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ABSTRACT: We consider one of the most significant deviations from the Standard Model:
the forward-backward asymmetry of the b-quark measured at leptonic colliders. We inves-
tigate the possibility to solve this discrepancy by introducing new physics at the TeV scale.
We focus on models where the Higgs is a pseudo Nambu-Goldstone boson of a new strongly
coupled sector with a global SO(5) symmetry broken spontaneously to SO(4). Besides the
usual top partners, we introduce bottom partners in the representations 16 and 4 of SO(5)
and show that they can improve significantly the fit by correcting the Zbb couplings. We
also estimate the corrections to the couplings at one-loop and obtain that the tree-level
ones dominate and can give a reliable estimation. We find that the large shift required for
Zbrbpr leads to light custodians associated to the b-quark, similar to the top partners, as
well as a rich phenomenology involving neutral interactions in the bottom-sector.
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1 Introduction

The recent discovery of a light scalar field, with a mass around 126 GeV and similar proper-
ties to the Standard Model (SM) Higgs boson, has deep implications in our understanding
of electroweak symmetry breaking (EWSB) [1, 2]. The negative results in the search of new
particles with masses M < TeV at the first LHC-run introduces some tension for theories
Beyond the Standard Model (BSM) aiming to solve the little hierarchy problem. One of the
most interesting possibilities to alleviate this problem is a Higgs arising as a pseudo-Nambu
Goldstone boson (pNGB) of a new strongly interacting sector at a few TeV scale [3-6]. In
this scenario the Higgs potential is generated radiatively through the interactions with the
SM fields, that explicitly break the non-linearly realized global symmetry protecting the
Higgs potential, leading to a separation between the scale of the resonances of the strongly
coupled field theory (SCEFT) and the electroweak (EW) scale. Besides, the contributions
of the fermions to the potential, particularly those associated to the top, are misaligned



with the original vacuum and can trigger EWSB. Although it has been shown that these
theories still require some amount of tuning [7], they remain as one of the most promising
BSM avenues.

There are different patterns of symmetry breaking that one can consider to obtain
a Higgs as a pNGB. A very interesting approach is the minimal composite Higgs model
(MCHM) based on SO(5)-symmetry. As first shown in ref. [8], SO(5)xU(1)x is the minimal
symmetry group that contains the EW gauge symmetry of the SM as well as a custodial
symmetry and can deliver a Higgs as pNGB.! Assuming that the strong interactions of the
SCFT spontaneously break SO(5) to SO(4), a Nambu Golstone boson (NGB) emerges with
the proper quantum numbers to be associated with the SM Higgs. Several incarnations of
the SO(5)/SO(4) symmetry breaking pattern have been considered in the literature. As
examples, there are realizations in warped [8, 9] and flat extra-dimensions [10, 11], as well
as theories with collective breaking or deconstruction, theories with two [12, 13] and three
sites [14], that can be thought of as discretized descriptions of extra dimensional models.

One of the main difficulties for composite Higgs models is to pass electroweak precision
tests (EWPT). Generically these theories induce corrections to the SM interactions at
tree level that can bee too large to pass these stringent tests. Besides the well known
oblique corrections, one important problem is the correction to the Zbrbr, coupling, that
has been measured very precisely, such that the corrections can not be larger than the
per mil level compared with the SM. In models where the BSM sector has a global O(4)
symmetry spontaneously broken to the custodial O(3) after EWSB, it has been shown that
the Zbrbr, coupling can be protected by the presence of a subgroup of O(3). Assuming
that the interactions between the SM and the BSM are linear in the SM fields, also known
as partial compositeness:

Ling = TpSMOgCFTa (1'1)

this symmetry is realized if the SCFT operators coupled to the SM doublet ¢, transform as
(2,2)2/3 under SU(2)1,xSU(2)rxU(1)x [15]. This way, despite the large mixing between
the resonances of the SCFT and ¢j, required to obtain the top mass, to leading order
there are no corrections to Zbzbr,. Moreover, when considering a pNGB Higgs arising from
SO(5), the previous assignment of quantum numbers restricts the SO(5) representations of
the operator O%CFT to include a (2, 2), the smallest representations satisfying this condition
are 5, 10 and 14 [7, 9, 15].

On the other hand, LEP and SLD measurements of the forward-backward asymmetry
in the production of bb: A%B, suggest deviations of the coupling Zbrbr compared with
the SM. A solution to this anomaly can be achieved by the introduction of new vector-
like fermions with the proper quantum numbers, often called beautiful mirrors [16]. In
the framework of composite Higgs models, these fermions can be associated to excitations
created by the operator OgCFT- Ref. [15] showed the expected sign in the shift of the Zbrbp
coupling for some representations of Oy under SU(2);,xSU(2)gxU(1)x. Refs. [17, 18]
proposed an effective two-site model with two resonances mixing with the bottom sector,
one transforming as (1,2)_j5 /6 that induces the proper correction to Zb rbr, and another one

'The U(1)x factor is required to account for the proper normalization of hypercharge.



transforming as (2,3)_5/6 that after small mixing with by, gives a small positive correction
to Zbpbr,, preferred by A%B. The presence of both multiplets also allows to write a proto-
Yukawa term in the sector of resonances, that can lead to the mass of the bottom quark
through partial compositeness. Refs. [19, 20] have proposed similar solutions, whereas
refs. [21, 22] have proposed different alternatives.

Recently ref. [23] performed a fit of the SM taking into account the latest theoretical
and experimental results. It shows significant deviations from the SM in Zbb couplings that
are attributed to deviations in A%y at 2.80. The fit points to §g/g corrections of O(20%)
for the Right-handed coupling correlated with a ~ 1% correction of the Left-handed one.

Motivated by the discovery of a light Higgs-like particle and the deviations in the
Zbb couplings, we want to consider an extension of the model of ref. [17] where the Higgs
could be realized as a pNGB. We will consider an effective two site model with the Higgs
arising from the well known SO(5)/SO(4) pattern of symmetry breaking. To obtain a
finite one-loop potential we will embed all the fermion and vector resonances into full
SO(5) multiplets [12]. To generate the proper corrections of the Zbb couplings we will
consider bottom partners embedded in SO(5) representations containing a (1,2) and a
(2,3) multiplet of SU(2),xSU(2)r. The smallest representations of SO(5) with these
properties are the 4 and 16; these will be the uplifted beautiful mirrors. To be able to
generate the top mass and trigger EWSB we will also introduce top partners. For simplicity
we will consider them transforming with the representation 5 of SO(5).

In section 2 we describe our model and compute the Zbb couplings at tree level in
the mass basis. In section 3 we show the effective theory at energies much lower than
the scale of the composite-resonances and obtain the couplings at zero momentum. In
section 4 we compute the Higgs potential arising from the specified set of representations.
In section 5 we give our numerical results after demanding dynamical EWSB as well as
the proper spectrum for the light states corresponding to the SM degrees of freedom. In
section 6 we discuss the one-loop corrections to the Zbb couplings. In section 7 we give
a brief description of some interesting properties of the model for the phenomenology at
accelerators and we conclude in section 8.

2 A model to solve the deviation in A%, and a light Higgs

Ref. [15] considered theories with a new SCFT with global symmetry SU(2)zxSU(2)r X
U(1)x. It showed that if the SM fields interact linearly with the SCFT, eq. (1.1), in order to
protect the Zbr by, coupling from large corrections in the presence of a large mixing between
qr, and an operator O pr, the new sector must have a Prp symmetry exchanging SU(2)r,
and SU(2) g, and Odp must be embedded in the (2, 2)5 /3 representation of the extended
symmetry. In this case the interaction between by and the corresponding component of
OgCFT preserves Prp and the coupling Zbrby, is protected. On the other hand refs. [15]
and [17] showed that dgp, can be positive if bp mixes with an O%qpp in a (1,2)_5/6

b
and [17] also showed that dg,, can be positive if g7, mixes with a second operator (’)gCFT
ina(2,3)_5/6-



By extending the symmetry of the new sector to SO(5)xU(1)x, the Higgs can be a
pNGB arising from the spontaneous breaking of SO(5) to SO(4). The interactions between
the SCFT and the SM fields explicitly break the global symmetry and generate a poten-
tial for the Higgs at loop level. This potential can induce a misalignment of the vacuum
and trigger EWSB dynamically. Explicit realizations of this pattern of symmetry break-
ing [8, 9, 12-14, 24, 25] have shown that to obtain a finite Higgs potential at one loop the
Oscpr must be embedded in full representations of the global symmetry. In the present
work we are interested in the representations 16 and 4 of SO(5) for the fermionic oper-
ators OgbCFT and Ofqpr, respectively, since they contain a (2,3) and (1, 2) multiplets of
SU(2), xSU(2) g, and therefore the interactions of this operators with the bottom quark
can induce the proper shifts of the Zbb couplings to solve the deviations pointed to in
ref. [23]. These operators also have the proper quantum numbers to generate a bottom
Yukawa interaction.

There are larger SO(5)-representations containing the multiplets of SU(2),xSU(2)r
specified previously and there are also larger SU(2);xSU(2)g-representations that can
achieve shifts in the Zbb couplings with the correct sign [17], however the 4 and 16 are
the smallest representations once SO(5) is chosen; in this sense we will work in a minimal
model. These operators can create fermionic resonances, the lowest lying levels of those
with masses of order TeV, that we will call beautiful mirrors.

To be able to generate the top mass by partial compositeness and trigger EWSB we also
introduce an operator O%;FT in a representation of SO(5), we use the index ¢' to distinguish
it from the one involved in the generation of the bottom mass that has index ¢*. We will
add an operator OgCFT interacting with tr, and for simplicity we will assume that OgtCFT
and OL ey transform with the representation 5. We could choose other representations
for these operators, but we do not expect that the physics we want to study could have a
relevant dependence on this choice.

2.1 2-site description

A 4D effective description of an SCFT leading to resonances, similar to QCD but with a
scale of order TeV, can be realized in a theory with two sites [26]: one site called site-0
with elementary fields and another one called site-1 with fields that describe, at an effective
level, the first layer of composite resonances of the SCFT. In this work we will consider a
two site theory very similar to the models of refs. [12] and [13], with the difference that
we will introduce representations for the fermions not considered in those articles. We will
closely follow the notation of ref. [13].

We will use lower case letters for the fields of site-0 and capital letters for the fields of
site-1. The elementary sector at site-0 contains the same fermionic and gauge degrees of
freedom as the SM but no elementary scalar:

1 . . 1 -~ - .

EO = _T.ggwiiuywi - @buyb'uy + Z'l/]@ow, (21)
where a sum over the SM fermions is understood, 7 = 1,2,3 and w?L and b are the SU(2),
and U(1)y gauge fields, respectively. Df is the covariant derivative containing the fields of



the elementary sector. The tilde over the gauge fields denotes the non-canonical normal-
ization of their kinetic terms. There is also an SU(3). gauge symmetry that we have not
written because it does not play any role in our analysis.

It is very convenient to introduce new spurious degrees of freedom in the elementary
sector [8], such that the SM gauge symmetry is extended to SO(5)pxU(1),, the same
group as in the composite sector, with hypercharge realized as ¥ = T3% + X2 The
spurious fields are not dynamical and they do not play any physical role. The fermions
can also be extended to fill complete representations of this group. We will introduce
two chiral elementary fermions called ¢* and ¢°, respectively transforming as 5o /3 and
16_5/6. Under SU(2),xSU(2)g these multiplets decompose as: 5 ~ (2,2) @ (1,1) and
16 ~ (3,2)©(2,3)®(2,1)®(1,2). The (2,2)3/3 and the (2,3)_5/6 contain each just one
21/6 of SU(2)xU(1)y, whereas the other SO(4) multiplets do not contain a 2;,6. Out
of these two doublets only one linear combination will be dynamical. By defining P, /6
as the projector that acting on the space of the fields embedded in full SO(5) multiplets
project them onto the subspace containing a 24 g, the dynamical doublet can be written
as qr = Pa,; /6 (" + qb), all the other components will be just spurious fields. We will also
promote tg to a 5y /3, with the (1,1)/3 component being the only dynamical field. We will
embed b in a 4_j5 6, using that 4 ~ (2,1) @ (1, 2), the only dynamical field will be the up
component of the (1,2)_5 /6. In terms of these multiplets the elementary Lagrangian reads:

1 . 1 i
Loy = ——Qagl,ac“” — @xwx’”’ + Do, (2.2)

where now the sum is over 1 = ¢*,¢" t and b, C is an index in the adjoint of SO(5):
C =1,...10. The elementary hypercharge coupling is g6_2 =gy 2y g; 2 and the dynamical
field is obtained by setting “NJ:})% =z =0

The composite sector at site-1 contains an SO(5); xU(1)x gauge symmetry, as well
as several fermions charged under this symmetry.> We will assume that the SO(5); sym-
metry is spontaneously broken to SO(4); at a scale f; by the strong dynamics of site-
1. We will parametrize this breaking by considering a non-linear description in terms
of a unitary matrix U;, containing the NGB fields arising from the spontaneous break-
ing: Uy = eV2I/f1 with II; = [1497% and T% the broken generators of SO(5)1/SO(4);.
The SO(5); symmetry is non-linearly realized, since under a transformation at site-1:
Gi1 € SO(5),: Ui — Gi1Uh H1(Gy; )T, with Hy(Gy;TL) € SO(4), implicitly depending
on Gy and IIj, as usual in the NGB formalism [27, 28]. The Lagrangian of the bosonic
sector at site-1 is:
Lacqow - L og, xmy Spipua (2.3
4g2" M 4g% "M 2 K
with €' = 1,...10 and A and X being the SO(5); and U(1)x gauge fields, respectively.
D2 is implicitly defined by Uf D1, Uy = i€9T% + DT, with Dy, the covariant derivative

ﬁlD—

2For more information on the representations of SO(5) used in this paper see appendix A.

30ne can consider also an SU(3) gauge symmetry in the composite sector to describe resonances of the
gluons. For simplicity, and because we will be concerned with the EW sector only, we will not mention
them anymore in this work.



containing the fields of the composite sector. We take the couplings of site-1 to be larger
than the SM couplings, but still in the perturbative regime: gsm < g, < 47, where by g,
we generically denote all the couplings of the composite sector.

For the fermions of the composite sector we will consider four vector-like multiplets:
two associated to the top and transforming as 5,3, called Q! and T, and two associated to
the bottom, one called Q° transforming as 16_; /6 and another one called B transforming
as 4_5/6. Besides the usual kinetic and mass terms, there are also Yukawa interactions
involving the NGB field II;. The Lagrangian of the fermions at site-1 is:

L1 Uiy —my) U+ >y P (UL QL) (U TR) + Yy PA(UL QL) P (U Br) +hec. (2.4)

where a sum over ¥ = Q*,Q%, T and B is understood. r is an irreducible representation
of SU(2),xSU(2)g, P, is a projector from the space of representations of SO(5) to the
subspace of the r representation of SU(2);,xSU(2)g and the product P,.(®')P,.(®) corre-
sponds to the usual operation leading to an SU(2); xSU(2)g invariant.* We have consid-
ered only a partial set of chiral structures, not including for example terms of the form
Po(U W) P(U]WR), neither of the form: P.(U]QL)P-(UJTy) or P.(U{QY)P.(UIBL). As
argued in ref. [13], those operators introduce divergences in the Higgs potential at one-

loop, unless one goes to three or more sites [12, 14]. For the Yukawa interactions of the
top sector there is a trivial singlet, independent of IT; [29], that leads to a mass mixing
term between Q' and T and can be obtained by taking Yi(1,1) = Yg(2,2)- There is also a
non-trivial invariant proportional to ys(11) — Ys(2,2).- For the bottom sector there are two
non-trivial independent invariants, with couplings yp(1,2) and yp(2,1). The presence of more
than one Yukawa structure in the down sector in general leads to flavor violating processes
mediated by Higgs exchange that, in anarchic models, are too large compared with the
present bounds on flavor violating interactions [30]. By imposing a Prr symmetry under
the exchange of SU(2),, and SU(2)g one obtains: yu12) = Yy(2,1)- In a theory of flavor
this symmetry aligns the bottom Yukawa structures in flavor space and relaxes the most
stringent constraints arising from those processes [30]. In the following we will assume that
Yn(1,2) = Yb(2,1) = Yb- Notice that the Yukawa couplings as defined in eq. (2.4) are dimen-
sionful. We expand the neutral Yukawa interactions in terms of the components within
each multiplet in appendix B.

The elementary and composite sectors described above are coupled by non-linear o-
model fields € and Qx, realizing partial compositeness. The non-linear o-model fields
transform bilinearly under the elementary and composite symmetry groups: 2 — ggQgJ{
and similarly for Qx. As a consequence, there is mixing between the elementary and com-
posite fields, and the mass eigenstates are a superposition of both sectors. Each non-linear

41t is also usual to write the invariants by working with the NGB vector field ®; = U;®q, with ®f =
(0,0,0,0,1) parametrizing the SO(5)/SO(4) vacuum before EWSB. In this case the invariants for the
Yukawa interactions can be written formally as: U®" W%, with n = 2 for ¥, ¥ ~ 5 and n = 1,2 for
U ~ 16 and U’ ~ 4. Refs. [12, 13] used the later parametrization to write the Yukawa interactions.



o-model field is characterized by an energy scale, fo and fq,. The mixing Lagrangian is:

4
+ ATERQQiBTL + ABZ_)RQQ)_(5/6BL + h.c. (2.5)

2
Lo = 120D, 0P + 101D, 04 P+ 212 (800 Ql + 2237 Q)

The link field © parametrizes the coset SO(5), x SO(5),/SO(5),,,, with SO(5)o41 the
diagonal subgroup of SO(5), x SO(5);, and similarly for Qx

0 = ¢V2illo/fo ’ Oy = eV2illay /fay ’ (2.6)

where I = I§ T | and T | are the generators of the coset. The covariant derivatives
contain in this case elementary and composite gauge fields, as required by gauge invariance:

D,Q=0,Q—ia,Q+iQA,,  D.Qx =0,0x —ii,Qx +iQxX, . (2.7)
2.2 Mass eigenstate basis

To make contact with the physical content of the theory one can go to the unitary gauge
by performing a gauge transformation G; = Q and Gy x = Qx. After that the only physical
scalars can be parametrized by

, L 1 1 1
U=eV2l/  m=piTd = (2.8)
i 18R
After EWSB the vacuum is described by the parameter:
v
€ = sin —, 2.9
In (29)

with v = (h) and h? = h%h8,

To better understand the particle content and the different sources of symmetry break-
ing of the theory, we briefly discuss the spectrum as well as its modifications when the differ-
ent sources of mixing are taken into account. Freezing the elementary fields one can study

the spectrum of the pure composite sector. It contains vectors in the SO(4); subgroup with
mass m, = g,fa/V2, vectors in the SO(5)1 /SO(4); coset with mass ma = g,/ f& + f£/V2

and a vector of U(1)x with mass myx = ngQX/\/i.

After the mixing between the two sites, there remains a gauge symmetry SU(2)r, 041 X
U(1)y,041, corresponding to the diagonal subgroups. The corresponding massless gauge
fields are linear combinations of elementary and composite gauge fields

b+ to Af +tg X
(L4185 +t5 )27
P X

Wi =copwt +s9A%, i=1,2,3; B = (2.10)

where we have rescaled the gauge fields as: wf: = goﬁ)i, b= g{)l;, AC = gpflc and X = gx X.
We have also used shorthand for the trigonometric functions: ¢, = cosa, s, = sina and
to = tan , and the different mixing angles: 0, 9; and @y are respectively given by:

to=090/90, te, =90/90, tey, =90/9x - (2.11)



The couplings of the gauge fields defined in eq. (2.10) are given by:

= N (2.12)
g 9 9 g 90 9,  9x

The orthogonal combinations to eq. (2.10) correspond to massive fields. The spectrum
of heavy vectors arising from this diagonalization is slightly modified with respect to the
original mass, but the corrections are small as long as ty = go/ gp < 1, as was assumed to
be the case. As an example, for ﬁiL = ceAiL — sewi the mass is mj = mpy/1+ tg. The
masses of the composite fields that do not mix with the elementary ones remain unchanged.
For more details on the precise linear combinations and spectrum of the massive states we
refer the reader to ref. [13].

After EWSB the spectrum is further modified, the W and Z bosons obtain masses:
my ~ /g% + g"%efy/2 and my ~ gefy/2, where one can identify: vgy = 246 GeV ~ efy.
The masses of the heavy states are slightly modified after EWSB, which induces mixing
between the heavy states as well as mixing with the light ones. As a summary, there are
seven neutral states: one massless and another light one, corresponding to the photon and
Z, and five heavy states; there are also four charged states: a light one corresponding to
the W, and three heavy states. Since the mixing angles are small, the light states are
mostly elementary and the heavy states are mostly composite.

The fermionic mixing can also be diagonalized by performing a rotation of the chiral
components involved in Lyix. We define fermionic mixing tg, = tanfy = Ag/my, with
U = Q! QY T,B. After the corresponding rotation there is a set of chiral fermions that
remain massless, their degree of compositeness measured by fg. The masses of the fermions
corresponding to the orthogonal combinations become mg = my /1 + tgq, .5 The masses of
the fermions that do not mix, often called custodians, remain being my. For large mixing
angles, as is the case for the mixing leading to the top mass and mildly for the mixing of bp
leading to the shift in the coupling Zbrbg, there can be a sizeable separation between the
scales mg and my. By fixing the scale mg ~ m; ~ O(2-3)TeV, for mixing sg, 2 0.7, one
obtains light custodians with masses < 1TeV [9, 31]. After EWSB all of the fermions with
the same electromagnetic charge are mixed. In the present model there are nine up-type
fermions, eleven down-type fermions and some exotic fermions: two with @ = +5/3, eight
with @ = —4/3 and two with @ = —7/3. One up-type fermion and one down-type fermion
become massive only after EWSB, they are lighter than the other states and correspond
to the top and bottom. In appendix B we show the mass matrices for these fermions.

Although the mass matrices can be diagonalized straightforward numerically, it is
worth obtaining the analytic diagonalization expanding in some small parameter. By this
procedure one can obtain analytic expressions for the couplings in the mass basis and
understand the size and sign of the corrections as functions of the fundamental parameters
of the theory. We have considered a perturbative expansion in powers of €, obtaining a

®Since ¢ mixes simultaneously with one doublet contained in Q* and another doublet contained in Q°,
the diagonalization of this system is more involved, requiring the angles 05 and 65,. The squared masses
of the massive states emerging from the diagonalization, in the absence of Yukawa terms, can be written in

the following way: %(m%t —&—mé—b):l: %[(mQQ-r +mé'b)2 —4m%tm2Q~b(1+tht —&—tg@b )(1 +t§Qt )_1(1+t3Qb )_1]1/2.



full diagonalization of the fermionic and bosonic sectors to O(€?). Since the mass matrices
of the up- and down-type quarks are of dimension 9 and 11, and the mass matrix of the
neutral vector bosons is of dimension 7 [13], the explicit expressions for the eigenvalues
and eigenvectors are too long to be written in the paper. However in the next subsection
we will show our results for the Zbb interactions using this perturbative diagonalization.

2.3 Zbb interactions in the mass eigenstate basis

Seeking to compare the predictions of our model with the fit presented in ref. [23], we
compute the Zbb interactions in the basis of mass eigenstates. In order to do that we
have diagonalized the bosonic and fermionic mass matrices perturbatively in e, the first
non-trivial correction being of O(€?).

Since the Z is a mixing between the elementary and composite neutral vector fields,
there is a universal correction to the Z couplings. That correction remains for vanishing
fermion mixing and therefore is the same for all fermions. We have subtracted that term
in the results that we present in eq. (2.13), such that we only show the non-universal
corrections. In order to simplify the equations, for the correction to Zbrby we have set
Ap = 0, whereas for Zbrbr we have set Ay = 0, obtaining:

oGy, = 91 3 262]0}%2 2 (2 1 .2
cw 2 m thTA Q o[mgemi + Ag: (m7 + yt(2,2))]
2 .2 (2 2 P-9° 4"
—AHimgy (M7 + Yj2.9y) am? + 3m2
2 -2 /2 12 52
g°(2+3t,7) — 29 5¢ Yv(1,2)
+A pM tm’%’ + + : )
Q"e 4m2 12m3  8ffm%
2 £2
g i 2
b = 2 (12 2 Ab

ew mgmi + Ap(mey + Y )

2 2
59 Yo1,2) T Y(2,1)
{24mx< Mot ha2) g
1 _ 2
bz [P0+ G0+ 2 0) 0 )] | 29
)

The gauge couplings appearing in eq. (2.13) were defined in eq. (2.12). We have checked
that the relative difference between these approximations and the full numerical results are
~ 1% for the points selected in our scan (see details in the next sections). We analyse first
the Left-coupling. Notice that, when considering the interaction between mass-eigenstates,
this coupling is modified by the mixing with the fermion Q! even for Agr = 0, the correction
being of order 6g/g ~ —g?e? A%,/ 4g2mét. Compared with the naive estimate in the absence
of Ppp-symmetry [32], this contribution is suppressed by a factor g%/ gg. This term is
present because the mass eigenstates are mixtures of elementary and composite fields,
therefore they do not have well defined transformation properties under the full gauge
symmetry group. The correction arising from the mixing with Q” can be split in two:
one mediated by a heavy vector, of order dg/g ~ eQA%b /méb, where we have taken into



account the fact that g/g, ~ tg, and another one involving the bottom Yukawa, of order
~ ezAQQbyg(lyz) / mémeB. Although the corrections mediated by Ags are suppressed by a
small mixing compared with those mediated by Age, the large couplings of the composite
sector can compensate that suppression, mainly with the term proportional to t(;Q. Also
notice that the contribution from mixing with Q! is negative, whereas the contribution
from mixing with Q° is positive, as expected from the representation under SO(5) chosen

for this fermion. The presence of a negative contribution to g, **

requires a mixing Ags
larger than expected to compensate the negative term and obtain a positive 5gmass The
correction to the Right-coupling in the mass basis is positive and is controlled by the mixing

with B. It can also be enhanced by large composite couplings.

3 Low-energy effective theory

We consider in this section the effective theory at energies lower than the scale of reso-
nances. This is particularly useful when studying the Zbb-interactions, because one can gain
understanding on the different symmetries that can protect the couplings, as well as on the
origin of the sources that break those symmetries and induce corrections to the couplings.
The effective theory also provides a very compact formalism to describe the spectrum and
therefore to compute the Higgs potential at one-loop. We proceed by integrating-out the
states of the composite sector, obtaining an effective theory for the elementary ones.

The gauge sector has the same symmetries and field content as ref. [13], where the
effective Lagrangian for the gauge fields was computed in detail. Below we show the main
results that are needed for the purposes of this article and in appendix C we show the
gauge correlators in the SO(4)-symmetric vacuum. The quadratic effective Lagrangian for
the gauge fields arising from integrating-out the composite vectors is:

1 A 1 x
Lot D 5 XT:H,, P.(Uta,) P.(UTa") + ST (3.1)

with r being SO(4)-representations and U acting on the 10 representation of SO(5). The
correlators Hf can be computed straightforward by integrating out the composite vectors
in the SO(4)-symmetric vacuum € = 0. Although we are using a different parametrization
of the pNGB field compared with ref. [13], where it was parametrized in terms of a vector in
the fundamental of SO(5), both descriptions coincide. By considering an arbitrary vacuum
and keeping only the elementary gauge fields of SU(2),xU(1)y, we obtain:

. . - 1 - -
Log D = ZH § W+ Tys @0 B+ 5 1 b (3.2)

where the correlators IIi , Hb and I3, can be expressed in terms of the correlators 1T
and ITx as:

1
ng = Hé’:,l)-l—(l,S) ( ?2 2) — Hé’,,l)+(1 3) )Sm <fh>

1
I = I + (3 1)1 (1.3) + §(H‘(Az,2) ~{5.1)4(1.3) sin’ (fh)

__Loa A LoV
Mgy = =5 (iz2) = I{31)4 (1,3)) sin <fh> : (33)
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At quadratic level in the elementary fermions, the most general effective Lagrangian

arising from integrating-out the composite states of our two-site model can be written as:

LD Y, Y PUW) P PUY)+ > D P(Ug?) MY P(UTY) +hec.

d}:qtvqbvtvb r ¢:t7b r
(3.4)

with U acting on the SO(5)-representation corresponding to each fermion. The correlators
I1Y and MY can be computed straightforward by considering the SO(4)-symmetric vacuum
e = 0. For a general vacuum, and keeping only the dynamical fields, eq. (3.4) leads to [13]:

Legg D fLﬁ(Zq + 1L, )tr + BL]/f(Zq + 10y, )or, + trp(Zy + I )tr + ERﬂ(Zb + 10, )br

+tr Mitp + b Mybr + h.c. (3.5)

where Z,, are the kinetic terms of the elementary fermions. The correlators of the dynamical
fermions can be expressed in terms of the ones in the SO(4)-symmetric vacuum as:

(L1) gyt
(2,2) T, (W
b

)
(2,1) (1 2) (2,3) b (3,2)

a2 (MG )+l D (I )+ a2 (I o + ol (1l
)

: a 1)
Iy 2) T, g (h)ﬂgl 1)

_ (22
HtL B atLyqt

(h)TT,

My, =a>?(h

=
L br,qt

21
+ ozl()L ) (h)Hq

(1,2) (23) b (3,2) b
21 T abL,qb(h)qu ot b(h)H((IZB) +a (h)H‘(]w) )

(1, br.q Qg

My, = af2) (W), ) + iy (T ),
Iy O‘éi’lb)(h)ﬂl(yzl) + O‘z();’?(h)nl()m) ’
My =B ()M g + BV (WM )
My =85V ()M, 1) + B ()M, ) (3.6)

where the functions o and § can be obtained by computing the invariants in an arbitrary
vacuum. For those related with the top quark we obtain:

agi’?ﬁ (h) = %(3 + con) s aii’;)t (h) = % 2

SRR (TR ORE. (IS < URE
aiyy () = st cgym:¢

t(2,2)(h) _ %7 t(l,l)(h) _ 7%’
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whereas for those related with the bottom-quark:

a2 (h) =1, o (h) =0,

o) = 25 (2 h) = g 2,

O‘z(,i’z)b h) = CQg 3copn +14éch +9 ’ az(,ii)b h) = 52% 3caop, —;éch +9 ’

o () = 3. ay () = .

By (h) = 2\/3 s By (h) = —1\/§<1 tasn. (37)

In the previous expressions we have used the following shorthand notation ¢, = cos (”T}Z)

and similarly for s,j. The correlators in the SO(4)-symmetric vacuum expressed in terms
of the parameters of the model are shown in appendix C.
Following ref. [33] we define:

L_L iy )=t L @ RCR

9 @ v @92 g (R

1 1 1 1 1 @ fA2f2+ 17
?:ﬁ+ng(0):ﬁ+7+7_7—fl(2fg zfé)’ (3.8)
9* g 9 9 9x 95 (fa+[fD)

where I1(0) = II(p?),2—0. The matching of eq. (3.8) implies that in the effective theory, at
zero momentum the corrections to the gauge interactions are mediated by the mixing with
the heavy fermions, such that, for zero fermionic mixing the coupling is SM-like. We will
show the explicit results for the Z interactions in the effective theory in section 3.1.

3.1 Z-interactions in the low energy effective theory

In this section we compute the Z-interactions in the effective theory. Since the elementary
and composite fields have well defined transformation properties under the gauge symme-
try groups and the effective theory is formulated in terms of the elementary fields after
integrating-out the composite ones, the symmetries of the model are manifest in the low
energy effective theory. In particular, we expect the symmetries protecting several cou-
plings to manifest explicitly in this basis; we will show below that this is the case. We will
consider the couplings at p? = 0.

We begin by analysing the interactions with the top quark. Since tg transforms as
(1,1), from Pr symmetry [15] we expect the ¢ coupling to be protected. We have checked
that property by explicit calculation, finding no corrections. On the other hand the ¢,
coupling is not protected. In eq. (3.9) we show our result. Although it is possible to obtain
the coupling to all orders in €, for simplicity in the presentation we only show the leading
order terms.

The by, coupling can receive contributions from the mixing with Q! and QP, the first
potentially large due to the large Ag: required by the top mass. However, since the
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composite fermion in Q' mixing with by, has T3% = T3% = —1/2, a P r symmetry protects
this coupling from corrections induced by mixing with Q' [15]. On the other hand, the
mixing with Q° induces a positive shift of the by, coupling, suppressed by the small Age
mixing that controls the bottom mass [17]. Notice that it is positive and is suppressed by
eQAéb / méb.

The shift of the bg coupling is positive and controlled by A%.

To leading order in € we obtain:

9
cw 4
+ A? bflmth?p}

{ AthQb [f(zl (yt(l,l)_yt(272))2+f12 <2m2T + 3/,52(1,1)—4yt(1,1)yt(2,2)+5y152(2,2)>}

—1
{3+ 1) [mbemd@mdy + A,) +m3 A% (mF + io0)| | + O,

sgsT=0,

socff— 9 ¢ A2, métm% [12f12m23 + 5y§(1’2) Ua + f%)} + O(eh)
b Qb o
boew 16 my,(f + f7) [ tm2T (2m2b +A2”> +m22” (m2T+yt2(272)>}
+ 42 + 2 (2m?2, + 5y? + i
c b(1,2) " Yb21) ) TIT{EMQr T Wb ,2) T Yb(2,1)
s = ( ) ( ) +O(Y. (3.9)

cw 8 (fQ 4 fl) [mBme + ( M + yb(l,z)) Aéb}

The Weinberg angle has been defined by the usual tree-level relation, with the couplings ¢
and ¢’ defined in the effective theory by eq. (3.8).

By comparing these effective couplings with the couplings between the mass eigenstates
one can appreciate the size of the corrections, the most important one being the contribu-
tion to dgp, arising from mixing with Q' that is present in the basis of mass eigenstates,
but is not present in the effective Lagrangian thanks to the Prr-symmetry.

For non zero momentum the Z-interactions become form factors with non trivial mo-
mentum dependence. These corrections also give rise to new Lorentz structures [34], as
pubs V1B pu s 0¥, Yub, v ¥, with p, and pj, the momentum of the particle and antipar-
ticle. Note that the last two structures flip chiralities.

4 Higgs potential

Two site models lead to a one-loop Higgs potential that is finite and calculable, provided
that one excludes certain chiral structures in the Yukawa interactions [12, 13], as detailed
in section 2.6

We assume that the light generations have small mixing for both chiralities and there-
fore do not have a large impact in the one-loop Higgs potential. The effect of the other
states are fully taken into account. Using the correlators of the effective theory, the Higgs

6 Another possibility would be to allow for all the possible chiral structures in a model with at least three
sites [14].
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potential at one loop can be written as [8, 13]:

v = [P 321 2o )43 Pion V(2 im) n2
0= ] G P2 oe (g Mt ) 308 [ (g + Mot ) (g + 1) ~ 105
— 2N, Z log [p2(Z¢L + HwL)(Z¢R + H¢R) - |Mw|2] } . (4.1)
»=t,b

Notice that we have included the kinetic terms in the expression for the potential because
they were not included in the definitions of the correlators.

The fermionic correlators are proportional to the mixing squared, Il p o A%, r and
M o< ApAg. Thus we expect fermions with large mixing to dominate the potential.

The top quark requires large mixing with the composite sector to account for its large
mass. The mixing explicitly breaks the symmetry behind the NGB nature of the Higgs,
thus the top quark usually dominates the Higgs potential. A large correction to Zbrbg also
requires a considerable mixing of bg, with a potentially important effect in V'(h). However,
for yy(1,2) = Yp(2,1) as in the present model, the correlator II;, is independent of h. The
reason is that in this limit the only invariant involving just bg is the trivial one. As we
will discuss in the next sections, the mixing of by, is smaller than those of the top and bp,
therefore we expect the effect of the bottom quark in the Higgs potential to be subleading
in the present model.”

For h = 0 there is a divergent contribution to the Higgs potential that has no impact
on EWSB. A finite and meaningful potential can be obtained by computing V' (h) — V(0).

5 Numerical results

One of the goals of this article is to obtain the shift of Zbb couplings in the region of the
parameter space of the model where the EW symmetry is broken and the masses of the
SM fields are around their physical values. To satisfy these conditions we have performed
a random scan over the parameters of the model, selecting the proper points. Below we
describe the implementation of the random scan and after that we present our results for
the couplings. We have followed a similar procedure to the one of ref. [13].

We have scanned over the bosonic mixing tg and tp, = tanfx = g,/gx. For simplic-
ity we have imposed the relation ¢y = tp,, that fixes the ratio between elementary and
composite couplings to be the same for the different groups. We have fixed the remaining
freedom in the set of gauge couplings by matching with the SM couplings, as shown in
eq. (2.12). We have expressed the decay constants of the o-model fields in terms of the
masses of the vectors m; and the Higgs decay constant f, and we have scanned over them.
The choice ty = ty, leads to gx ~ 0.65g,, thus to avoid a light vector resonance arising
from the U(1)x symmetry we have considered fo, ~ 2fq.

For the fermions we have scanned over the mixing tg,,, with ¥ = Q, Q" T and B. We
have also expressed the composite masses my in terms of the masses my, (see the discussion

"See ref. [35] for an interesting discussion on the impact of the leptonic sector in the Higgs potential.
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in the paragraphs below eq. (2.12)). For simplicity we have fixed mg = m, the same value
for all the representations, however notice that even under this simplifying assumption
there can be large splittings between the different fermions due to the suppression of the
masses of the custodians when the mixing is large. Besides we have also scanned over the
Yukawa couplings of the composite sector: yy(1,1), Ys(2,2) and yp(1,2) = Yn(2,1)-

Concerning the numerical values, we have allowed large ranges for all the parameters.
However we present results constrained to some regions of the parameter space, motivated
by phenomenological considerations. We let the bosonic mixing vary according to: tp €
[0.11,0.33], we have allowed small values for this parameter because they favour larger
shifts in the Z couplings. We have considered 801> 507 € [0.5,1) for the top, S0 €
[0.05,0.45] and sp, € [0.1,0.9]. For f;, we scanned over f; € [0.5,2.8] TeV, the smallest
value corresponding to € ~ 0.5 for vgyy = 246 GeV, of the order of the maximum value
allowed by EWPT. For the masses of the resonances we have allowed m; ~ 2 —8TeV, that
is consistent with the approximate relation m, ~ g,fs, with g, in the range determined
by the bosonic mixing angle detailed before. We have considered real Yukawa couplings
within the NDA perturbative regime: |y/f| < 2.

For each point we have evaluated the one-loop Higgs potential, as well as the masses
of the Higgs, the Z boson, the top and bottom. We have normalized all the dimensional
parameters by demanding the mass of the lightest neutral boson to reproduce the SM Z
mass, and we have only kept the points that match the SM values for the other masses.
The phenomenology that we have studied is not very sensitive to small variations around
the central values of the masses, therefore, due to the finite time for CPU calculation, we
have considered the following ranges: 110 < my < 140 GeV, 130 < m; < 170 GeV and
1 < my < 4GeV. We have also discarded points with € > 0.5 as well as points with masses
of bosonic vector resonances below 2 TeV. For the points that satisfy these conditions, we
have computed the Zbb couplings in the basis of mass eigenstates by performing a numerical
diagonalization. Following ref. [36] we have subtracted the universal corrections to g, and
Oby» that can be parametrized by the oblique parameters. We have checked our analytic
approximation of egs. (2.13) for the non-universal corrections to the couplings by comparing
their predictions with the results obtained by performing a full numerical diagonalization.
For the selected points we find that the corrections to g;, and gp, computed by both
methods are in agreement within O(1%).

In figure 1 we show the deviations dgy, and dgp, in the basis of mass eigenstates for
the points of the scan that pass the selection conditions detailed in the previous paragraph.
The results that we show correspond to the full numerical diagonalization, but as already
pointed, they are in agreement with eqs. (2.13) within 1% level. In the same figure, we
present the 68% and 95% probability distributions for these shifts from ref. [23].%® The
white cross shows the center of the ellipses. First, one can see that there are many points
that can solve the discrepancy attributed to the deviation in A%B. Second, the probability
distributions of ref. [23] present a strong correlation between both shifts, such that shifting
just one of the couplings does not improve the fit considerably. Instead the probability

8We thank Diptimoy Ghosh for clarifications concerning ref. [23].
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distributions prefer a shift dg,, ~ O(107?) correlated with a shift §g,, ~ O(1072). In order
to shift both couplings simultaneously, considerable mixing 50,5 and sg, are required, as
shown in egs. (2.13). In that case, in order to reproduce the bottom mass, since the same
mixing that controls the shift of the couplings also controls the mass of the bottom quark,
the composite bottom Yukawa coupling yu1,2) has to be suppressed to compensate the
effect of the mixing and lead to a small bottom mass. On the other hand, if the composite
bottom Yukawa coupling is large, of the same size as the other composite couplings, at
least the mixing of one of the chiralities has to be small to suppress the mass, leading to
a very small shift for the coupling associated to that chirality. This behaviour is present
independently of the nature of the composite Higgs, whether it is a pNGB or not and is
instead associated to partial compositeness, and has been noticed before in scenarios where
the Higgs was not a pNGB [17]. That behaviour is shown in figure 1, where the black points
(dots) correspond to regions of the parameter space where the Yukawa is large: y,/ fr, ~ g,
whereas colored points (stars, squares and triangles) correspond to regions of the parameter
space with sizeable 50,5 and sg,, and small bottom Yukawa coupling: v,/ fr, ~ O(1071h),
introducing a little hierarchy between the composite couplings. This Yukawa violates the
assumption that g, > gsm for all the composite couplings. The colors codify the value of
e: orange points (stars) for e € (0,0.2), green points (squares) for € € (0.2,0.35) and red
points (triangles) for e € (0.35,0.5). As expected, since to leading order in e the shift is
proportional to €2, a large shift requires € > 0.2. We have not found points that satisfy all
the selection criteria specified before and produce corrections that lie outside of the range
shown in the plot.

The previous results introduce at least two different scales: one for the Yukawa of
the top sector and another one for the Yukawa of the bottom sector. Still, since we have
considered only the third generation of quarks, the present analysis does not give any
information about the flavor structure of the Yukawa couplings and composite masses.
That issue is beyond the scope of this work.

6 Radiative corrections to Zbb

We have shown the tree level corrections to Zbb interactions, however it is important to
estimate the size of the one-loop contributions, to test the stability of the corrections. In
particular, the large mixing of some of the fermions can have an impact on the small correc-
tion allowed for Zbybr,. Ref. [37] has considered the one-loop correction to this interaction
in models with SO(5)/SO(4) symmetry breaking pattern, computing the contributions
from fermions in the representation 53,3. The authors argued that when there are several
multiplets present in the theory, in large regions of the parameter space EWPT can be sat-
isfied, particularly a shift of g5, small enough is obtained. There are some simplifications
in the case 53/3 because there is no bg partner in the composite sector and also because
the heavy down-type quarks, the quarks with charge @) = —1/3, arise from multiplets with
the same quantum numbers under SU(2);, xU(1)y as the SM doublet: 24 /g. Ref. [38] have
considered new fermions in the representation 10, however in this case the b mixing is
usually smaller than in the present case. Since in our model there are quarks with exotic
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Figure 1. Results for the shifts in the Zbb couplings. The ellipses correspond to the 68% (dark
region) and 95% (light region) probability distribution for dg,, and dgp, from ref. [23], the white
cross shows the center of the ellipses. The black points (dots) have bottom Yukawa coupling:
Yo/ fn ~ g, and one small bottom mixing, typically the Left-handed one. The colored points
(stars, squares and triangles) have sizeable 50, and sg,, and small bottom Yukawa coupling:
Yo/ frn ~ O(1071). The colors codify the value of e: orange points (stars) for e € (0,0.2), green
points (squares) for € € (0.2,0.35) and red points (triangles) for € € (0.35,0.5).

hypercharge assignments as well as large mixing for by, it is worth performing an estimation
of the one-loop corrections.

We take the gaugeless limit for our calculation, which has been shown before to yield
good predictions while simplifying the calculations greatly [39]. The Zbb coupling will thus
be estimated by calculating the G°bb coupling, where G is the NGB eaten by the Z. By
taking this limit, we are left with the diagram shown in figure 2. This diagram can be
split into various contributions corresponding to corrections to G°brbr, and G°brbg and to
fermions W(™ of charges —4/3 (v-type quarks), —1/3 (down-type quarks) or 2/3 (up-type
quarks) running in the loop.? This diagram represents a finite contribution to the G°bb
coupling which can be explicitly calculated for all fermions running in the loop. Details on
the expressions obtained for this diagram can be found for example in [40, 41].

Performing a numerical calculation for different sets of points in the parameter space of
our model we arrive at the following results. We find that the shift to the G°bbr, coupling
produced by considering only the charge 2/3 fermions running in the loop, subtracting the
SM contribution, is of order dgp, |7 ~ 1074, Similarly, dgby |7 is of order ~ 107°. The
difference in size for these shifts can be readily understood by considering a perturbative
expansion in both the fermionic mixing and the Yukawa couplings with the NGB’s. For

With the NGB in the loop changing accordingly to maintain conservation of electric charge in the
vertices.
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Figure 2. Radiative correction to Zbb at 1-loop in the gaugeless limit, G°/% is the neutral/charged
NGB associated with the longitudinal degree of freedom of the Z/W* and ¥("™) is a heavy fermionic
resonance.

dgs, |1, we would expect the main perturbative contribution to be proportional to 53 , yiLr,
where L, is the loop factor coming from the phase space integration with the g-type quarks
running in the loop. This is due to the fact that the elementary by, has a non-zero projection
on an elementary 5 which, after mixing with the composite 5, can couple directly to a top-
like fermion through the Yukawa coupling with the charged NGB’s. On the other hand,
the bg field is embedded in a 4 which contains no charge 2/3 fermions and which must
undergo various mixing and Yukawa couplings before being able to mix with the top-like
fermions. In particular, it mixes with the elementary ¢q; so it can then follow a path
similar to the one explained for the by,. Hence, we expect the largest contribution to dgp, |7
to be ~ sgBygngb y2Lr. In order to get the right mass for the SM b quark the product
(S@Qb SepYp) needs to be small, thus dgp, |7 is suppressed with respect to dgp, [7. A large
tree level shift to the Zbrbr coupling typically requires s, large, then in this case the
suppression in dgy,,|7/0gp, |7 is of order ngbyg/yg.

Similarly, we can compare the shifts produced by the top-like quarks with those pro-
duced by the charge (—4/3) quarks. For the v-type quarks, we find dgp, |y ~ 107°. This

is 4 orders of magnitude smaller that dgp, |7, which is consistent with the fact the the
2
)
pressed with respect to dgp, 7. On the other hand, the main perturbative contribution

main perturbative contribution to it is expected to be ~ s by;}Lv and thus heavily sup-
to dgp,lv ~ sszf}Lv, resulting in dgp,|v ~ 1075 which is of the same size as dgp,|7; in
this case, the difference in loop factors, Yukawa couplings and fermionic mixing roughly
compensates.

There is also a contribution due to bottom-type quarks running in the loop (together
with a neutral NGB), which can be analyzed in a similar way, and whose size is negligible
compared to that of the up-type quarks contribution.

It is worth mentioning that due to the nonlinear coupling of the NGB’s in our model
and the mixing of b-type quarks, other Feynman diagrams can be constructed. Some
examples are diagrams modifying the self energy of the bottom [42] and diagrams arising
from 4-fermion operators [43]. In some cases these diagrams can be divergent and must be
renormalized.
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7 Phenomenology at colliders

We briefly discuss the phenomenology of the model at colliders as the LHC. Similar to other
realizations of a Higgs as pNGB of SO(5)/SO(4), we expect light fermionic resonances also
known as custodians with charges Q = +5/3,2/3 and —1/3; these are usually present
in models based on representations 55,3, 1023 and 145,3. In the present model, the
representation 4_5 /¢ leads also to resonances with new exotic charges Q = —4/3, whereas
the 16_5 5 leads to resonances with @@ = —4/3 and —7/3. The masses of the former can
have considerable suppression compared to m,, due to the non-negligible mixing sg,, ~ 0.6,
whereas for the later they are expected in the same range as m,, since the suppression of
their masses is small as long as s is not so large. Moreover, for small composite Yukawa in
the bottom sector, the mirror fermion in 4_5 /g contains three rather light custodians that
are almost degenerate and, under SU(2);xU(1)y, have the following quantum numbers:
one doublet 2_g5,6 and one singlet 1_4/3. Similarly, in this limit the 16_5/; contains
a set of almost degenerate custodians generically heavier than the previous ones, that
under SU(2);,xU(1)y can be organized as: 3_4/3, 3_1/3, 2_11/6, tWo 2_5/6 doublets,
216, 1_4/3 and 1_; /3. For the points shown in figure 1 we find that generically the br
custodians have masses similar to the custodians of the top. The production and detection
of exotic resonances associated to br would be a distinctive signature of this kind of models.
Refs. [44, 45] have explored this scenario, selecting the single production of states with
@ = —4/3 and proposing a search strategy at LHC, see also [46] for a very comprehensive
analysis. The present model provides a complete framework to study the phenomenology
of these exotic resonances given the presence of a light Higgs.

There can also be interesting signals associated to the neutral interactions between the
SM b quark, a down-type fermionic resonance b(™) and a neutral vector boson, either the SM
Z or aresonance Z™ withm =1,...10 and n = 1, ...5, the indexes ordered by increasing
mass. The different processes to create one of this resonances and its dominating decay
channel depend on the spectrum and the size of the couplings. Although there are many
different possibilities and the spectrum and couplings can change much as the parameters
of the theory vary, we want to discuss some general situations that can be expected in the
present type of scenarios. After that we will describe the generic properties of the spectrum
and couplings that can lead to these processes. First, if the coupling Z bm)p is large, b(m)
can be produced (either QCD production bmpm) or single EW production) and decay to
Zb, leading to a final state where one could fully reconstruct the b™)-mass by selecting a
visible Z-decay channel. In the case of Z () heavier than b(™), if Z(™ is produced it can
decay via Z(" — b(™p, and eventually to Zbb if the coupling Zb(™b is large enough. In
this case the full process would be 1) — Z () — p(m)p — Zbb, with bottom quarks and Z
of large pr and with the eventual possibility to reconstruct the full mass of Z(™ and b(™). In
the case of production of 5™ heavier than Z(™, a very interesting decay would be a cascade
of neutral decays like 8™ — Z(Mp — bbb — Zbbb, again with final states with large pr.

Let us now briefly discuss the spectrum of down-type fermionic resonances and neutral
vector bosons. We expect two light custodians: one arising from the multiplet 55 /3 mixing
with ¢p and another one from the multiplet 4_5,5 mixing with br. There are also five
custodians from the 16_5 g, usually with larger masses than the previous ones since the
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br, mixing is smaller than the other mixing, as well as three more states with no mass
suppression: one from the 5,3 mixing with gz, one from 4_5 ;s and another from the 16_5 /¢.
In our scan, after taking into account EWSB effects, we have found a splitting between two
sets of resonances: two light resonances mostly given by the first two custodians described
in the beginning of this paragraph, and eight heavier resonances. For the neutral vectors
we find three states with similar masses mostly arising from the neutral components of
SO(4) and from U(1)x, and two heavier states mostly from the coset SO(5)/SO(4). We

also find that the heavier set of fermions have masses similar to the lighter set of bosons.!?

We consider the strength of the coupling Z (”)bémj)%gL /r; we call these couplings g

nm
br/r"
In what follows, we will always refer to the size of the couplings in units of %. We use

the points with low composite Yukawa coupling presented in figure 1 as a testing ground.
We analyse first the Right-handed couplings of Z(1). We find that typically ggﬁ ~ O(1),
with 5 usually slightly heavier than Z(), although the mass difference is small in this
case and the ordering can be changed easily. Another relevant Z(!) coupling is that of ggz ,
which can be as large as 0.8 but can also fluctuate all the way down to negligible strength,
depending on the value of S000° Contrary to b, b®) is generally lighter than Z(), but
again the splitting is small.

Z®) behaves in the same way as Z(!) when considering Right-handed couplings. Z¥
and Z®) both present couplings of strength ~ 1.4 with b%)ER and bg)BR.H No other
Right-handed coupling is as relevant as these for the Z resonances.

For the Left-handed chirality there is not a Z() coupling that is consistently large,
but all of b, 5@ 53 and b®) show couplings of O(1) for a large portion of the points we
studied. b® has approximately the same mass as Z(!) for our region of parameter space.
Z@) and Z®) show the same qualitative behavior as Z(!) when it comes to couplings with
b(Ll)BL and b(Lz)EL. Z®@_ however, also shows a consistently large coupling with b(LlO)EL
(we find it of O(1) for all the points considered). For our points, the mass of b(1%) is only
~ 1.05—1.25 times that of Z(2). The Left-handed couplings for the heavier Z(™ resonances

are not, in general, as relevant as these.
(m)
L/R
handed couplings are relevant. For the Right-handed chirality, on the other hand, the two

Lastly, we can consider the Zb BL/R couplings. Out of these, none of the Left-

lightest 5™ resonances can exhibit a coupling half as large as that of the SM bg quark
(see footnote 11).

8 Conclusions

We have presented a model with a naturally light Higgs, arising as a pNGB of an SCFT,
and able to induce a shift in the Zbb couplings that can relax the tension in A%B measured
at LEP/SLD. The model is based on the breaking SO(5)/SO(4) and on the presence of

10Tt should be noted, however, that this mass ordering is only a consequence of the fact that we have
assumed the mass scale of the gauge bosons and all fermions to be the same; this could be easily altered
by introducing different scales for the resonances.

UYWhat actually seems to happen here is that there is only one b-type “light” quark which has a large
coupling, but depending on the values of the parameters considered it will be either the lightest or the
second lightest down-resonance. The same appears to be true for these two when it comes to Left-handed
couplings.
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composite fermions associated to the bottom sector transforming with the representations
4 and 16 of SO(5). These representations allow to generate the appropriate pull in the
Zbb couplings and simultaneously to produce the small bottom mass. The top partners
are embedded in a 5, such that no large corrections are induced for Zbyby, in the presence
of large mixing for the top, these mixing trigger EWSB and generate the large top mass.

We have computed the corrections to the Zbb couplings at tree level by performing a
perturbative diagonalization of the mass matrices expanding in powers of €2 = sin® <f%>
We have obtained analytic expressions for dgy, and dgp, that allowed us to understand
the origin, the sign and the size of the different contributions to these corrections. We
have also studied the effective theory at energies below the scale of the heavy resonances.
By integrating-out the composite-states we have obtained an effective Lagrangian for the
elementary-states and the Higgs. In particular we have computed the Zbb and Ztt couplings
using this procedure, which has the virtue that the symmetry properties of the different
sectors become evident.

Under certain assumptions, the class of models considered in our work has a finite Higgs
potential at one-loop, that has been computed for fermions in different representations of
SO(5). In the present article we have included in the calculation of the Higgs potential
the contributions of all the fermions and vector bosons, including those arising from the
bottom sector that transform with the representations 4 and 16, that can be important if
the mixing between that quark and the heavy states are large. By performing a random
scan we have found the regions of the parameter space where the EW symmetry is broken
and the Higgs and the quarks of the third generation have the observed masses. We have
also computed the full corrections to Zbb couplings at tree level numerically for those
regions of the parameter space. We have checked that our analytic results are in very good
agreement with the full numerical ones, with higher order corrections smaller than 1% level.

We have found a considerable region of the parameter space of our model where the
Zbb couplings are corrected in such a way that they can solve the deviation attributed to
A%B. The model has been designed to produce those corrections, but we have found that
generically, for composite bottom Yukawa couplings y, ~ g,fx, the bottom mass and the
correct shifts dg;, and dgp, can not be produced simultaneously. This is expected since
there is a strong correlation between the shifts dg,, and dgp, arising from the experimental
results. Instead we have found that dg;, requires a rather large mixing of br and its
composite partners, as was expected, but also dg,, requires a moderate mixing of b7, and
its partners. Since the shift dg,, preferred by the experiments is small, one would have
expected that a small mixing could be enough. However when going to the mass eigenstate
basis, there is a correction to ¢, arising from the top sector, even in the case of Prp-
symmetry, that although being suppressed, has the wrong sign. Therefore, to compensate
this correction, the b; mixing has to be somewhat larger than expected from a naive
analysis. Since the mixing driving the corrections to Zbb also control the bottom mass,
the composite bottom Yukawa has to be partially suppressed to lead to a light bottom.
We have checked numerically that this is indeed the case, obtaining yp/f, ~ O(1071),
introducing a small hierarchy between g, and the other composite couplings g, that we
take of order gsm < g, < 4.
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We have also estimated the corrections to the Zbb couplings at one-loop in the gaugeless
limit. We found that these corrections are at least one order of magnitude smaller than
the tree level ones. Therefore we can expect the tree level corrections to give a reliable
estimation of the shifts of the Zbb couplings.

We found an interesting collider phenomenology involving the beautiful mirror
fermions. Finding exotic fermions with charge —4/3 or —7/3 would provide good evidence
for the solution we have presented. There is also a rich phenomenology involving neutral
interactions, with the possibility of cascade decays mediated by Z- and b-resonances, and
possible final states with several bottom quarks and Z with large pr.
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A Representations of SO(5)

For a comprehensive description of the 4 and 5 representations of SO(5), refs. [8] and [13]
should be consulted. Here we will present the 16 representation of SO(5) in more detail.
Given the size of the matrices needed to represent the generators of the algebra for this
representation, and the fact that most of the elements of these matrices are zeroes, we
will describe them by their diagonals. For that purpose, we define Diag(g, k) as the k-th
diagonal of the matrix representing the element g of the so(5) algebra. k = 0 will be the
main diagonal and we will use positive numbers to denote diagonals above the main one
and negative numbers for those below it. As an example, if we consider the matrix,

Al A2 A3
M., = | Bl B2 B3|, (A1)
Cl1C2C3
then,
Diag(M,,.,0) = (A1, B2,C3),
Diag(M.,, 1) = (A2, B3), Diag(M,,,2) = (A3),
Diag(Me.,—1) = (B1,C2), Diag(Mey, —2) = (C1) . (A.2)
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We now proceed to define the generators of the so(5) algebra for the 16 as follows:

11 11 1 1 11

Diag(T?,0) = ( =, —=,1 —1,= ===, —=,1 —1,=,—=

la’g( L)O) <27 27 70707 72727 27 2) 70707 727 2>
1111 1 1 1 1

Diag(T3,0) = (1,1,=,=,=, = o . 1.1

la’g( R?O) < ) 727272?2707070707 27 27 27 27 ) >

Diag (T}, 1) = g\[ 0,1,000000000,1,0,f>
Diag(7}f,2) = (0,0,0,1,0,0,~ %, 4:,0,0,1,0,0,0)
T -7
Diag(T5,6) = ( —1,0,0,0,0, 0,0,0,0,0)
Dlag(TgJ) §0,1,0,0,¢1§,0, 0,0,~1)
Diag(T}}, 8) = o,o,%,o,o,%,l,o)
| Diag(775,9) = (0,0,0,%,0.0, 0)
Ty =Tp!
(Diag(T*~, ~4) = (0,0,0,%%,0,41/3,~525,0,4,0,0,0
Ding(T*",—3) = (0.-3/3.0.3,~4.~725.0.3/3. 9. +F.0.-4/3.0)
Diag(T*~,~2) = (3,5.5,0,0,%7,0,0,0,0,-1,0,0, 5%, 5
P ——
Diag(T*+,3) = (M,ooooooooooo M)
Diag(T*,4) = (/3.3 -515.0,-%,0,0,4,0,3,/3,-1,-1,/3)
Diag(T++,5) = 0,0,—%\@,%,—3,0, 8,48, 10, 0)
Diag(T*+,6) = (0,0,0,*F,0,0,~4,0,0,0)
T =T+ (A.3)

All elements not explicitly indicated are zeroes. The set {77, TIJf 7, T}%, TIJ{, Ty } generates
the so(4) algebra that is left unbroken after the SO(5)—SO(4) breaking. As is well known,
the reason for choosing the usual SU(2) naming convention for the generators of this sub-
algebra is that SO(4)~SU(2);xSU(2)g. On the other hand, {T"—, T~ T, 7T, T~} are
the broken generators corresponding to the SO(5)/SO(4) coset, that transform as a (2, 2) of
SO(4). The first (second) + super-index of these generators stands for the +1/2 eigenvalue
under 17 (173).

The basis we have chosen to describe these matrices is a basis of eigenvectors of TE
and Tz?% (as can be readily seen by the fact that their matrices are diagonal) which are
also eigenvectors of the Casimir operators, (T})? + (T7)% + (T3)? and (T})? + (T3)? +
(T§)2.12 Below we show our notation for the components of the fermions corresponding

12 As usual, Ti/R = TL+/R +T, L/R and TL/R = (TL+/R - TE/R)'
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to the different representations of SO(5), with charges under SU(2)1, xSU(2) g given by the
previous generators:

Yy = (B1,V1, B, V2) (A.4)
) 1 /) 1 ~

— (- (X -B),—=(X+B), = (TI1 - T), —=(T1 + T),T) , A5

v = (-5 (X - B J5(X 4 B) (- Th (4 T)T) . (A5)

I;Z)16 — (TaBaleBlaBQ; VlaB3aB47‘/27 VY37B57 VZ}, V57517‘/6752) . (A6)

This notation will become useful to describe a basis for the mass and Yukawa matrices of

appendix B.

B Yukawa interactions and mass matrices

In this appendix we show the neutral Yukawa terms and the mass matrices for the up- and
down-type fermions. The neutral Yukawa terms involving the 4 and 16 representations
are:

1 . —
ﬁg’,uk = gyb(1,2)[_ (Bgc% —i—zBlBﬁ s%>< (3Ch +507h)B§L +

+255(—(1+ 5ch)§?2+ \/B(ﬂcthQ B?L + cthB3 L+

+V2BZ ) s)) + ((Ben +5cau )V + 25 (~(1+5en)Ved +
+VE(—V2VE + ct%??[}?‘jiu \@ct%@) sh)) <is%VfR +
+C%V27BR)} + éyb(;l) [(BER ch + iBE s%) ((3 cn + 50%)]922 +

+2 52(2\/502%;?2— chégﬁ—gﬁ— 50}132’[] +

-i-\/ﬁBigbsh + ﬁ@s;ﬂ) ((SCh + 50%)1/3622 +

+2 s%(zx/ﬁc%@ ~ 2\/5cgv5ci + V& 450V +
+\/5Z?Lbsh+\/E@sh)>(c%%€R+is%%?R>} + h.c. (B.1)

In the last expression ct,, = cot(’} ), and as usual ¢,;, = cos(’}—) and s, = sin('f! ) The
neutral Yukawa terms involving the 5 representations are:

~Ot Ot ~ Sh
Etyuk = Yr(1,1) [Cth - E(TQ + 1) L):| [Cth - E(Tg + TlT,R)] +
—ot Ot 1 Aot
+yt(272){Bg BL + X' X%+ 5 (TQ TffL) (TE - TTR) +
C
+ [\/’% (TQ +T1QL) +shTQ] [\[ (TT+T1TR) +spTE } }+
+h.c. (B.2)

We can calculate a LR matrix for the quadratic terms of the b sector at zero mo-
mentum from the Lagrangian, using the basis {bL,BlBL,BB BQb B?Z,BQQZ,B?Z,sz,
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b

QY KT RO B B pQ® pQ® pQ* pQ Q" pQ* pT RQ
B5,L’B%7BL } and {bR7Bl,R7BR’BR s By'ry By gy By gy By gy By gy B, By }’

[0 0 0 AQb 0O --- 0 Age
0 —mp O o o0 --- 0 0
Ab 0 —mp 0 0 0 0
b |10
Mer : <Y6b><2> e : : ' (B-3)
0 0 0 o --- —m7p 0
L 0 0 0 o --- yt(2,2) —mQt ]

where the main diagonal is (0, —mp,—mp, —Mgb, —Mgb, =M@, —M@gb, —Mqb, —Mqb,
—mr, —mge) and the Yukawa sub-matrix for the b sector, Y6bx2, is

b

Yoyo = (B.4)
\/g(*iyb(l,zﬂryb(z,l))s% *\/%(%(1,2)*iyb(2,1)+(yb(1,2)+iyb(2,1))ch)5h
_T\/g(iyb(lz)+yb(2,1)+(_iyb(1,2)+yb(2,1))ch)5h @(%(1,2)“%(2,1))5%

1 (=Ub(1,2) FiUn2,1) T5W(1,2) Fitb2,1)cn)5h 3 BWb(1,2) —iWb(2,1))Ch+ Up(1,2) Fi¥p(2,1)) (3+5c2n)) ‘
4 5 (—iyp(1,2) +Ub(2,1))55 — 2 (Ub(1,2) — Wn(2,1)+ (WUb(1,2) +iUb(2,1))Ch)Sh

L (8(ip(1,2) HUb(2,1)) e+ (—iWp(1,2) FUb(2,1)) B+5c21)) 2 (Ub(1,2) — Wi(2,1) +5Wb(1,2) +iUb(2,1))Ch)Sh

_\/g(iyb(l,z)+yb(2,1)+(_iyb(1,2)+yb(2,1))ch)5h —\/g(yb(l,z)-f—iyb(z,n)Si

In a similar fashion, using the basis {tL, TiLT, leij?LTv Tgb, Tf?z, Tgt,Tl?Z, Tgt} and
{tR,TE,TfR,Tg, Tgb,T?;,Tgt,TlQ;,Tgt}, we obtain for the top sector:

0 0 0 0 Agr 0 —Ag 0 0

0 —mgp 0 0 0 0 0 0 0

0 0 —mp O 0 0 0 0 0

Ar 0 0 —mpr O 0 0 0 0

0 0 0 0 0 —mg 0 0 0

0 0 0 —mg 0 0

0 (}/32(3) 0 0 0 —mQt 0

| 0 0 0 0 0 —mg |
where Y{, 4 is given by:
% (yt(2,2)(1+cz)+yt(1,1) SZ) % (%(1,1) - yt(2,2)) 3}21 (%(2,2) - yt(l,l)) Cf/‘%h
Yiys = % (?Jt(l,l) - yt(2,2)) i % (yt(2,2)(1+cz)+yt(l,l) s7) (yt(z,z) - yt(l,l)) Cf/sﬁh
(%(2,2) - yt(l,l)) c}\l/%h (yt(z,z) - yt(1,1)) c%h Ye(1,1) c+ Yi(2,2) s%
(B.6)

Now, for the exotic quarks in the model, we begin by considering the v-type quarks

withthe basis {7, V7, VL VI VL VL VL VL b and {0 Vi Vi3 Vi Vi

— 25 —



V;?;, Vﬁ;, Vﬁ?};}, and obtain:

_mB 0 LR 0

0 —mp-— 0
v v . (B.7)

IR — L :
<Y6v><2> _me

where the main diagonal is (—mp, —mp, —mge, —Mmgs, —Mgs, —Mgb, =My, —Mgy) and
all off-diagonal elements are zero except for the 6 x 2 sub-matrix Yy,

v
Yoxo = (B.8)
\/g(—iybu,z) +Yn(2,1) + (WWp(1,2) + Ub(2,1))CR)5h —\/g(ybu,z) — Wp(2,1))57
@(iybu,z) + Ub(2,1))5% Y5 (yp(1,2) + iYp(2,1) + (Yb(1,2) — Wp(2,1))Ch)Sh
1| $8(—=iyp(1,2) TUb(2,1))cn+ (1Wb(1,2) FUb(2,1)) B+5¢2n)) =5 Wb(1,2) + Wo(2,1) + 5(WUb(1,2) — Wp(2,1))Ch)Sh
4 —g(—iybu,z) +yp2,1) + (Wo(1,2) + Yu2,1))ch)Sh 2 (Ub(1,2) — Wo(2,1))57
L(=ivp(1,2) + Ub(2,1) + 5 Wp(1,2) + Yb2,1))cn)sh 5 BWb(1,2) HiUb(2,1))Ch+ (Up(1,2) —1Wb(2,1)) (3+5c2n))
5 (iyp(1,2) + Ub(2,1))57 \/g(ybu,z) +iYp(2,1) + (Un(1,2) — Wi(2,1))Ch)Sh

For the s-type (charge -7/3) quarks, using the basis {S?Z,ng} and {SS;,SS;},

we get:

—meo 0
MSE — Q ) B.9
LR [ 0 —mge ] (B.9)

And finally, for the z-type (charge 5/3) quarks, we use the basis {th,Xif} and
{th,X}?j} and obtain:

M2 = [_mQt y““)] . (B.10)

C Correlators

In this appendix we show the correlators obtained after integration of the composite states
of our model at tree level. The correlators obtained from integration of the heavy vector

bosons are:
HA . HA . p2ml2) HA B m%(pZ + mﬁ — m%) HX B p2m§(
S 1 e 2 —md) g% (P> —m3)
A A
1A _ My + Mg (1)
(31)+(13) = 5 : :
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The correlators arising from integration of Q! and T are:

mi — p? + yt2(2 2)

me . = A2 ;
(22) tmét(m%“ —p?) + P2 (p* — mi — yt(2 2))
m2 — p? + 92
H((Il 1) — =AY 2 2 2T - 1)
mQt(mT —p?) +p*(p? — mT yt(l 1))
29) = AF mét e yt(z 2)
a2 = M (m. — p?) + p*(p* — M7 — Y75 5)
AT 2Qt - p + yt(l,l)
(1 DA Qt (m# — p?) + p*(p* — m7 — ytz(l,l))

mqt MT Yi(2,2)
Mt = AptAp 9
(2,2) Q mét (m3 — p?) + p?(p? — m? — yt(z 2))

mgt MT Yi(1,1)
MY | = AgiAr - :
(1,1) Q mey (mi — p?) + p*(p? — mz — 93(1,1))

9

The correlators arising from integration of Q” and B are:

2
T R
(273) (372) mz?b — p2

2 2, .2
mp = P° + Ypz,1)

I,y = Ay —57— 2 2(p2 2 2 ’
, mig(mg, — %) +p*(P* = Mgy = Yya1))
2 2 2
o A MB —P" T Yya,2)
(1 2) Q mQB (méb _ p2) + p2 (p2 — m2Qb - 95(1,2)) )

2 2 2
Moy — P + Yn(2,1)
mB(me - p?) +p*(p* — méb - y§(2,1))

i

Mo~ P+ Yija 2

mp(my, — p?) + (P — My — Vi 2))
mab Ty Yp(2,1)

my(my, —p?) +p2(p% — m, — y2s 1))

mgb My Yp(1,2)

mB(me —p?) +p*(p* - méb - yz?(l,z)) .

)
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