) and the
corresponding CP asymmetries. Moreover we emphasized that while the original LH model
belongs to the class of models with MFV, this is certainly not the case of the LHT model
where the presence of the matrices V4 and Vi, in the mirror quark sector introduces new
flavour and CP-violating interactions that could have a very different pattern from the ones
present in the SM.

The main messages of our analysis in [2(] are as follows:

e The analysis of the mixing induced CP asymmetries Acp(Bg — ¥ Kg) and Acp(Bs
— @) illustrates very clearly that with mirror fermions at work these asymmetries do
not measure the phases —3 and —fs of the CKM elements V;4 and Vi, respectively.

e This has two interesting consequences: first, the possible “discrepancy” between the
values of sin 2 following directly from Acp(By — ¥ Kg) and indirectly from the usual
analysis of the unitarity triangle involving AMg,, ex and |Vy/Vep| can be avoided
within the LHT model. Second, the asymmetry Acp(Bs — ©¢) can be significantly
enhanced over the SM expectation ~ 0.04, so that values as high as 0.3 are possible.
Moreover, the asymmetry Ag; can be enhanced by an order of magnitude.

e We also found that the usual relation between AM;/AM; and |V;q/V;s| characteristic
for all models with MFV is no longer satisfied.

e Calculating Br(B — Xgv) in the LHT model for the first time we have found that in
spite of large effects in AF = 2 processes considered in [R8, 6], it can be modified by
at most +4% relative to the SM value [R7, B§]. This is welcome as the SM branching
ratio agrees well with the data. Also new physics effects in B — X4y and in the CP
asymmetries in both decays are at the level of a few percent of the SM values.

The beauty of the LHT model, when compared with other models with non-minimal
flavour violating interactions, like general MSSM, is a relatively small number of new
parameters and the fact that the local operators involved are the same as in the SM.
Therefore the non-perturbative uncertainties, present in certain quantities already in the
SM, are the same in the LHT model. Consequently the departures from the SM are entirely
due to short distance physics that can be calculated within perturbation theory. In stating
this we are aware of the fact that we deal here with an effective field theory whose ultraviolet



completion has not been specified, with the consequence that at a certain level of accuracy
one has to worry about the effects coming from the cut-off scale A ~ 4xf.

As pointed out recently in [2I]], such effects are signaled by left-over logarithmic di-
vergences in the final result for FCNC amplitudes and they appear as poles 1/e¢ when
dimensional regularization is used. It turns out that such divergences are absent in particle-
antiparticle mixing and B — X 4y decays both in the LH and the LHT model. On the
other hand, they are present in Z%-penguin diagrams in the LH model considered in B
As we will see in the present paper, the imposition of T-parity eliminates such divergences
from the T-even sector as the diagrams containing these divergences are forbidden by T-
parity. However, we find that the mirror fermion contributions to AF = 1 processes contain
such logarithmic divergences and their effects on rare decays have to be taken into account
following the steps of [21].

In the present paper we extend our analysis of [R6] to include all prominent rare K
and B decays. In particular we calculate the LHT contributions from both T-even and
T-odd sectors to the one-loop functions X, Y and Z [RJ] that encode the short distance
contributions to the rare decays in question. The new properties of these functions relative
to MFV are:

e They are complex quantities, as in the phenomenological analysis in [B{], while in
contrast to the real X, Y and Z of MFV.

e They are different for K, By and B, systems in contrast to [BJ], where these functions
were the same for the three systems in question. Thus in the present model we deal
really with nine short distance functions. But as we calculate them in a specific model,
interesting correlations between observables in rare K, B; and B; decays are still
present, although their structure differs from the correlations in MFV models [B1]-
BJ] and in the phenomenological non-MFV analysis in [B(].

Our paper is organized as follows. In section ] we review those ingredients of the LHT
model that are of relevance for our analysis. In particular we summarize in an appendix
the relevant Feynman rules that go beyond those presented in [R5, B4, Bg]. Section [ is
devoted to the master formulae for rare decays in models with non-MFV interactions. This
presentation goes beyond the LHT model and the formulae given in this section are general
enough to be used in other models that contain non-MFV contributions. This section is
basically a generalization of the formulae in [B(] to include the breakdown of universality
in the functions X, Y and Z as mentioned above. In section Wl we calculate the new
contributions to X, Y and Z coming from the T-even sector. The results from the analysis
of the LH model in [RI]] were very helpful in obtaining these results. In section [f], the most
important section of our paper, we calculate the T-odd contributions to X and Y in the 't
Hooft-Feynman and unitary gauge, obtaining a gauge invariant result for these functions.
Similarly to [R]] we identify logarithmic divergences that are gauge independent. We recall
the interpretation of these divergences and we analyze their impact on the functions X and
Y in section fj. In section [] we calculate the function Z that contributes to the B — X /¢~
decay. In section f we study the decay Kj — 7°¢*¢~. The benchmark scenarios for our



numerical analysis are described in section [ In section [[(, the numerical analysis of the
relevant branching ratios including T-even and T-odd contributions is presented in detail.
Of particular interest is the pattern of the violations of several MFV relations [B1-BJ that
can be tested experimentally one day. This analysis takes into account the constraints
found from the analysis of AF = 2 processes and B — Xy presented in [2§] and from
Br(B — X {t¢7) calculated here. It can be considered as the first global analysis of
FCNC processes in the LHT model. In this section we also comment on B — 7K decays.
In section we conclude our paper with a list of messages resulting from our analysis
and with a brief outlook. Few technical details and the Feynman rules can be found in the

appendices.

2. General structure of the LHT model

2.1 Gauge and scalar sector

The original Littlest Higgs model [ is based on a non-linear sigma model describing the
spontaneous breaking of a global SU(5) down to a global SO(5). This symmetry breaking
takes place at the scale f ~ O(TeV) and originates from the vacuum expectation value
(VEV) of an SU(5) symmetric tensor 3, given by

Ooxo2 0 1aoxo
So=()=| 0 1 o0 |. (2.1)
Loyo 0 Ogxo

The generators T of the unbroken SO(5) symmetry fulfill T¢%y + $o(T4)T = 0,
whereas the broken generators X of SU(5)/SO(5) satisfy XX — ¥g(X%)T = 0. The
symmetry breaking can thus be considered as a Zs automorphism under which 7% +— T
and X% — —X% This automorphism is the basic motivation for the way T-parity is
implemented, as discussed later.

The mechanism for this symmetry breaking is unspecified, therefore the Littlest Higgs
model is an effective theory, valid up to a scale A ~ 47 f. From the SU(5)/ SO(5) breaking,
there arise 14 Nambu-Goldstone bosons x* which are described by the “pion” matrix II,
given explicitly by

_wd Wt ot gt _i¢t
2 V20 V2 V2 V2
_wo W wtht® ot ig+¢"
V2 2 V2 2 V2 V2
= "X = it w5y imp g (2.2)
—— T = ' _w
i9 Vi T Um TV
Zd); ig0+of vt+h—in? _wt L
V2 V2 2 V2 2 V20

Here, H = (—in*/v/2, (v + h +in°)/2)T plays the role of the SM Higgs doublet, i.e. h is
the usual Higgs field, v = 246 GeV the Higgs VEV, and 7*, 7% are the Goldstone bosons
associated with the spontaneous symmetry breaking SU(2)r, x U(1)y — U(1)em. The fields



n and w are additional Goldstone bosons, and ® is a physical scalar triplet, as described
below.
The low energy dynamics of the symmetric tensor ¥ is then described by

Y = MW Ing e/ = 21/ 5 (2.3)

An [SU(2) x U(1)]1 X [SU(2) x U(1)]2 subgroup of the SU(5) global symmetry is gauged,

with the generators

Lo 00 .
Qi=5|0 00, Yi=_diag33-2-2-2),
0 0 0
(o0 o .
Qi==(00 0 |, Y»=-—diag2,2,2 -3, -3), (2.4)
2o 0 _oa 10

and the corresponding gauge bosons Wi, BY', W3* BY. Having the Zy automorphism
T — T* and X® — —X* in mind, one implements T-parity by assigning a symmetry
transformation to all fields, such that the theory is symmetric under T-parity. A natural

way to define the action of T-parity on the gauge fields is
Wla — WQ(I, Bl e B2 . (25)

In other words, the action of T-parity exchanges the two SU(2) x U(1) factors. An imme-
diate consequence of this definition is that the gauge couplings of the two SU(2) x U(1)
factors have to be equal.

The gauge boson T-parity eigenstates are given by

we = WEAWe g Bt B e, (2.6)
V2 V2
we —Wwe B1 — By
W = ¥, By = ——+—- T-odd), 2.7

where “L” and “H” denote “light” and “heavy”, respectively.

Now, the VEV ¥, breaks the gauge symmetry to the diagonal T-even SU(2) x U(1),
which is identified with the SM gauge group. The breaking SU(2);, x U(1)y — U(1)em
then takes place via the usual Higgs mechanism. Finally, the mass eigenstates are given at

O(v?/f?) by

R~ 29
’l)2
ZL:COSHV[/'WE—SiIlawBL, ZH:WI?}—FxHFBH, (2.9)
2
Ay :sinHWW£+cos9WBL, Ay = —xH%W%—FBH, (2.10)



where 6y is the usual weak mixing angle and
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From these breakings, the T-odd set of SU(2) x U(1) gauge bosons acquires masses,
given at O(v?/f?) by

2

v d 502
- 8—f2> > Mz, = Mw,, , May, = f_g (1 > . (2.12)

NANRTE

The masses of the T-even gauge bosons are generated only through the second step of

MWH = fg (1

symmetry breaking. They are given by

_9v

v? gu v?
M 1— M, = 1— My, =0. 2.1
L2 < 12f2> ’ 7L 2cos Oy < 12f2> ’ A =0 (2.13)

Note that T-parity ensures that the custodial relation My, = My, cos Oy is exactly satis-

fied at tree level.
In order to ensure that ®,w,n are odd under T-parity, whereas the SM Higgs doublet
H is even, one makes the following T-parity assignment:

IT+— —QIIQ, where Q = diag(1,1,—-1,1,1). (2.14)

As mentioned above, ® is an additional scalar triplet in a symmetric representation of

SU(2)r,. Its mass is given by
f

5 9
with my being the mass of the SM Higgs scalar. As pointed out in [RJ|, mpy in the LHT
model can be significantly higher than in supersymmetry. In appendix [f] we show that ®

me = V2my (2.15)

has only negligible effects on the decays studied in the present paper.

The fields w*, w® and 75 are the Goldstone bosons associated with the breaking of
[SU(2) x U(1)]1 x [SU(2) x U(1)]2 to its diagonal subgroup. They are thus eaten by the
heavy gauge bosons Wﬁ, Zy and Ap, respectively.!

2.2 Fermion sector

A consistent and phenomenologically viable implementation of T-parity in the fermion
sector requires the introduction of mirror fermions [24]. We embed the fermion doublets
into the following incomplete representations of SU(5), and introduce a right-handed SO(5)
multiplet ¥g:

1)y 0 VR
\Ill e O s \I/2 = 0 s \I/R = XR 5 (216)
0 1) YR

'To be exact, ®, w and 1 mix with each other at O(v?/f?) [@] and it is a linear combination of the
fields that is eaten. See appendix E for details.



with
P = —0’q; = —0” (Z’) (i=1,2),  ¢gr=—io’ <UHR> : (2.17)
i
Under T-parity these fields transform as
\Ill — —EO\I/Q, \I/Q — —20\111, \I/R — —\I/R. (218)

Thus, the T-parity eigenstates of the fermion doublets are given by

q1 — Q2 q1+q2

qsM = \/5 ) qH = \/5 .

gsm are the left-handed SM fermion doublets (T-even), and gy are the left-handed mirror

(2.19)

fermion doublets (T-odd). The right-handed mirror fermion doublet is given by ¥g.
The mirror fermions can be given O(f) masses via a mass term

ﬁmirror = _"fijf (\IIZZS + \TﬂlEOQSTQ) \Ijgiia (220)

where we sum over the generation indices 4,7 = 1,2,3 and & = e/ is needed to make
Linirror SU(H) invariant.
The mirror fermions thus acquire masses, given by [BF]

U2 ’U2
mY; = V2 f (1 - 8—]02> = mu; (1 - 8—f2> : (2.21)
mCIl{i = \/§an =my;, (2.22)

where k; are the eigenvalues of the mass matrix x.

The additional fermions ¢ and g can be given large Dirac masses by introducing
additional fermions, as described in detail in [@, @} In what follows, we will simply
assume that they are decoupled from the theory.

2.3 Yukawa sector

In order to cancel the quadratic divergence of the Higgs mass coming from top loops, an
additional heavy quark 7. is introduced, which is even under T-parity and transforms,
to leading order in v/ f, as a singlet under SU(2);. The implementation of T-parity then
requires also a T-odd partner 7", which is an exact singlet under SU(2); x SU(2)y and
therefore does not contribute to the decays in question (see ] for details).

The Yukawa coupling for the top sector is then given by [B4, B

1 _ _ ~ ~
L = =5 N eimay | QU (Dry — (Q220)i(Dia )y |
— N f (it g + Ththp) + hec., (2.23)
where
(] 0
Q=|t], Q=]|ty], (2.24)
0 (>



the superscript in u?]’% denotes the third quark generation, and ¥ = $QXQY is the image
of ¥ under T-parity.
Note that under T-parity

Ql — —EOQQ s t/lR — _t/2R7 u3R = u?j%, (2.25)
so that the T-parity eigenstates are given by

_tll:Ft/2 t/ :tllR:FtéR.

t, = :
+ \/5 +R \/5

Ast’ and t’ ;, do not mix with the mirror fermions at tree level, the mass eigenstates,

(2.26)

denoted by (T-)z and (7-)g for the left and right-handed part, respectively, are simply
given by
(T )=t (TH)p=t_g. (2.27)

However, the T-even eigenstates mix with each other, so that the mass eigenstates of
the top quark ¢ and its heavy partner 7., are given by

tr = cr(gsm)1 — sotly (Ty)r = sp(gsm)1 + ert!, (2.28)

tpr = CRU%—SRtg_R, (T+)R= SRU?])%—FCRtg_R, (2.29)

where (gsm)1 denotes the upper component of the left-handed SM quark doublet, and

v 1)2

S, = X1,— 1+ —d2:| y 2.30
7 [ 72 (2.30)

2,2

xT, v
Cr, = —Eﬁ, (231)

v? 1
SR = /XL, |:1 — F(l —I'L) <§ —I'L>:| s (232)
v? 1
chvl—xL |:1+FCCL <§—$L>:| s (233)
with )

= == do =—=+4 = 2x7,(1 — . 2.34
Iy, )\%—F)\%’ 2 6+2$L+ 1‘[,( mL) ( )

This mixing leads to a modification of the top quark couplings relatively to the SM, as can
be seen in the Feynman rules given in appendix [B.
The masses are then given by

)\1)\22} 1)2 1 1
o= s 14 g (g gm0 - (2:39)
m ’02
mr, = s | g (5t (230
2
o= L =)

,10,



As the Yukawa couplings of the other SM quarks are small, there is no need to introduce
additional heavy partners to cancel their quadratically divergent contribution to the Higgs
mass. Thus the Yukawa coupling for the other up-type fermions is simply given by?

Ly = _%)‘ufeijkexy [(@)i(z)jx(z)ky - (Q_zzo)i(i)jx(i)ky] ug +he,  (2.38)

and their masses are given by

A , 2
mi = \iy <1 - 3U—f2> (i=1,2). (2.39)
For the down-type Yukawa term, we take [3€]
i\ - - - - -
Edown = ﬁ%feijemyz [(WQ)x(E)Zy(E)jzX - (\IIIEO):B(E)ZZ/(E)],ZX dR + h-C.a (240)

where we sum over ¢, = 1,2 and x,y,z = 3,4,5, and X = (233)*1/4 has been introduced
in order to make Lgown gauge invariant. Note that here

Q1 0
wn=[o|, w=[|o], (2.41)
0 q2

i.e. no insertion of o2 is needed. From this Yukawa term, we obtain the down-type quark
masses to be

i i v .
md = d’U <1 — TP) (’L = 1, 2, 3) . (242)

Lepton masses are generated in a completely analogous way.

2.4 Weak mixing in the mirror sector

As discussed in detail in 25, B§], one of the important ingredients of the mirror sector is
the existence of four CKM-like unitary mixing matrices, two for mirror quarks and two for
mirror leptons:

Vi, Vua, Ve, V. (2.43)
They satisfy
Vi Via = Vexw, Vi Ve = Viluns » (2.44)

where in VpMmns [ the Majorana phases are set to zero as no Majorana mass term has
been introduced for the right-handed neutrinos. The mirror mixing matrices in (2.43) pa-
rameterize flavour violating interactions between SM fermions and mirror fermions that

2Strictly speaking, all three generations have to be included in the top Yukawa term, where \; then
becomes the usual 3 x 3 Yukawa coupling matrix, as discussed in detail in [@ However, as found there,
the mixing of T} with u, ¢ quarks is experimentally highly constrained, so we can safely neglect it. For
simplicity, we thus write the Yukawa term for each generation separately, and later include the CKM mixing
“by hand” in the Feynman rules given in appendix E

— 11 —



are mediated by the heavy gauge bosons Wy, Zg and Ay. The notation in (R.43) indi-
cates which of the light fermions of a given electric charge participates in the interaction.
Feynman rules for these interactions are given in appendix [B.

In the course of our analysis it will be useful to introduce the following quantities [26]:

d _y/

¢8O = ypisyrid (@) pibyid ) _yibys (= 19.3), (2.45)

that govern K, B; and B, decays, respectively.
Following [Bg] we will parameterize V4 generalizing the usual CKM parameterization,
as a product of three rotations, and introducing a complex phase in each of them, thus

obtaining
1 0 0 06153 0 s%e‘wﬁs c‘li2 5‘1126_“5‘112 0
Vaa= |0 & sg3e_i5‘2ii’> : 0 1 0 : —s%eié(ﬁ &y 0
0 —sg3ei533 cg3 —scll €13 c‘li3 0 0 1
46)
Performing the product one obtains the expression
cfacts stpclye "0 sye i
Via = —3%2051361'5?2 - 0%235133?3€i(5f37533) 55 — 3?235133%36‘(5d ~012=0%) s33¢ize " 9%
361l23§l3ei(5(1i2+5g3) - 0?205133313€i5f3 —cfys8¢’ % — sac83515¢" (615 —01) 53¢s
(2.47)

As in the case of the CKM matrix the angles 6? can all be made to lie in the first quadrant
with 0 < 512, 523, 6 {5 < 2m. The matrix Vi, is then determined through Vi, = VHdVCKM'

We point out that in [B§] and in the first version of Pf] Vg4 was parameterized in
terms of three mixing angles and only one phase like Vg, overlooking the presence of
two additional phases. The presence of three phases was first pointed out in [Bg]. In short,
the reason for the appearance of two additional phases relative to the CKM matrix is as
follows. Vexwm and Vyg are both unitary matrices containing three real angles and six
complex phases. Varying independently the phases of ordinary up- and down-quark states
allows us to rotate five phases away from Voky (an over-all phase change of all the quark
states leaves Vokwy invariant). In rotating phases away from Vy4, one can still act on only
three mirror states, thus obtaining for Vi4 a parameterization in terms of three mixing
angles and three phases.

The six parameters of V4 have to be determined in flavour violating processes. In [Rf]
we have outlined briefly this determination in the context of particle-antiparticle mixing.
Including rare K, By and B, decays will further help to determine these parameters.

3. Rare K and B decays beyond MFV

3.1 Preliminaries

Before presenting in sections ] and [ the details of the calculations of rare K and B decays
in the LHT model in question, it will be useful to have a general look at rare decays within
models with new flavour and CP-violating interactions but with the same local operators
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of the SM or more generally of constrained MFV (CMFV) models, as defined in [, BJ].
While the presentation given below is tailored to the subsequent sections, it can easily be
adapted to any model of this type.

It should be emphasized that while the formulae given below bear many similarities to
the ones given in [B(], they differ from the latter ones in the following important manner.
In [BQ] a simple beyond-MFV scenario of new physics has been considered in which new
physics affected only the Z%-penguin function C' that became a complex quantity, but
remained universal for K, By and Bs decays. In this manner several CMFV relations
involving only CP-conserving quantities remained valid and the main new effects were seen
in CP-violating quantities like Br(Kj — 7%v7) and the CP-asymmetries in B — X (/™.
In particular, the full system of rare K, B; and By decays considered in this section could
be described by three complex functions

X =|X|e%% v =y, Z=|Z|e%, (3.1)

with correlations between these functions resulting from the universality of the Z%-penguin
function C' = |C|exp (i0¢). As a result the CMFV correlations between observables in K,
By and Bg were only affected in the cases in which 6; played a role. In the LHT model the
structure of new flavour violating interactions is much richer. Let us spell it out in explicit
terms.

3.2 X;, Y;, Z; functions
In the CMFV models the new physics contributions enter for all practical purposes only
through the functions X, Y and Z that multiply the CKM factors )\EZ)

N =ViVia, AT =V, Y = ViV, (3:2)

for K, By and B, systems respectively.
It will be useful to keep this structure in the LHT model and absorb all new physics
contributions in the functions X;, Y;, Z; with i = K, d, s defined as follows:

_ 1 - i
X; = Xsum + Xeven + WX"Odd = |X;] "%, (3.3)
t
_ 1 - Y
Y; = Ysu + Yeven + Wyiodd = |v;| ', (3.4)
t
_ 1 - - i
Zi = ZsM + Zeven + Wzgdd = |Z;] %7 . (3.5)
t

Here Xgm, Ysm and Zgy are the SM contributions for which explicit expressions can
be found in appendix . Xeven, Yeven and Zeven are the contributions from the T-even
sector, that is the contributions of 7T, and of ¢ at order v?/f? necessary to make the GIM
mechanism [@] work. The latter contributions, similarly to Xgym, Ysm and Zgy, are real
and independent of i = K,d,s. They can be extracted from [RI] and will be given in
section . The main result of the present paper is the calculation of the functions ded,
ded and Z;’dd, that represent the T-odd sector of the LHT model and are obtained from
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penguin and box diagrams with internal mirror fermions. The details of this calculation
can be found in section [|. In what follows we will present the most interesting branching
ratios in terms of X; and Y;. The CKM elements that we will use are those determined
from tree level decays.

3.3 K — wvv

Generalizing the formulae in [B(Q] we have

Br(K" — ntwp) = ky [FPPA'RY Xk |? + 27 Pu(2) A* Ry| X | cos B + Pe(x)?], (3.6)

Br(Ky — 1°vp) = ki AYR?| X |? sin? g% |

where [[]]

Vis _ _
= V—t ~0.98, ry=(50840.17) 107", kp =(222+0.07)-1071°,  (3.8)
cb
_ 22
P,(z) = (1 - 7) P.(z), P.(x)=04240.05, (3.9)

with P.(z) including both the NNLO corrections [[H]] and long distance contributions [{].
Finally

BY =0 —Bs — 0% (3.10)

The values of A, Ry, 8 and 3 are collected in table [I] of section [L{.
Of particular interest is the relation

sin2(8 + ¢p,) = sin 26% (3.11)

that for pp, = 0, 0% = 0 reduces to the MFV relation of i, i4]. A violation of this relation
would signal the presence of new complex phases and generally non-MFV interactions. In
this context the ratio

Br(Kp — wvw) | Xk 2 sin 3% 2 (3.12)
Br(Kp — n%vo)sm | Xsm| [sin (8 — Bs) '
is very useful, as it is very sensitive to 9§ and is theoretically very clean.
The most recent SM predictions for the branching ratios read [@]
Br(KT — 7Tvp)=(8.0+1.1)-107" | Br(Kp — nw) = (2.94+0.4) 107" (3.13)

to be compared with the present experimental measurements [@, @]
Br(Kt — mtwp) = (147153)- 1071, Br(Kp — 7%w) < 2.1-1077 (90%C.L.). (3.14)

Recent reviews of the K — mvo decays can be found in [[f7, ).
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3.4 Bs,d - M+,U,_

Here, we will mainly be interested in the following ratios

Br(By—ptp) ‘ Y, |? (3.15)
Br(Bs — ppu)sum Ysm
Br(By—ptp) ‘ vy [? (3.16)
Br(Bqg — ptp~)sm | Youm|
Br(Bg — pt ) _ 7(Ba) mp, Fl%d @ ’ E ’ (3.17)
Br(Bs — ptp~) 7(Bs) mp, Fés Vis| |Ys]

where the departure of the last factor from unity signals non-MFV interactions. In ob-
taining these formulae we assume that the CKM parameters have been determined in tree

level decays independently of new physics so that they cancel in the ratios in question.

In the LHT model [R§]

AMy _ mpy BBdFéd @ ? CBd (3 18)
AMS mp, BBsFéS Vis CBS ’
where
AM,
Cp, = o i— qg=d,s). 3.19

Consequently, using (B.17) and (B.1§), the golden relation between Br(Bgs — pp~) and
AMy/AM; valid in CMFV models [BI] gets modified as follows:

Br(By — ptp”) _ Bp,7(B) AM. —_|Yi|* Cp, (3:20)
Br(Bqg — ptp~)  Bp, 7(Ba) AMy Y, Cg,’ ’
with 7 being generally different from unity.
The most recent SM predictions read [BJ]
Br(Bs — pt ™) = (3.354£0.32)-10°,  Br(Bg— pp) = (1.03£0.09)-1071° | (3.21)
to be compared with the experimental upper bounds from CDF [49]
Br(Bs — ptp)<1-1007, Br(Bg—putp)<3-107%. (3.22)
3.5 B— X&dyﬂ
We will also study the theoretical clean decay B — X qvv and look at the ratios
Br(B— Xwp) | Xs |? (3.23)
Br(B — Xswi)sm | Xsu '
Br(B — Xqup Xy
B = Xavw) _ | Xa | (3.24)
Br(B — Xavv)sm Xsm
Br(B — Xavo) | X" |Via|? (3.25)
Br(B — Xwv) | Xs| |Vis| ' ‘

with |Vi4| and |V;s| obtained from tree level decays. Note that for X; # X, the relation of
the last ratio to |Viq/Vis| is modified with respect to MFV models.
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4. Results for the T-even sector

The contribution from the T-even sector, denoted by Xeyen and Yeven in (B.J) and (B4),
respectively, can be extracted from [21]], where the functions X and Y have been calculated
in the LH model without T-parity. Imposing T-parity implies

socmg=d =L (4.1)

and vanishing of the diagrams in the classes 1, 2, 4 and 6 in [PI]. Moreover there are
no corrections from the breakdown of custodial symmetry, and the left-over divergence,
discussed in detail in [R]], is also absent.

We find then
_ v2 T Ty
Xeven = x%ﬁ |:U3($t, xT) + 1—x; §:| s (42)
_ v? T Ty
Yoven = x%ﬁ |:V:9,(£Ct,£6T) + 11—, §:| > (43)

with the two terms on the r.h.s. coming from class 3 and 5 in [R]]], respectively. The
functions Us(z4, x7) and V3(z4, x7) are given in appendix [0

5. Results for the T-odd sector

5.1 Preliminaries

In figures fl] and [ we show the diagrams contributing to ded in (B.3). Similar diagrams
but with external charged leptons contribute to ¥;°4 in (B:4). They can be divided into
two classes. The first class involves in the unitary gauge Wﬁ and the mirror fermions u’;
exchanges, while the second class involves Zy, Ay and diH exchanges. In the renormal-
izable R¢ gauges also diagrams with Goldstone bosons have to be included. We will first
discuss the calculation in the unitary gauge. Subsequently we will turn to the calculation
in the 't Hooft-Feynman gauge, verifying our result in the unitary gauge.

5.2 Z;-penguin diagrams in the unitary gauge

Only Zj-penguin diagrams contribute to the decays considered because the couplings of
Zy and Ay to v and pTp~ vanish due to T-parity. We note that the diagrams with
internal Wf; are fully analogous to the corresponding SM diagrams with internal I/VLi
Moreover the diagrams with triple gauge boson vertices vanish in the case of internal Agy
and Zy contributions.

There are two additional features with respect to the SM calculation and the box

]

diagram calculation presented in [Pg] and below:

e The diagrams in figure [l| appear first to be O(1), that is they are not suppressed by
2/ 2
v/ fe.

e The couplings of mirror fermions to Zj are vectorial (y*) in contrast to the SM
couplings that have both v* and ~*~5 components.
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Figure 1: Z;-penguin diagrams contributing in the T-odd sector.

Clearly the O(1) contributions have to vanish as otherwise it would not be possible to de-
couple the mirror fermions in the limit f — oco. This is assured by the vectorial coupling of
Z1, to the mirror fermions. The missing of diagrams with triple gauge boson vertices in the
neutral gauge boson case is compensated by the difference between di; Z¥dy; and 'y Z4 ub,
couplings, so that the charged (Wﬁ) and neutral (Zp, Ap) gauge boson contributions of
O(1) to the Z-penguin vanish independently of each other in the unitary gauge.

As the inclusion of v?/f? corrections to the neutral gauge boson interactions leads only
to an overall factor multiplying the Zg and Ay contributions, which vanish independently
of each other, we find that there is no contribution from mirror fermions to Z-penguin
diagrams in the unitary gauge. The inclusion of v?/f? corrections to the relations between
the masses of u’H and diq and to the gauge boson masses does not change this result.

5.3 Box diagrams in the unitary gauge

In order to simplify the formulae, we will present the results for the box diagrams shown in
figure fl in the limit of degenerate mirror leptons. As the box contributions vanish in the
limit of degenerate mirror quarks, the inclusion of mass splittings in the lepton spectrum
is a higher order effect. We have numerically verified that it can be neglected for the range
of mirror fermion masses considered in the analysis.

Let us begin with the neutral gauge boson contributions. Similarly to AF = 2 transi-
tions considered in [R5, P, only the g part of the gauge boson propagators is relevant.
The contributions involving k* k" /MI%VH cancel each other between the two last sets of box
diagrams in figure Pl Consequently the neutral gauge boson box contributions to ded
and ded are gauge independent. This means that the neutral gauge boson contributions
to Zp-penguins must vanish in an arbitrary gauge which is confirmed through an explicit
calculation, as discussed below.
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Figure 3: O (v2/f2) contributions to Z-penguin in the 't Hooft-Feynman gauge.

The result for the box contributions involving VVIj{E turns out to be divergent. As
box contributions in a renormalizable gauge, like the 't Hooft-Feynman gauge, are finite
by power counting, the box diagram contributions involving Wf; must then be gauge
dependent. Before giving the result for the unitary gauge calculation, including also neutral
gauge boson contributions, let us repeat the calculation in the 't Hooft-Feynman gauge.

5.4 Calculation in the ’t Hooft-Feynman gauge

In the ’t Hooft-Feynman gauge also the diagrams with Goldstone bosons have to be in-
cluded. Let us first compute the Z-penguin diagrams. The O (1) contributions vanish as
expected and we have to consider O (v2 / f2) corrections. Here, as in the unitary gauge,
there are no contributions from diagrams involving only gauge bosons. On the other hand
diagrams with Goldstone bosons contribute at O (v2 /f 2). To this end we had to generalize
the Feynman rules of ] to include O (v?/f?) corrections to vertices involving Goldstone
bosons. It turns out that O (1)2 / f2) corrections to quark-mirror quark-Goldstone boson
vertices cancel in the calculation, which implies that the neutral gauge boson contributions
to the Zr-penguin, not having triple gauge boson vertices and corresponding vertices with
Goldstone bosons, vanish also in the 't Hooft-Feynman gauge. This was to be expected as
the box contributions from neutral gauge bosons are gauge independent.

Thus in the 't Hooft-Feynman gauge only two diagrams at O (1)2 /f 2), shown in figure 3,
contribute to the Zp-penguin vertex. Using the Feynman rules of appendix B we find that
the first diagram in figure [ is divergent with the divergence precisely equal to the one
found in box diagrams with Wﬁ exchanges calculated in the unitary gauge.
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Including next the finite contributions from the diagrams in figure g and the finite
contributions from box diagrams with Wf; and Goldstone boson exchanges in the 't Hooft-
Feynman gauge, we confirm the final results for X;’dd and ded obtained in the unitary

gauge.

5.5 Final results for the T-odd sector

As described above, we have performed the calculation of the functions X'i"dd and ded
in the unitary gauge and in the 't Hooft-Feynman gauge obtaining the same results. In
particular, we found that the left-over divergence obtained in the unitary gauge was not
an artifact of a non-renormalizable gauge but a physical gauge independent result. A
similar divergence has been found in the Z;-penguin calculation in the LH model without
T-parity [R1]. We will recall the interpretation of this divergent contribution given in [R1]
in the next section.
The final results for ded and ded in the LHT model are then given as follows:

Xt = [ (77 (o) = 7)) + €0 (T ) = T o) [ (5)
Vo = [ (7 (2, y) = T (21,m) + €0 (T (25,m) = TP ry) | (5:2)
where
4% 1 U2 14%
J (zi,y) = 61 12 ziSoad + " (21, y; W)
#4(GCsZi) + CalehfsAn) + Galewin)) | (539
_ 1 1)2 _
JH (zi,y) = G172 ziSodd + F"(2i,y; W)

—4<G(zl-, y; Zu) + Gi(z, v An) — Ga(zi, y; 77))] . (54)

12

2 bl
M,

1
Sodd = g + log (5.5)

with the functions F*”, FF#, G, G7 and G2 given in appendix [J and the various variables
defined as follows

2 2
My M ! i
7y = St = 2L z; =az; Wwith a= 5 ) (5.6)
MWH MZH v tan? Oy
2 2
_ My _ My r_ _ 1
V=32 Tz 0 YTye, o n=_ (5:7)
Wy ZHq

In the unitary gauge the results in (5.1)-(b.4) follow from box diagrams only, since
the Zr-penguin diagrams do not contribute in this gauge, as discussed in section [5.3. The
notation in (f.3) and (f.4) indicates which diagrams contribute to a given function, with
G- resulting from diagrams with both Zy and Ap exchanges. In the 't Hooft-Feynman
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gauge the contribution of the Z-penguin diagram is found to be

AJYY = AJH = Jiﬁ (5.8)
- =2 '
— 3
AJ = 2;Soqd — 8ZZ'R2(ZZ') + 522‘ + 2ZZ'F2(ZZ‘) , (59)

where the functions Ry and F» are given in appendix [J.
The box diagram contribution involving Wﬁ in the 't Hooft-Feynman gauge can simply
be obtained from (B.1))~(F-4) and (F.§) using the gauge independence of X244 and Y244,
The formulae (F.1)—(F.4) are the main results of our paper.

6. The issue of left-over singularities

It may seem surprising that FCNC amplitudes considered in the previous section con-
tain residual ultraviolet divergences reflected by the non-cancellation of the 1/¢ poles at
@) (v2 / f2) in our unitary gauge calculation. Indeed due to the GIM mechanism the FCNC
processes considered here vanish at tree level both in the SM and in the LHT model in
question. Therefore within the particle content of the low energy representation of the LHT
model there seems to be no freedom to cancel the left-over divergences as the necessary
tree level counter terms are absent.

At first sight one could worry that the remaining divergence is an artifact of the
unitary gauge calculation. However, an additional calculation in the 't Hooft-Feynman
gauge convinced us that the found divergence is gauge independent. A similar result has
been found in the context of the LH model without T-parity in [21] and understood as the
sensitivity of the decay amplitudes to the UV completion of the LH model.? The same
interpretation can be made here. After all, the LHT model is a non-linear sigma model,
which is a non-renormalizable description of the low energy behavior of a symmetric theory
below the scale where the symmetry is dynamically broken.

We have found explicitly that in the 't Hooft-Feynman gauge the singularity followed
entirely from the interactions of the Goldstone bosons of the dynamically broken global
symmetry with the fermions. As the Goldstone bosons in question are the only remi-
niscences of the spontaneous symmetry breakdown present in the low energy theory, the
estimate of the size of the divergences through their interactions with fermions in figure
should in principle be adequate. However, as emphasized in [RI]], the light fermions may
have a more complex relation to the fundamental fermions of the ultraviolet completion of
the theory. We refer the reader to [R1f], where a discussion of this issue and a comparison
with QCD can be found.

In what follows we will as in 1] remove 1/¢ terms from (f.§) and set u = A to obtain

2 2
v ni _ 1o A

div = div 216—4ﬁ 10g MTVVH s (61)

3 A similar singularity has been found independently in [@], in the context of the study of electroweak
precision constraints.
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Figure 4: J” (lower) and J*" (upper) as functions of my; for values of my, =400 GeV(dotted),
500 GeV (solid) and 600 GeV (dashed) with (dark) and without (light) J57 = J{ included.

as a minimal estimate of the UV sensitivity of the model. Setting
A=Axf, v =246 GeV , (6.2)
we find that for f = 1000 GeV, implying My, = 652 GeV,
4= J = 2 0.006. (6.3)

In figure [] we plot J*” and JH* as functions of mpyy; for three values of mpy, with
and without J5” and J C’l‘l’:‘/ included. We observe that the divergences constitute a sizable
fraction of the total result. The coefficient of z; in the divergent terms J4* and J C’l‘l’:‘/ is of the
same order of magnitude of the analogous linear coefficient in the convergent contributions,
but roughly four times larger. Moreover, the linear contribution in the range of mirror
fermion masses considered is the dominant one, thus explaining the important impact of
the divergences. At first sight this could imply the loss of the predictive power of the theory
as our estimate of the divergent contribution is clearly an approximation. On the other
hand the divergence found has a universal character and we can simply write

e = JhL = a2 (6.4)

and treat dg;, as a free parameter. Assuming that dg;, encloses all effects coming from the
UV completion, which is true if light fermions do not have a more complex relation to the
fundamental fermions of the UV completion that could spoil its flavour independence, one
can in principle fit dg;y to the data and trade it for one observable. At present this is not
feasible, but could become realistic when more data for FCNC processes will be available.

On the other hand, implementing T-parity removes all divergences from the T-even
sector. This is easy to understand. The only new T-even particle is 7} which can be
thought of as an arbitrary singlet field mixing with the SM top quark, independently of
the non-linear sigma model. Of the “pion” matrix II, only the SM Higgs doublet is present
in the T-even sector, and all modifications in its couplings appear due to the mixing of
Ty with t. Thus the T-even sector of the LHT model is effectively decoupled from the
breaking SU(5) — SO(5) of the non-linear sigma model, which has been the basic reason
for the appearance of the singularity described above and in [RI].
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7. B — X te—

7.1 Preliminaries

The branching ratio for the rare decay B — X /¢~ depends in the SM on the functions
Ysm, Zsm and D¢, with the latter relevant also for the B — X vy decay. The formulae
for the branching ratio are very complicated and will not be presented here. They can be
found in [B(], where also the formulae for the forward-backward asymmetries are given. In
the LHT model the function Ygy is generalized to Yy calculated in the previous section,
whereas Dj 1 has been calculated in [R6] and is given for completeness in appendix a.

What remains to be calculated is the function Z, that we defined in (B.5). The SM
contribution can be written as

1
Zsm = Cy + ZDO (71)

with Cy and Dq given in the 't Hooft-Feynman gauge in appendix [J. Zgy is gauge inde-
pendent. We will also need the QCD-penguin function Ey that can be found in appendix
as well.

7.2 T-even sector

In the case of the T-even sector it is useful to work in the unitary gauge. The function
Ceven can be extracted from [R1] by imposing T-parity with the result

v x2 02 Ty — T v2
Sn’iatnary = ?Lﬁseven < 9 - d2$Tﬁ>
_ﬁv_Q —6 — 5x; + 5:6? — 3x7r + 3rixT
16 f2 2(xy — 1)
8x; — 10x? + b
It o _xtl)—g Tt log xy — (4 + z7) log :UT>
x2 vt 3
+§LFxT <—§d2 + x% + do log:r:T> , (7.2)
where )
1 Iz
Seven = g + log M‘%VL ; (73)

and dy has been defined in (2.34).

The function Deyen in the LHT model can be obtained with the help of Dgy in the
unitary gauge. To our knowledge the latter function has never been given in this gauge in
the literature. It can be found with the help of [R1] as follows.

From the gauge independence of Zgy we know that

1
Csm=Co+gosm,  Dsw= Do~ 20swm, (7.4)
where pgyr is gauge dependent and vanishes in the 't Hooft-Feynman gauge. It has been
calculated in the unitary gauge in [PI] with the result

1 322 + 172y 8x2 — a3
G = — ~T+Sevon — L -t i . 7.5
O0SM 8xt eve 16(1 — xt) S(xt — 1)2 0og 't ( )
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Consequently, using Dy in appendix [d, we find

x —153x; + 383x2 — 2453 + 27z}
Ditary (1) = 7 Seven + Ir —
16 — 64x; + 3627 + 937 — 84z} + 9x? | (7.6)
— og T+ . .
36(z; — 1)* &t

Proceeding then as in the case of B — Xy in []]] but including also v*/f* corrections
to the diagrams with internal T, exchanges we find

. v? v?
Dtem??ary - Fx% |:<1 + 2dy F) DSMtary(xT) - Dtslrl\l/iltary(xt)] ) (77)

and, dropping O(v*/f*) terms,

even ,02 2 [IT U2 SM
Amitary = FxL Z 1+ QdQF Seven — Dunitary (xt)
9 2
Ve 41 — 24logxr  xT v
v” _E TS T (] 4 9d— ) (3 — 21 7.8
_|_f2xL|: 18 + 3 + 2f2 ( ngT) ’ ( )
and subsequently
_ . 1 ..
Zeven = Sn?glary + ZD ﬁn??ary (7.9)

which is gauge independent. The divergence Seyven cancels in (@) 50 that Zeven is finite,

in agreement with our statement in section .

7.3 T-odd sector

In the T-odd sector it is useful to work in the 't Hooft-Feynman gauge. Let us denote

1
Zoad(2i) = Coaa(2i) + 7 Doda(2i) (7.10)
then, from (b.§) and (F.9), we find in the 't Hooft-Feynman gauge

_ 1 v?
Codd(zi) = AJHE — 6_4% [zisodd — 8ZZ'R2(ZZ') + gz, + 2ZZ‘F2(ZZ‘):| (7.11)

with Soqq defined in (5.§) and the functions Re and F; given in appendix [J.
Doqa(z;) is then found in analogy to our calculation of the B — X¢v decay in [2q]. We
obtain

’U2
Doaa(zi) = iﬁ [Do(zi) - éEO(Zi) - %Eo(zé)} (7.12)

with Dy and FEy given in appendix [J. Finally we have
794 = [558)(Zodd(22) — Zoad(z1)) + & (Zoaa(z3) — Zodd(zl)):| : (7.13)

As Dyqq(z;) is finite, the divergence in Cyqq(z;) remains in Z,qq. Its estimate can be done
as outlined in section [g.
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8. KL — W0£+£_

Yete™ and K7 — 7%t~ are dominated by CP-violating contri-

The rare decays K —
butions. In the SM the main contribution comes from the indirect (mixing-induced) CP
violation and its interference with the direct CP-violating contribution [51-p4]. The direct
CP-violating contribution to the branching ratio is in the ballpark of 4 - 107'2, while the
CP conserving contribution is at most 3 - 1072, Among the rare K meson decays, the
decays in question belong to the theoretically cleanest, but certainly cannot compete with
the K — mvv decays. Moreover, the dominant indirect CP-violating contributions are
practically determined by the measured decays Kg — 7%¢*¢~ and the parameter ex. Con-
sequently they are not as sensitive as the K — 7% decay to new physics contributions,
present only in the subleading direct CP violation. However, as pointed out in [B(], in the
presence of large new CP-violating phases the direct CP-violating contribution can become
the dominant contribution and the branching ratios for K7 — 7%¢*¢~ can be enhanced by
a factor of 2-3, with a stronger effect in the case of K; — 7u*u~ [B3, B4].

Adapting the formulae in [f3—-Fg] with the help of [BQ] to the LHT model we find

Br(Ky, — w07) = (Chy & Clylag| + Cluge asf® + Clpe ) <1072, (8.1)
where
CSy = (4.62 £ 0.24) (w2 + w2y), Ch = (1.09 £ 0.05) (w2, +2.32w2,), (8.2)
¢ = (11.3 £ 0.3)wry Ct. = (2.63 £ 0.06)wry , (8.3)
e =14.540.05, Cct.  =3.36+0.20, (8.4)
Cépe >0, Cloc=52+1.6, (8.5)
las| = 1.2+ 0.2 (8.6)
with
1 |Yk]| sin B sin 35 Im A
= — — 4|z 8.7
YTV or 0T i Oy sin(B — Bs) | K|sin(ﬁ —Bs)] [14-1074] " (87)
1 |Yg| sinpf Im )\
_ 8.8
W7A 27 sin? Oy sin(8 — Bs) | 1.4-104 ]’ (88)
where Py = 2.88 + 0.06 [5§] includes NLO QCD corrections and
By =0-Bs—65, Bp=0-0—0% (8.9)

with Zf defined in (B.§) and obtained from Z; by changing 52(8) to 5@([().
The effect of the new physics contributions is mainly felt in wr4, as the corresponding
contributions in w7y cancel each other to a large extent.

The present experimental bounds

Br(Kp — nlte™) <28-107" [Fd, Br(Kp—7’uu)<38-1071 [ (8.10)
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are still by one order of magnitude larger than the SM predictions [Fd]

Br(Ky — m%"e )gu = 3.5470 28 (1.567053) - 10711, (8.11)
Br(Ky, — 7% )sm = 1.417038 (0.951032) - 107 (8.12)
with the values in parentheses corresponding to the “—” sign in (B.1)).

9. Benchmark scenarios for new parameters

9.1 Preliminaries

In what follows, we will consider as in [R] several scenarios for the structure of the Vig
matrix and the mass spectrum of mirror fermions with the hope to gain a global view about
the possible signatures of mirror fermions in the processes considered and of Ty present in
the T-even contributions.

In the most interesting scenario considered in [26] (Scenario 4 below), the mixing matrix
Vg differed significantly from Vega. It could have a large non-vanishing complex phase
5%, while the phases 5?2 and 533, with smaller phenomenological impact, were set to zero.
In this scenario large CP-violating effects in B decays have been found. In particular, the
CP asymmetries Sy and Ag; could be enhanced by an order of magnitude with respect
to the SM expectations.

In the next section we will be primarily interested in calculating the observables con-
sidered in the previous sections in the scenarios defined in [Rf]. In particular, it will be
interesting to see how the CMFV correlations between K°, BY and BY systems [B3, are
modified when new sources of flavour and CP violation are present. The parameterization
of various decays in terms of the functions X;, Y; and Z; that we defined in section E is
very useful for such tests.

The main purpose of our numerical analysis is to have a closer look at six scenarios,
with the first five considered already in our previous study of particle-antiparticle mixing
and B — X,y. We will recall these five scenarios and introduce a sixth one which has
particularly interesting effects in K — 7wvv and K — w%¢*¢~ decays. In all these six
scenarios we set the phases 0, and d%; to zero. The values of the observables that can
only be produced by allowing these phases to vary freely, are covered by our general scan
anyway. This simplification therefore does not restrict the generality of the analysis. We
will see that Scenarios 4 and 6 turn out to be the most appealing, since they respectively
provide large enhancements in the B and K systems. Spectacular effects in both B and
K systems, however, are not simultaneously allowed in a single scenario. Therefore, we
complete the numerical analysis with a general scan over mirror fermion masses and Vg
parameters, with also 6%, and 045 free to differ from zero, finding some interesting points
where significant enhancements in both B and K systems occur.

9.2 Different scenarios

Here we just list the scenarios in question:
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Scenario 1: In this scenario the mirror fermions will be degenerate in mass
My = M2 = M3 (9.1)
and only the T-even sector will contribute. This is the MFV limit of the LHT model.

Scenario 2: In this scenario the mirror fermions are not degenerate in mass and
VHd = VCKM . (9.2)

In this case there are no contributions of mirror fermions to D® — D° mixing and flavour

violating D meson decays, and

g0 =20, P =a?, (9.3)

(]

with ¢ = d, s and no index ¢ in the K system. As discussed in [Rd] and below this scenario
differs from the MFV case.

Scenario 3: In this scenario we will choose a linear spectrum for mirror quarks
mprgy — 400 GeV, mego = 500 GeV, mprgs — 600 GeV, (9.4)

set mpyy = 500 GeV and take an arbitrary matrix Vg, but with the phases 5{12 and 533
set to zero. We stress that similar results are obtained by changing the values above by
+30 GeV, with similar comments applying to (P.J) below. In the remaining scenarios we
will modify the mirror quark spectrum but keep mgy = 500 GeV.

Scenario 4: This was our favorite scenario in which large departures from the SM and
MFV in B, decays could be obtained and some problems addressed in [Rg] could be solved,
with small effects in the experimentally well measured quantities AMy and €x. In this
scenario

myg1 ~ myge = 500 GeV mpys = 1000 GeV , (9.5)
1
— <% <099, 5.10°<s4<2-107%, 4-1072<5% <06, (9.6)

V2
6%y and 8%, are set to zero, while the phase 0%, is arbitrary. The hierarchical structure of
the CKM matrix
S13 K 8923 K 812, (CKM) (97)

is changed in this scenario to

d d d
593 K 513 < 819, (Via) (9-8)
so that Vi, looks as follows:
cd sd sd efzégig
12 12 13
Vg = —SCIZQ cﬁlQ 5g3 . (9.9)
i5d i sd
—cfysizels —sysisetls 1
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We would like to stress that with the degeneracy mpyi1 =~ mpgo the T-odd contributions
in eg proportional to Im(&) and Re(§2) vanish, and only the T-odd term proportional
to Im(&3)Re(&3) contributes. Being Tm(&3) = s5cd55%, sin 6%, the hierarchy chosen in this
scenario for Vg4, with sg?, < 1, has the advantage of suppressing mirror fermion effects
in e, allowing at the same time large CP-violating effects in the BY — BY system [B6].
Furthermore A M, can be smaller than its SM value in this scenario, and interesting effects
in the Bg — Bg system are also found.

It will be interesting to see whether in this scenario large departures from the SM
expectations for rare decays can be obtained.

Scenario 5: In all the previous scenarios we will choose the first solution for the angle
7 from tree level decays as given in ([[0.1]) below so that only small departures from the
SM in the BY — BY system will be consistent with the data. In the present scenario one
assumes the second solution for v in ([[0.T]) in contradiction with the SM and MFV. We
have shown in [2d] that the presence of new flavour violating interactions could still bring
the theory to roughly agree with the available data, in particular with the asymmetry
Syks- In spite of that, the combined measurements on Ad; and cos(28 + 2pp,) and the
indirect experimental estimate of Ag; make this scenario very unlikely [B6, b1]], such that
we will not consider it any further.

Scenario 6: In studying this scenario we aim to enhance mirror fermion contributions
to rare K decays, keeping negligible effects in the experimentally well measured quantities
AMp and ex. To this purpose we choose the mirror fermion masses as in Scenario 4
(see (D.H)) since the near degeneracy between mp; and mpo helps to suppress mirror
fermion effects in AMg.

Concerning e, we recall that with the degeneracy mpi1 ~ mpgo the T-odd contribu-
tions proportional to Im(&2) and Re(&2) vanish, and only the T-odd term proportional to
Im(&3)Re(&3) contributes. In Scenario 4 the hierarchical structure of Vi, is chosen as to
satisfy Im(&3) ~ 0. Here in Scenario 6, instead, we suppress mirror fermion effects in ex
due to the second and third generations, by requiring Re(€3) = 0. Setting also in this
scenario the phases 6?2 and 633 to zero, the explicit expression of the real part reads

d d (.d?2 d?2.d? dy .d .d .d (.d?2 d?2
Re(£3) = —ci257s (323 — C23 S13 > + (cos 673) c33593573 (012 — S12 ) ) (9.10)

which vanishes for 6%, 04, and 6¢; (chosen in the first quadrant) satisfying

1

cly =51y = =5, (9.11)

d
dy= ——13 . (9.12)

523 5
V1+sds

We note that while the value of 6, is fixed to 45° by (P.11), 6%, and 6¢; have no

specified value nor order of magnitude, but (9.12) implies that only one of them is a free
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parameter. The matrix V4 can then be expressed in terms of the two free parameters 9%

and 0%, as
d d .
: 4 d_.d
1 (1+ d 2 isd 1 d 2 _isd S13¢13
_ — 813 e 13) (1 - 313 e 13) 1
Via CNE N NawE (9.13)
sf5 1_ eié%) _ 53 (1+ eiéf?,) cfy

\/5\/ 1+Scll32 \/5\/ 1‘*'5(1132 \V 1"'5(1132

Its structure becomes much simpler if the angle 6%; is sufficiently small, i.e., s¢; < 0.1, and

reads . . .
7 5o e
1 1 d
Vg = ~ 7z 513 . (9.14)
d . od d )
Ta(1— €M) —J2(1+ €MD) 1

As we will see in section [[( the very different structure of V74 when compared with Vg
implies enhancements in rare K decays, without introducing problematic effects in AMg
and ex. Moreover, as Vg in (0.14) has a different structure also from the (P.9) one of
Scenario 4, the new physics effects in the B) — BY and mainly in the B — B system, turn
out to be small although visible.

General Scan: As shown in section [L(, Scenarios 4 and 6 turn out to be the most
interesting ones with, respectively, large new physics effects in the B; and K systems.
Such visible enhancements follow from the structure of V4, primarily required to satisfy
the e and AMg constraints, through Im(€3) ~ 0 in Scenario 4 and through Re({3) = 0
in Scenario 6. A further consequence of the V4 structure is that in Scenario 4 spectacular
effects can be obtained in the By system but not in the K system and vice versa in
Scenario 6. An even more interesting picture would be the simultaneous manifestation of
large enhancements in both B and K observables. In order not to miss such a possibility,
in addition to the scenarios described above, we have performed a general scan over mirror
fermion masses and Vg parameters. To have a global view of the most general LHT
effects, we have allowed here the phases §¢, and 6%, to differ from zero. Qualitatively their
effect is not significant, although they can help in achieving very large effects in certain
observables. We find that there exist some sets of masses and V4 parameters where the
new physics effects turn out to be spectacular in both B and K systems. We note that
they do not really constitute a scenario, they rather appear in the plots shown in the next
section as isolated (blue) points. In contrast to previous scenarios, in fact, the blue points
corresponding to large new physics effects are quite sensitive to the particular configuration
of mirror fermion masses and Vjy parameters.

10. Numerical analysis

10.1 Preliminaries

In our numerical analysis we will set |Vys|, |Vep| and |Vip| to their central values measured

in tree level decays [63, p3 and collected in table fi.
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[Van| = 0.00429(29) Gr =1.16637(1) - 107° GeV >
[Veo| = 0.0416(9) B | Mw = 80.425(38) GeV

A= |Vis| =0.225(1) B | @ =1/127.9

[Vis| = 0.0409(9) 61 | sin® 6w = 0.23120(15)

A = 0.822(16) Mo = 497.65(2) MeV

Ry, = 0.447(31) mp, = 5.2794(5) GeV

3 = 26.3(21)° mp, = 5.370(2) GeV

B, = —1.28(7)° Fx = 160(1) MeV B4
e = 1.30(5) GeV Fpg, = 189(27) MeV

i = 163.8(32) GeV Fp, = 230(30) MeV B3

Table 1: Values of the experimental and theoretical quantities used as input parameters.

As the fourth parameter we will choose the angle v of the standard unitarity triangle
that to an excellent approximation equals the phase dcky in the CKM matrix. The angle
~ has been extracted from B — D™ K decays without the influence of new physics with
the result [61]

~v=(71+16)°, v=—(109 +16)°. (10.1)

Only the first solution agrees with the SM analysis of the unitarity triangle, while the
consistency of the second solution with data has been investigated within Scenario 5 in
our previous LHT analysis [Rf]. It turns out that the combined measurements on AgL
and cos(20 + 2¢p,) and the indirect experimental estimate of Ag; make this scenario very
unlikely [B6, p1].

We will consider here only the first solution, whose uncertainty is sufficiently large to
allow for significant contributions from new physics. The value of § in table [l| is obtained
from Rp and the first solution of +, i.e. from tree level decays only and is not affected by
an eventual new physics phase. Its difference from the value of 3 obtained from the Sy
asymmetry, 3(¢Kg) = 21.2 + 1.0, constitutes the “sin 23 problem” which can be solved
only in Scenarios 3 — 6 [2q].

For the non-perturbative parameters entering the analysis of particle-antiparticle mix-
ing we choose and collect in table [I] their lattice averages given in [65], which combine
unquenched results obtained with different lattice actions. Other parameters relevant for
particle-antiparticle mixing can be found in [Rg].

In order to simplify our numerical analysis we will, as in [R§], set all non-perturbative
parameters to their central values and instead we will allow AMpg, ex, AMg, AM; and
Sykg to differ from their experimental values by +50%, £40%, £40%, +40% and +8%,
respectively. In the case of AMy/AM, we will choose +20% as the error on the relevant
parameter, £, is smaller than in the case of AM,; and AM; separately. The relevant
expressions are given in [R€]. These uncertainties could appear rather conservative, but
we do not want to miss any interesting effect by choosing too optimistic non-perturbative
uncertainties. The constraints from B — X,y and B — X /¢~ are also taken into account.
They turn out to be easily satisfied, within the present uncertainties, and therefore to have

only a minor impact.
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Figure 5: Xoyen/Xsm (left) and Yeven/Ysm (right) as functions of zj,, for various values of f =
1,1.2,1.5 and 2 TeV from top to bottom. The bands underlying the curves show the allowed ranges
after applying electroweak precision constraints [R3].

In Scenarios 3—6, the parameters f and x, will be fixed to f = 1000 GeV and z;, = 0.5
in accordance with electroweak precision tests [RJ]. Varying the breaking scale f would
obviously modify our results. The effect, however, turns out to be much smaller than one
would naively expect from the v?/f%—“scaling”. In other words, lower values of f do not
allow arbitrarily large NP contributions, since the constraints imposed from the available
data become more stringent in this case.

10.2 The MFV scenario 1

Let us consider first the case of totally degenerate mirror fermions. In this case the odd
contributions vanish due to the GIM mechanism [(], the only new particle contributing
is Ty and the LHT model in this limit belongs to the class of MFV models. As only
the T-even sector contributes, the new contributions to all FCNC processes are entirely
dependent on only two parameters

T, I (10.2)

Moreover, all the dependence on new physics contributions is encoded in the functions
Xeven - XSM + Xeven 5 }/even - YSM + Y;sven 5 Zeven - ZSM + Zeven . (103)

There exist strong correlations between various processes that are characteristic for
models with MFV.

It should be emphasized that in this scenario the “sin 20 problem” cannot be solved
as it is a MFV scenario and that AMg > (AMjs)sm, which is not favored by the CDF
measurement [Bg), as well as AMy > (AMy)sm. In [f7 the relations AM 4 > (AM; 4)sm
have been proven to be valid in constrained MFV, where flavour violation is governed
entirely by the Yukawa interactions and there are no new operators beyond the SM ones,
and, therefore, have been expected for this scenario. We specify that in the numerical
analysis of this scenario the Sy constraint is left out while the AMj  ones are taken into
account.

In figure E we plot Xeven/Xsm and Yeven/Ysm as functions of x, for various values of f.
We observe that the new physics contributions amount to modifications of the SM functions
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Figure 6: Br(K; — n%vv)/Br(K — n°vp)sum (left) and Br(KT — ntvi)/Br(K+ — ©mtvi)sy
(right) in Scenario 1, as functions of xj, for different values of f = 1,1.2,1.5 and 2 TeV from top
to bottom. The bands underlying the curves show the allowed ranges after applying electroweak
precision constraints [J].

by at most 9% and 14%, respectively, and of the corresponding rare decay branching ratios
by at most 18% and 28%. As an example we show in figure | Br(K — 7'vv)/Br(K —
7%up)sm and Br(K+ — ntvp)/Br(K+ — ntup)gy as functions of xy, for different values
of f. We observe that slightly larger effects can occur in Br(Kj — n°

Br(Kt — ntvp).

vv) relative to

10.3 Scenario 2

The new contributions to FCNC processes are in this scenario entirely dependent on only
six parameters

ry, f,  mm,  muga, Mgz, Mg, (10.4)

in addition to m; and the CKM parameters that we set to the central values obtained from
tree level decays.

In spite of the fact that in this scenario Vs = Vokw, it does not belong to the class
of MFV models. The point is that breaking the degeneracy of mirror fermion masses
introduces a new source of flavour violation that has nothing to do with the top Yukawa
couplings. Only if accidentally the contributions proportional to £§q) = )\Eq) dominate the
new physics contributions, one would again end up with a scenario that effectively looks
like MFV. However, as the mirror spectrum can be generally different from the quark
spectrum and not as hierarchical as the latter one, the terms involving §§q) = /\2‘1) in
the formulae of the previous sections cannot be neglected, while this can be done in the
T-even contributions. Moreover, as /\ﬁq) are different from )\gq), that dominate the SM
contributions, even in this simple scenario the usual MFV relations between K, By and B
systems will be violated.

)

Specifically, for ¢ = d, s, /\ﬁq are of the same order of magnitude as )\gq) and the MFV

relations between By and By systems turn out to be only weakly violated. On the other
hand, )\((;K)/)\IEK) = O(4 -10?), implying that not only the MFV relations between K and
B, s systems are strongly violated, but also the rate Br(K+ — 77vi) can be significantly
enhanced in this scenario, relative to the SM and Scenario 1. In Br(K* — 7tvp), in
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Figure 7: Br(K; — n%v)/Br(K — n°vp)sum (left) and Br(KT — ntvi)/Br(K+ — 7t vi)sy
(right) in Scenario 2, as functions of x, choosing f = 1TeV and scanning over mirror fermion
masses. The solid line in the right plot represents the SM prediction and separates the regions
where Br(K+ — ntuvw) is suppressed or enhanced relative to the SM.

(K

fact, the T-odd contribution proportional to Re(A¢ )) can have a significant effect, since
Re()\gK)) is much larger than Im()\EK)) and Re()\EK)). In Br(K; — n%w), instead, only
the imaginary part of the CKM contributions enters and, since Im()\gK)) = —Im()\gK)), the
T-odd contribution can only yield a slight suppression.

As an example, we show in figure i Br(K; — 7%»)/Br(K;, — 7v)sm and
Br(Kt — ntvp)/Br(KT — nfvi)gy as functions of xy, , choosing f = 1TeV and
scanning over mirror fermion masses. We point out that the central values of the SM
predictions appearing in the ratios shown in figure [| differ from those quoted in (B.13)
and read Br(K*+ — atvw) = 871071 Br(K; — 7vv) = 4.1-107!. This difference
comes from the CKM inputs that in the present analysis are taken from tree-level decays
only. We observe that Br(Kj — %) can be enhanced at most by 17% relative to the
SM prediction, with stronger new physics effects at higher values of the x; parameter. In
Br(K* — zwtvp), instead, no clear dependence on the xj parameter can be seen, while
larger (of a factor 5) enhancements as well as suppressions of an order of magnitude can
be obtained.

10.4 Breakdown of the universality

In MFV models the functions X;, Y; and Z; are independent of the index i = K,d, s. Con-
sequently, they are universal quantities implying strong correlations between observables
in K, By and B; systems. The presence of mirror fermions in the LHT model generally
breaks this universality, as we have already seen in Scenario 2.

In figure [§ we show the ranges allowed in different scenarios in the space (| X/, | Xx]).
Here and in all the following plots, Scenarios 3, 4 and 6 are represented by red, green
and brown points, respectively, while blue points stand for the general scan. The solid
line represents the MFV relation |X| = | Xk|, with the black point corresponding to the
SM prediction Xgy = 1.49 and the light blue point showing, for illustrative purposes, the
Scenario 1 result. The departure from the solid line gives the size of non-MFV contributions

,32,



145 15 155 16 1.65 1.7 1.75°

Figure 8: Breakdown of the universality between |X x| and | X;|.

allowed in the various, differently coloured, scenarios. We observe that roughly
1.40 < | X4 < 1.75, 0.7 <|Xg| <4.7, (10.5)

implying that the CP-conserving effects in the K system can be much larger than in the
B, system. A very similar behavior is found for the functions Y; and Z; with larger effects
in the K system relative to the By ¢ systems. For instance

080 < |V <1.17,  0.41 < |Yx| <39, (10.6)

to be compared with |Y;| = |Yx| = 0.95 in the SM.
In figure f], then, we show the allowed ranges in the space (0%, @g), which roughly
turn out to be
—3.5° < ©% < 3.5°, —130° < OF <55°, (10.7)

implying that the CP-violating effects in the b — s transitions are tiny, while those in K7,
decays can be very large. An analogous pattern is found for the Y, x and Z x functions.
For the absolute values, the ranges in the By and B systems are similar, while in the By
system larger values for the phase (+13°) can be reached.

From the discussion of the previous plots it is evident that mirror fermion contributions
break universality, and in a scenario-dependent way. Furthermore, we would like to stress
and explain the origin of larger effects found in the K system relative to the By, systems.
Looking at the X; expression in (@) one sees that the mirror fermion contribution is
enhanced by a factor 1/)\2@. As )\EK ~ 4-10~%, whereas )\Ed) ~1-1072 and )\gs) ~4-1072,
we naively expect the deviation from Xgy; in the K system to be by more than an order of
magnitude larger than in the B, system, and even by two orders of magnitude larger than
in the By system. Analogous statements are valid for the Y; and Z; functions.
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Figure 9: Breakdown of the universality between ©% and ©%.
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Figure 10: Br(Kj — mvp) as a function of Br(KT — ntvi). The shaded area represents the
experimental lo-range for Br(K+ — ntvi). The GN-bound is displayed by the dotted line, while

the solid line separates the two areas where Br(K — wvi) is larger or smaller than Br(K+™ —

+

mtuD).

In view of the smallness of the new physics contributions in b — s transitions it is easy
to satisfy the constraints from B — X,y and B — X ¢™¢~ that turn out to be close to the
SM expectations. Therefore we will not further discuss them.

10.5 The K — wvv system

In figure [[J we show the correlation between Br(K*+ — ntwvp) and Br(Kp — 7vp)
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Figure 11: Br(K; — w°vi)/Br(KT — ntvi) as a function of 3%, in the general scan and
Scenarios 3, 4 and 6, respectively. The dashed line represents the GN-bound.

for the scenarios in question. The experimental lo-range for Br(K* — ntvi) [ and
the model-independent Grossman-Nir (GN) bound [ are also shown. We observe that
even for the most general case, there are two branches of possible points. The first one

is parallel to the GN-bound and leads to possible huge enhancements in Br(Kj — 7

V)
so that values as high as 5 - 107!0 are possible, being at the same time consistent with
the measured value for Br(K+ — 7vi). Within Scenario 6 (brown points), this branch

reduces to a straight line. The second branch corresponds to values for Br(Ky — 7°

V)
being rather close to its SM prediction, while Br(K+ — 7Tvi) is allowed to vary in the
range [1-107!,5-10719], however, values above 4 - 107! are experimentally not favored.

We note that within Scenario 4 (green points), Br(K; — 7°

vv) is fixed to the T-even
contribution and close to the SM value, and Br(K* — wtvi) is always smaller than in
the SM so that the GN-bound can be reached.

In figure [T1] we show the ratio Br(Kj — 7'vv)/Br(K+ — ntvi) as a function of the
phase B)Ig , displaying again the GN-bound. We observe that the ratio can be significantly
different from the SM prediction, with a possible enhancement of an order of magnitude.
The two branches of figure [L(] can be distinguished also here. In particular, points generated
in Scenario 6 appear only in the left branch and can not reach the GN-bound, while points
belonging to Scenario 4 populate the right branch and approach this bound.

The most interesting implications of this analysis are:

o If Br(K* — ntvp) is found sufficiently above the SM prediction but below 2.3-10719,
basically only two values for Br(K; — mvp) are possible within the LHT model.
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One of these values is very close to the SM value in (B.1J) and the second much
larger.

e If Br(K*t — 7Fwvw) is found above 2.3 - 107!, then only Br(K; — n'vi) with a
value close to the SM one in (B.13) is possible.

o If Br(Kt — ntvi) is found above the SM value, Scenario 4 will be ruled out.

As Scenario 4 was our favorite scenario in the analysis of AF = 2 processes in [P{], with
spectacular new physics effects in Sy4 and Ag; asymmetries, let us next have a closer look
at the correlations between Sy, and the K — mv decays.

10.6 Sy¢ and K — wvw

In figures [[q and we show the correlation between Sys and Br(K, — 7vi) and
Br(K* — wtvi), respectively. We observe that in Scenario 4 (green points), in which

Sye can be significantly enhanced, Br(Kr — 70

vv) is very close to the SM value, while
Br(K* — ntvi) is suppressed as already found previously. On the other hand in Scenario
6 (brown points), both Br(Kj — 7’vi) and Br(K+ — 7Fvp) can be strongly enhanced,
while Sy is very close to the SM value. Only the general scan (blue points) can yield a
simultaneous enhancement of these three observables. In order to see the triple correlation
in question even better for all the scenarios, we show in figure [[4 only those points of
figure [L] for which Sye > 0.1. It is evident that it is rather difficult to obtain simultaneously
large values of the three observables in question. Still some sets of parameters belonging

to the general scan exist for which this is possible.

10.7 B — Xs,dllﬂ

From the discussion of section we conclude that the branching ratios for the B —
Xs,qvv decays can be enhanced by at most 35% over the SM predictions. Moreover, we
find that

X 2
0.64 < ‘Yd < 1.56, (10.8)
S

implying that the MF'V relation between the ratio of the branching ratios in question and
the CKM parameters given in (B.2§) can be significantly violated.

10.8 Bgs — ptu~ versus K — mvw

We next investigate possible correlations between By — ppu~ and K — 7vw. In particu-
lar, we show in figure [Lj the first correlation that will be accessible to future experiments:
Br(Bs — ptp~)/Br(Bs — ptu )sm as a function of Br(K*T — 7wtvi). The experi-
mental lo-range for Br(K* — wv) [ is represented by the shaded area and the SM
prediction by the dark point. Br(Bs — p*pu™) can be about 50% larger than in the SM,
while more pronounced effects are possible in Br(K* — ntv). Scenarios 4 (green points)
and 6 (brown points) turn out to be again distinguishable through this correlation. As ex-
pected from our previous discussion, Scenario 4 allows larger effects in the B, system, while
Scenario 6 is characterized by significant (of a factor 5) enhancements in the K system.

,36,



Br (K - vv) Br (K - vv)

-10
4.1071°

10

3-10

-0. S g 1 0.2 0.3 Sue
5.10°% 5.10°10 :
4.10°%0 4.10%0
3.10°%° 3.10°10 :
210" 2.10% !
i
1-107%° 1-107%° J
-0.1 0.1 0.2 0.3 S o7 0.1 0.2 0.3 Sue

Figure 12: Br(K; — 7'v) as a function of Sy, in the general scan and Scenarios 3, 4 and 6,
respectively.
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Figure 13: Br(K* — 7vi) as a function of Sys. The shaded area represents the experimental
lo-range for Br(K+ — nvp).

10.9 The K; — w%T¢~ system

In figure [[§ we show the correlation between Br(Ky — n%te™) and Br(Ky — mutp™)
that has been first investigated in [53, p4] in the framework of [B0]. This correlation is only
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Figure 14: Br(K; — n%vp) as a function of Br(KT — 7vi), showing only the points that
satisfy Sys > 0.1. Like in figure I . the shaded area represents the experimental lo-range for
Br(K* — nTvw), the GN-bound is displayed by the dotted line, while the solid line separates the
two areas where Br(K — mvi) is larger or smaller than Br(K+ — ntvi).
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Figure 15: Br(B; — pu™p~)/Br(Bs — pT ™ )sm as a function of Br(K*™ — ntvi). The shaded
area represents the experimental lo-range for Br(K*™ — nTvi) and the dark point shows the SM
prediction.

moderately sensitive to the scenario considered. We observe that both branching ratios

can be enhanced up to a factor two, over the SM values (black point) in (B.11) and (B.13).
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Figure 16: Br(K — 7%t pu™) as a function of Br(Ky — wete™).
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Figure 17: Br(K; — 7% %e™) (upper curve) and Br(K; — 7'uTu~) (lower curve) as functions
of Br(Ky — 7). The corresponding SM predictions are represented by dark points.

10.10 Ky — w%¢1t¢~ versus K — nvi

In figure [[q we show Br(Kj — meTe™) and Br(Kp — n°uTp™) versus Br(K — n'vp).
We observe a strong correlation between K — 7%¢1¢~ and K; — 7% decays that we ex-
pect to be valid beyond the LHT model, at least in models with the same operators present

0

as in the SM. We note that a large enhancement of Br (K — 7°vv) automatically implies

significant enhancements of Br(K; — 7°¢7¢~) and that different models and their param-
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Figure 18: The ratio r as a function of §¢,.

eter sets can than be distinguished by the position on the correlation curve. Moreover,

0

measuring Br(Ky — 7°¢*¢~) should allow a rather precise prediction of Br(K — mv)

at least in models with the same operators as the SM.

10.11 Violation of golden MFV relations

In figure [[§ we show the ratio r of (B.20) as a function of 5%. Its departure from unity
measures the violation of the golden MFV relation between By, — putu~ decays and
AM, s in (B.20). We observe that r can vary in the range

0.6<r<17, (10.9)

with, as expected, Scenario 4 (green points) able to achieve these bounding values more
easily than Scenarios 3 (red points) and 6 (brown points). Such departures from unity
could easily be tested in view of a theoretically clean character of (B.20).

Furthermore, in figure [ we show the ratio of sin 23% over sin(28+2¢pp,) as a function
of §{; for the scenarios considered. Similarly to 7, the departure of this ratio from unity
measures the violation of a golden MFV relation (B.11]), this time between the CP-violating
phases in the K — nwv system and in the Bg — Bg mixing. As ¢p, is constrained by the
measured Syxg asymmetry to be at most a few degrees [B3, [, large violations of the
relation in question can only follow from the K — wvw decays. As seen in figure [I9, they
can be spectacular.

10.12 The dependence on (5?3

As seen in figures [[§ and [[] there are two oases in the values of §¢,
—10° < 6% <50°,  170° < 0% < 250°, (10.10)

with the desert between the two oases visibly but not densely populated. The origin of

the oases is the constraint from Sy . It is interesting to observe again a clear separation
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Figure 19: sin24% /sin(28 + 2pp,) as a function of §f.

between Scenarios 4 and 6. While in Scenario 4 (green points) the first oasis is dominantly
populated, in Scenario 6 (brown points) the second oasis is occupied. Moreover in the
latter case there is an interesting excursion of points into the desert up to 5{13 = 290°. The
desert, instead, in which large effects simultaneously in K and B systems can be found,
is dominated by red and blue points corresponding to Scenario 3 and the general scan,

respectively.

10.13 Comparison of various scenarios

The plots in figures [[0-[] are self-explanatory. Yet, we would like to make a few general
observations:

e There is a very clear distinction between scenarios 4 and 6. Scenario 4 can be con-
sidered as “Bg-scenario” as it gives interesting effects in the By system.

e On the other hand Scenario 6 can be considered as “K-scenario” as it admits spec-

tacular effects in K decays.

e Moreover, for certain sets of the LHT parameters obtained in the general scan, large
departures from the SM predictions in K and By, decays can be simultaneously
found.

10.14 B — 7K decays in the LHT model

We have finally investigated the impact of new physics contributions on B — wK decays
that, for some time, signaled the presence of enhanced electroweak penguin contributions
with new large CP-violating phases. In a simple new physics scenario in which the univer-
sality between bs-penguins relevant for B — 7K and sd-penguins relevant for K — wvo
has been assumed [B(], the enhanced electroweak penguins required to fit the B — 7K data
implied spectacular effects in the K — 7vD system, similar to those shown in figures [[(-{[2
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Meanwhile, the data on B — mK decays significantly changed [9-[1] so that the
SM predictions for the so-called R,, and R, ratios [B(] are nowadays within one standard
deviations from the data. Consequently, within the new physics scenario of [B{] no large
effects in K — v are expected.

The picture is quite different in the LHT model, where the universality between bs
and sd systems can be strongly broken. Following the approach of BJ] to determine the
hadronic parameters of the B — wK system from the B — 7w data and calculating the
electroweak penguin contributions to B — wK decays in the LHT model, we find that
the new physics effects in these rare decays are smaller than the theoretical uncertainties
present in non-leptonic decays. These small effects follow primarily from the smallness of
complex phases in the b5 penguins as given in ([[0.7) to be compared with +90° taken in
past B — wK analyses.

In summary, in the LHT model the smallness of new physics in B — wK decays does
not imply its smallness in K — 7 decays as seen in figures [[(HI4.

10.15 What if the sin 23 problem disappears?

Until now, our analysis was based on the tree level determination of the angle 8 that, due
to the high value of Ry, is larger than the one measured through the Sy asymmetry. It
is conceivable that future tree level determinations of Ry will yield lower values for Ry and
consequently for 3, so that the sin 23 problem will disappear. We have repeated the whole
analysis for such a scenario, finding that the sin2( problem has a very minor impact on
our analysis, in particular in By and K decays. For instance, large effects in K — wvw
decays and simultaneously in Sy, can still be found.

10.16 What if the By and B, decays are SM-like?

Finally, we can consider a very pessimistic scenario where BaBar, Belle and LHC will
confirm all the SM expectations in By and B decays, finding in particular both the Sy
and Sy4 asymmetries very close to the SM values. This could already happen at the end
of this decade. The question then arises whether in such a situation we could still expect
large departures from the SM values in rare K decays, whose precise measurements will
be available only in the next decade. It is evident from figures [[(HI4 that even in this,
pessimistic for B-physics, scenario, spectacular effects in K — 7vv and also large effects
in K, — 7%¢*¢~ will be possible in particular in Scenario 6.

11. Summary and outlook

In this paper we have analyzed for the first time rare K and B decays in the Littlest Higgs
model with T-parity [[]—[, Pg. Together with our previous work [f] on observables related
to particle-antiparticle mixing and B — X 47, the results of the present paper allow us to
obtain a general description of FCNC processes in this model.

On the technical side, we have presented a complete set of Feynman rules for the LHT
model including also vertices with Goldstone bosons. The inclusion of O(v?/ f2) corrections
to some of the vertices has been performed here for the first time. These Feynman rules
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allow the calculations of O(v?/f?) contributions in arbitrary gauge and should turn out to
be useful also for other observables.

Using these rules we have calculated in the LHT model the short distance functions
X, Y, and Z; (i = K,d,s). In the LHT model these functions are complex quantities and
carry the index i to signal the breakdown of the universality of FCNC processes, valid in
the SM. The new weak phases in X;, Y; and Z;, which are absent in the SM and models
with MFV, imply potential new CP-violating effects beyond the SM ones. We would like to
emphasize that the new parameterization of rare decays in terms of non-universal functions
X;, Y; and Z; can be applied to any model with new flavour and CP-violating interactions
but the same low energy operators.

With the functions X;, Y; and Z; at hand, one can straightforwardly calculate the
branching ratios for a number of interesting rare decays. In particular, we analyzed K+ —
rtvw, K — 7vp, By — putp=, B — Xsqvv, B — Xt~ K;, — 7%*¢ and
B — wK. At all stages of our numerical analysis we took into account the existing
constraints from electroweak precision studies 3] and from particle-antiparticle mixing
and B — X7 studied by us in [P and from B — X /¢~ calculated here.

The main messages of our paper are as follows:

e The most evident departures from the SM predictions are found for CP-violating
observables that are strongly suppressed within this model. These are the branching
ratio for K — 7%v and the CP-asymmetry S

e Large departures from SM expectations are also possible for Br(K; — 7%¢T¢~) and
Br(K+t — ntup).

e The branching ratios for B; g — p*p~ and B — X, qvi, instead, are modified by
at most 50% and 35%, respectively, and the effects of new electroweak penguins in
B — nK are small, in agreement with the recent data.

e Sizable departures from MFV relations between AM; 4 and Br(Bsq — ptp™) and

between Sy and the K — mvv decay rates are possible.

e The universality of new physics effects, characteristic for MF'V models, can be largely
broken, in particular between K and B, 4 systems.

e The new physics effects in B — X, 4y and B — X57d€+€_ turn out to be below 5%
and 15%, respectively so that agreement with the data can easily be obtained.

One of the important findings of our paper is the presence of left-over singularities in
the mirror sector that signals some sensitivity of the final results to the UV completion
of the theory. This issue has been discussed in detail in the context of the LH model
without T-parity in [RT]], is known from the study of electroweak constraints [P and has
been considered in section [ of the present paper. In estimating the contribution of these
logarithmic singularities, we have assumed the UV completion of the theory not to have
a complicated flavour pattern or at least that it has no impact below the cut-off. Clearly,
this additional assumption lowers the predictive power of the theory. In spite of that, we
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believe that the general picture of FCNC processes presented here and in our previous
paper is only insignificantly shadowed by this general property of non-linear sigma models.
We conclude with probably one of the most important messages of this paper and of

our previous analysis:

e In spite of an impressive agreement of the SM with the available data, large departures
from the SM expectations in B, decays are still possible. However, even if future
Tevatron and LHC data would not see any significant new physics effect in these

decays, this will not imply necessarily that new physics is not visible in Ky, — 7°

v,
Kt — ntup and K7, — 7%*t¢~. On the contrary, as seen in the case of Scenario 6,
large departures in these three decays will still be possible. It may then be that in the
end, it will be K physics and not B physics that will offer the best information about

the new phenomena at very short distance scales, in accordance with the arguments

in [73, 7.
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A. Non-leading contributions of ¢

In this appendix we show that the scalar triplet ® does not contribute to the decays
considered in the present paper at O(v?/f?).

In principle, also the scalar triplet ® could contribute to the decays considered in the
present analysis. The corresponding diagrams can be obtained from the ones shown in
figures [l and ff by simply replacing VVIj{E by ¢ and Zy, Ay by ¢°, . Therefore we
also derived the Feynman rules for the vertices containing ®. We found them to have the
following generic structure:

q 2

m 'U2
qu®Pq ~ ¢ PL—CI—qPR, @GHGLN(I)(—) , (A.1)

°H
Mgy f? Mg !
where ¢, ¢ are O(1) coefficients depending on which g, ¢ and component of ® are involved,
and Pg 1, = (1 £5)/2 are the usual projectors. ¢y and ¢ denote mirror and SM fermions,
respectively, and G, G, are heavy and light gauge bosons.

As we have set the masses of the external quarks and leptons to zero throughout our
analysis, we obtain

;—Z) and GG ~ O <U—f2> . (A.2)

It can now be easily seen that each diagram contains at least two such vertices, so that
they are suppressed by O(v*/f4).

qu®Pq ~ O<
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@ | (1/30,2/15) | ¢ | (2/15,1/30)
¢ | (8/15,2/15) | ¢, | (2/15,8/15)
.| (8/15,2/15) |thy | (2/15,8/15)
ug | (1/3,1/3) | dgr | (-1/6,—-1/6)
6 | (=1/5,-3/10) | £, | (—3/10,—1/5)
er | (—=1/2,-1/2)

Table 2: U(1); x U(1)2 quantum numbers of the fermion fields.

Furthermore, in contrast to the LH model without T-parity, all particles running in
the loops have O(f) masses, so that no cancellation of v/ f factors due to large mass ratios,
as encountered in [I9, 1] for diagrams with T, exchanges, can appear.

Thus we find that ® contributes to the decays in question — and more in general to all
decays with external SM fermions — only at O(v*/f*). For this reason we do not give any

Feynman rule for the interactions of the scalar triplet ®.

B. Relevant Feynman rules

In this appendix we list all Feynman rules relevant for the analysis performed in the present
paper, and describe briefly how they have been derived. We note that given the Feynman
rule for a vertex, the rule for the conjugate one can be obtained through the replacement
(vertex)— —(vertex)’. There follow, in particular, the prescriptions P, — —Pr, Pp —
—Pp, and v, P r — 7, Pr,r- A similar, but more detailed description for the LH model
without T-parity can be found in [[[( and in [[7, R1], where some of the Feynman rules

given in [[LJ] have been corrected.

B.1 Fermion-Gauge boson couplings

The fermion-gauge boson couplings can easily be obtained from the fermion kinetic

term [B4]

Liermion = W16* DUy + Wa5H D2y + 6+ Dilt) + Tho" Dty (B.1)
where

D} = 8, — V2igQiWi, — v2ig' "V By, — V2ig' Yy V) By, | (B.2)

DZ _ au + \/inggng‘u - \/iiglyl(\IIQ)Blu _ \/iigIYQ(\PQ)BQM7

Dl = 8, —V2igY\" B1,, — V2ig V" By, (B.4)

by inserting the mass eigenstates of all particles involved. The U(1) charges can be obtained
from gauge invariance of the Yukawa couplings and T-parity [B4] and are given in table B
Similar kinetic terms can be written down for the right-handed SM fields and for
tip, i =1,2.
The kinetic term for the right-handed mirror fermions can be written down by using
the CCWZ approach [R4, 4] and is given in explicit terms in [B4]. As the mirror fermions
are purely vector-like under SU(2); x U(1)y, their couplings to SM gauge bosons are
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Fermion couplings to SM gauge bosons
FALf ieQ gy
ARG Cosi%w yH [(% — %sin2 GW) P — %sin2 GWPR]
d'Zyd Cos%w yH [(—% + %sin2 HW) Pr + %sin2 HWPR]
tZt Cosi%w o K% (1 - x%?—i) - %sin2 HW) Py — %sim2 HWPRW
T, Z,T, ot [ (503 2 — sin 0w ) P — 3sin® Oy P
T\ Zit g Y 1+ ;i—z <d2 - %) Y Py
Ty Zruy ot (5 — 3sin® Ow)] "
dyy Z1dy sty [(—3 + gsin® Ow)] *
T Z;T- - 3c3299w sin? Oy v+
Wt %(VCKM)U"Y“PL
wWitd 3 (Vo) (1 _ %Jc_i) ViP,
T W dl 3 (Voon)yery (1+%ds) 1Py
al Wit d), Lo
AN QC(f%WVHPL
AN Co;%w o [(—% + sin? HW) Py + sin® HWPR]
Py Zivy T
ity (4 o))
vw e %(VP]’LMNS)U "L
Wiy Lo

proportional to v*. Thus there is no need to consider the CCWZ kinetic term any further,
as the couplings of the right-handed mirror fermions to SM gauge bosons have to be equal

to the ones of the left-handed mirror fermions.

The couplings to the heavy gauge bosons have already been given in [R5. We confirm
the findings of these authors, and include also v2/f? corrections to the couplings of the
neutral gauge bosons. These corrections turn out to be irrelevant in the decays considered in
the present paper, but could be of relevance for other processes. While our paper was being
completed, the rules for the quark sector appeared also in [B], but without performing the
v/ f— expansion and without taking into account the flavour mixing matrices Vi, and V.

Note that the couplings to the heavy gauge bosons are purely left-handed as there is
no kinetic term including both heavy and light right-handed fermions. The only exception
are the couplings involving T together with T, or ¢.
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Fermion couplings to heavy gauge bosons
Wy Apgud (—il—%/ - %JUH%) (Viu)igy" Pr
Uy Zgw! 9 %HCH;—E (Vew)iy* Pr
dyApd’ (—% + %mjﬁ—i) (Via)ij v Pr
diy Zydl —4 - %SUH;?—Q) (Via)ijy" PrL
uly Apt {—il—ol + gi/ﬂc% - %OCH) %w (Viu)isy" Pr
Uy Zpt _%g — (422 + Z%%q) ;ﬁ—z (Viru)isy" Pr,
ul ATy —%wL% Vi) isy" Pr
Uy ZyTy Lar 4 (Vin)isy" Pr
T _Apt —%z’g’v“ <xL%PL + VL (1 - ;—2(1 — ﬂCL)(% - SUL)) PR)
T_Zyt —%z’g'wH\/H;i—zfy“PR
T ApTy | 2igy* Kl - %;ﬁ—z) Pr+v1—1zp <1 + ;ﬁ—z:ﬂL(% - :UL)) PR]
T ZyT, 2ig'vy %" (P + VT = 2 Pr)
@l Wit dl %(VHd)ij'YMPL
iy W ud Z(Vir)in" Pr
diy Wit 9 (Vir)is (1 - %) 1P
diy WtTy %(VHu)i?,OCL%’Y“PL
vy Anv’ (% - %9@?—2) (Vav)ijv" P
Uy Zpv? (% + %m;ﬁ—i) (Viw)ij v Pr
Oy Al (% + %ZUH;—Q) (VEe)igy" P
O Zl? (—%g + %UTH;)TE) (Vie)ign" Pr
vy Wy %(VHz)ij’Y“PL
WMy (V)" Pr

B.2 Fermion-Goldstone boson couplings

The fermion couplings to T-even and T-odd Goldstone bosons can be derived from the
Yukawa interactions (B.23), (B-3§) and (R.4(Q) and from the mass term (P.2(). Note
that (2-40) with X = (X33)~'/* corresponds to case A in [Bf]. Using instead X = (E£3)1/4
(case B in [Bf]) does not modify the fermion couplings to Goldstone bosons as required by
gauge invariance.

As these terms have again to be expressed in mass eigenstates of the particles involved,
we have to take into account the O(v?/f?) mixing of the Goldstone bosons and scalars [23].
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Following the steps of [2J], we find the mass eigenstates, denoted here with a subscript “m”,
to be

70 = 79 <1— v ) (B.5)
"o 12f2) '
t =g (1— v? > (B.6)
me 122 )’ '
hm = h, (B.7)

0 _ 0(1_ v
O =" (1 72 ) (B.8)
2
ot = 0" = (VIO = VA +6") 5o (B.9)
+ + v’ R
ot =o', (B.11)
5 loy 4 5 / 0 2 P _ 6 0 2
o = 1 — 291 V5lg' (w QZQ\/ﬁb ) — 6grpw ]%7 (B.12)
P !
W, = 0~ L )1_2519\/5"(59 % xH);—z : (B.13)
2 : 2
wi = Wt (1 - QZfQ> Foot (B.14)

In what follows, we will drop the subscript “m”, as it is clear that all Feynman rules are
given in terms of mass eigenstates.

Note that the mixing of Goldstone bosons and scalars in question affect the corre-
sponding Feynman rules at O(v?/f?), thus without considering it, one would not be able
to get the right O(v?/f?) corrections. Also the O(v?/f?) corrections to the particle masses
have to be taken into account.

We would like to caution the reader that this mixing has not been taken into account
in the derivation of the Feynman rules for ® given in [B4].

The leading order contributions to the couplings of fermions to the heavy Goldstone
bosons have already been given in [2§]. We included also O(v?/f?) corrections, necessary
for the calculation of rare decays, and the contributions proportional to the SM fermion
masses. We note that our Feynman rules for these vertices differ by sign from the ones
given in [2], as our sign conventions for the mass and Yukawa terms (2.20), (B29), (2:39)
and (P.4() are chosen such that we obtain positive and real-valued masses, as also done
in [B4).

B.3 Triple gauge boson couplings

The self-interactions of the gauge bosons can be obtained, as usual, from the gauge boson
kinetic term

1 1 1 1
Lgange = —ETr(F;VFW) - §Tr(F5VF2‘“’) — ZB}WB““’ — ZBEWB?“” (B.15)
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Fermion couplings to SM Goldstone bosons
Gt di \/_AZ <mi P — ijR) (Vexwm)ij
tntdl \/51\94W, <1 - %%) <thL - mdPR) (Vokm)tj
T.ntd ﬁLW,Q [ 1+ ”—2 ) Pr, — mdPR] (Vokm)tj
wirOud m%@j
tr0t —QMZEZ#QW <1 -7 f >
T+7TOT+ Wi;{nﬁ Lf 'Y
Tor®t | gpfhgy [mr, (144 7 2 (42— %)) P — muPy)
dim0d? M%%
wymtdy A f2 2l
vintpl \/ﬂgde <mVPL - PR) (Viws)is
vin0yi —%%%
G0 e 15
Vi by TR

by inserting the mass eigenstates of the gauge boson fields. Here, F/ ﬁy and Bfw denote the
field strength tensors of the gauge groups SU(2); and U(1); (i = 1,2), respectively.

The momenta k, p and ¢ are defined to be incoming.
B.4 Triple gauge boson-Goldstone boson couplings

The kinetic term for the non-linear sigma model field X is given by

f2
L=l [(DME)T (D“E)] , (B.16)
where the covariant derivative is defined through
2
DY =0,% - V2i Z [ngCL (Q?E + EQ?T) +9'Bj, (Y]E + EYJ'T)] : (B.17)
j=1

From this term the interactions of the Goldstone boson fields with the SM and heavy gauge
bosons can be obtained. The mixing of the Goldstone boson and scalar fields, as described
in appendix [B.J, has also to be taken into account.

All momenta are again defined to be incoming.

C. Relevant functions

In this appendix we list the functions that entered the present study of rare and CP-
violating K and B decays. Both the SM contributions and the new physics contributions
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Fermion couplings to heavy Goldstone bosons
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coming from the T-even and T-odd sectors are collected. The variables are defined as

follows:
2 2
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Gauge boson self-interactions
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Gauge boson-Goldstone boson interactions
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