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ABSTRACT: We analyze the corrections to the precision EW observables in minimal com-
posite Higgs models by using a general effective parametrization that also includes the
lightest fermionic resonances. A new, possibly large, logarithmically divergent contribu-
tion to S is identified, which comes purely from the strong dynamics. It can be interpreted
as a running of S induced by the non-renormalizable Higgs interactions due to the non-
linear o-model structure. As expected, the corrections to the T parameter coming from
fermion loops are finite and dominated by the contributions of the lightest composite states.
The fit of the oblique parameters suggests a rather stringent lower bound on the o-model
scale f > 750 GeV. The corrections to the Zby by, vertex coming from the lowest-order op-
erators in the effective Lagrangian are finite and somewhat correlated to the corrections to
T. Large additional contributions are generated by contact interactions with 4 composite
fermions. In this case a logarithmic divergence can be generated and the correlation with
T is removed. We also analyze the tree-level corrections to the top couplings, which are
expected to be large due to the sizable degree of compositeness of the third generation
quarks. We find that for a moderate amount of tuning the deviation in V4, can be of order
5% while the distortion of the Ztt;, vertex can be 10%.
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1 Introduction

The discovery [1, 2] by the LHC experiments of a scalar resonance with a mass around
125 GeV and with production and decay properties compatible with the ones of the Stan-
dard Model (SM) Higgs boson sets a landmark in the exploration of the sector responsible
for the breaking of the Electroweak (EW) symmetry. The value of the resonance mass
together with the absence of observation of any additonal new particles bring stringent



constraints on various models that were designed to address the naturalness problem. For
instance, the current results and in particular the lack of any signal in the jets plus missing
energy searches, in addition to the indirect constraints from flavor physics, indicate that su-
persymmetric models are in need for a non-minimal incarnation (see for instance ref. [3] and
references therein). Important lessons can also be drawn for models of strong electroweak
symmetry breaking in which the Higgs boson emerges as a composite particle [4-11] (see
also ref. [12]). An interesting result is the fact that light fermionic top partners below
1 TeV are necessary to generate the correct Higgs mass without too much fine-tuning [13—-
18]. This forces also the composite Higgs models into non-minimal territory with some
fermionic resonances below the expected typical mass scale of the resonances of the strong
sector. Moreover it motivates an extension of the effective description proposed in ref. [19]
in order to include the appropriate dynamics and couplings of the light top partners.

It has been realized that light fermionic top partners offer nice distinctive collider
signatures of composite Higgs models and the best search strategies at the LHC have
been identified [20-42] and are being applied by the experimental collaborations [43—-46].
Including the light fermionic resonances in a general effective Lagrangian, as we will do in
this work, can also provide a model-independent tool to study these collider signatures.

A third and essential motivation to consider an effective description of top partners is
to reassess the status of the composite Higgs models regarding the EW constraints. The
composite nature of the Higgs is indeed the source of an infrared-saturated contribution
to the EW oblique parameters [47] that, taken on its own, sets a stringent bound on the
compositeness scale of the Higgs boson and inevitably raises the amount of fine-tuning [48—
51]. It is thus clear that a scenario with an acceptable amount of tuning can only be
obtained if further corrections to the EW parameters are present.

One possible source of additional contributions are the composite resonances and in
particular the fermionic ones. Even if they do not give tree-level corrections to the EW
oblique parameters, the top partners do contribute to them at one loop and these contri-
butions can be sizable if the partners are light. In this paper we extend previous analy-
ses [47, 52-58] and we provide the first computation of the fermion one-loop contribution
to the S parameter taking into account the Higgs non-linearities associated to its compos-
ite nature. The result of this computation is the identification of a new logarithmically
enhanced contribution that can be interpreted as a running effect from the mass of the
top partners to the scale of the EW vector resonances. We also study the contributions
of the top partners to the T parameter which, though finite, can be large and positive, in
particular in the presence of a light SU(2) singlet partner, and can compensate the Higgs
contribution. We also clarify the structure of the deviations of the Zbyb;, coupling which
can become logarithmically divergent when 4-fermion interactions with a chirality structure
LLRR are introduced in the composite sector.

This paper is organized as follows. In section 2 we present the effective Lagrangian
describing a composite Higgs as Goldstone boson associated to the coset SO(5)/SO(4)
together with the light top partners and their couplings to the SM fermions. In section 3
we present a general analysis of the corrections to the EW observables. In particular we
estimate the contributions of the top partners to the EW oblique parameters and to the



deviations of the couplings of the Z gauge boson to the b quark. Section 4 is devoted to the
numerical analysis of some explicit models. In section 5 we repeat the previous analysis
within an alternative set-up in which the ¢ appears as a completely composite state. And
finally in section 6 we compute the modifications of the couplings of the top quark induced
by the mixing with its partners. Afterwards we conclude in section 7. The appendices
resume our conventions and collect a few technical details.

2 The model

The first step in our analysis of the EW precision constraints is the identification of a
suitable parametrization of the composite Higgs models. As explained in the Introduction,
our strategy is to study the new physics effects on the EW parameters from a low-energy
perspective. The main advantage of this approach is the possibility to capture the main
features of the composite Higgs scenario and to describe a broad class of explicit models
in a unified framework.

The fundamental ingredient of the composite Higgs scenario is the identification of the
Higgs boson with a set of Goldstones coming from the spontaneous breaking of a global
symmetry of a new strongly-coupled dynamics. For definiteness, in the following we will
focus on the case in which the Goldstone bosons are associated to the coset SO(5)/SO(4).
This is the minimal choice that gives rise to only one Higgs doublet and contains an SO(3).
custodial symmetry. As we will see, the presence of a global symmetry in the composite
sector strongly constrains the structure of the effective Lagrangian and in particular fixes
the form of the Goldstones interactions.

In this paper we will be mainly interested in the corrections to the EW observables
that come from the presence of light fermionic resonances. To analyze this aspect we will
construct an effective description of the composite models in which only the light fermionic
states coming from the strong sector are included, while the heavier fermionic states and the
bosonic resonances are integrated out. We associate to the heavy resonances a typical mass
scale m,, which can be interpreted as the cut-off of our effective theory. In a generic strongly
coupled sector m, is connected to the coupling of the strong dynamics g, and to the Gold-
stone decay constant f by the relation m, ~ g.f [19]. Of course our effective description is
valid as far as there is a mass gap between the light and the heavy resonances my;gn: << 1.

In the usual framework of composite Higgs models the SM fields do not come from the
strong dynamics, instead they are introduced as elementary states external with respect
to the composite sector. The elementary fermions are mixed to the composite dynamics
following the assumption of partial compositeness [59, 60], which requires that they have
only linear mixing with the operators coming from the strong sector. For simplicity we only
include the top quark in our effective description. It is the field that has the largest mixing
with the composite states and induces the most important corrections to the EW observ-
ables. The mixing of the elementary doublet ¢;, and of the singlet tg can be schematically
written as

Lmix = y3r,0r + yrtrOgr + h.c., (2.1)



where Op g are operators coming from the strong dynamics. An important point is the
fact that global SO(5) symmetry of the strong sector is unbroken in the UV where the
elementary-composite mixings are generated, thus the composite operators Oy, g will belong
to some liner representation of SO(5). On the other hand, the elementary states transform
only under the SM gauge group and they do not fill complete SO(5) representations. The
mixing between elementary and composite states induces a (small) explicit breaking of
the global SO(5) invariance, making the Higgs a pseudo Goldstone boson and generating
an effective Higgs potential. From a low-energy perspective, the mixing in eq. (2.1) can
be reinterpreted as a linear mixing between the elementary states and some fermionic
resonances ¥ coming from the strong dynamics:

Lot =yrf @ Ve +yrf iRV +he.. (2.2)

The assumption of partial compositeness also determines the coupling of the elemen-
tary gauge fields with the composite sector. The SM gauge fields are coupled to the strong
dynamics via the weak gauging of a subgroup of the global invariance. As well known,
in order to accommodate the correct hypercharges of the SM fermions, an extra Abelian
subgroup must be added to the global invariance of the composite sector, which becomes
SO(5) x U(1)x. The SM SU(2), group is identified with the corresponding factor of the
SO(4) ~ SU(2)r x SU(2)g subgroup of SO(5), while the hypercharge generator corre-
sponds to the combination Y = T + X, where T3 is the third generator of SU(2)g (see
appendix A for further details and for our conventions). The weak gauging induces another
small explicit breaking of the global SO(5) symmetry. This breaking is however typically
subleading with respect to the one induced by the top quark mixing.

2.1 The effective Lagrangian

We can now discuss in more details the structure of the effective theory and derive the
general form of the effective Lagrangian respecting our basic assumptions. In our derivation
we will follow the standard CCWZ approach [61, 62], which allows to build all the operators
in the effective Lagrangian starting from elements in irreducible representations of the
unbroken global group SO(4).

The Higgs doublet is described by the set of 4 Goldstone bosons II; encoded in the
Goldstone matrix U,
iﬁﬂiTi

f

where T% (i = 1,...,4) are the generators of the SO(5)/SO(4) coset. The operators in
the effective Lagrangian can be written in terms of the U matrix and of the CCWZ op-

U = exp , (2.3)

erators e, and d,, that come from the covariant derivative of the Goldstone matrix (see
appendix A for further details). The e, symbol is used to build the covariant derivative of
the composite fermions. The d,, symbol transforms as a 4-plet of SO(4) and enters in the
kinetic terms for the Goldstones, which read

2
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Egold - Zdudﬁ . (24)



The fermion sector of the theory depends on the quantum numbers we choose for the
composite sector operators Or, r. In the following we will concentrate on the case in which
the operators belong to the fundamental representation of SO(5). With this choice we
are able to parametrize the low-energy dynamics of several explicit models proposed in
the literature (see for example refs. [27, 63-67]). The requirement of a mixing with the
elementary top quark fixes the U(1)x charge of these operators to be 2/3.

As mentioned before, in the effective theory we can describe the low-energy dynamics
of the strong sector through a set of fermionic states. For simplicity we include only one
level of composite fermions in our effective description and we identify the cut-off with
the mass of the lightest of the other resonances. In the CCWZ approach the fields are
introduced as irreducible representations of the unbroken group SO(4) and transform non-
linearly under the full SO(5) symmetry. The quantum numbers of the O r operators
determine the representations of the fields that can be directly coupled to the elementary
fermions. The fundamental representation of SO(5) decomposes under SO(4) as 5 = 4+ 1.
For this reason we include in our theory two composite fermion multiplets corresponding to
representations 453 and 1,3 of SO(4) x U(1) x, which we denote by 14 and v respectively.

In order to estimate the size of the coefficients of the various terms in the effective
Lagrangian we need to use a suitable power-counting rule. Following the approach of
refs. [19, 40] we adopt the following formula

mt (g \ g ® "0\ (T [ gA, "
eyt () (5h) (2 (D) e

where 1., generically denotes the elementary fields g, or g, while ¥ denotes the com-

posite fermions. Notice that each insertion of an elementary fermion is accompanied by a
corresponding factor of the elementary-composite mixing y. We assume that the rule in
eq. (2.5) has only two exceptions [40].! The first one is the kinetic term of the elementary
fermions, which we set to be canonical. This is justified by the fact that the elementary
fermions are external with respect to the strong dynamics and their kinetic term is set by
the UV theory. The second exception is the mass of the fermion resonances included in our
low-energy description, which we assume to be smaller than the cut-off m,. This is needed
in order to write an effective theory in which only a few resonances are present, while the
other ones, at the scale m,, are integrated out.

The full effective Lagrangian can be split into three pieces which correspond to the
terms containing only composite states, the ones containing only elementary fields and the
elementary-composite mixings:

L= Ecomp + Eelem + Emixing . (26)

The leading order Lagrangian for the composite fermions is given by
1
1

'Notice that the power-counting rule can also be violated in the presence of sum rules which forbid the

ﬁcomp = ZE4¢¢4+ZE11D7;Z)1 _m4a4’¢}4 _mlalwl + (Z Cﬁﬁ“diﬂl + hC) + (E¢)2 y (27)

generation of some operators.
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Figure 1. Structure of the Feynman diagrams that generate 4-fermions operator through the
exchange of heavy gauge resonances. In the diagrams we represent the composite resonances with
a double line.

where the index ¢ labels components of the SO(4) 4-plets. Notice that the covariant deriva-
tive of the 14 field contains, in addition to the usual derivative and to the coupling to the
U(1)y gauge boson B, the CCWZ e, symbol: D,y = (0, —2/3ig’B, + ie,)s. The
presence of the e, term is essential to restore the full SO(5) invariance of the Lagrangian
and gives rise to non-linear derivative couplings between the 4-plet components and the
Goldstones. In addition to the usual kinetic and mass terms we can also write an additional
term using the CCWZ d,, symbol. This operator induces some interactions between the
4-plet and the singlet mediated by the gauge fields and by the Goldstones. In general two
independent terms with the d,, symbol can be present, one for the left-handed and one for
the right-handed composite fermions. For simplicity, however, we assumed that the strong
sector is invariant under parity, which forces the two operators to have the same coefficient.

Finally we denote collectively by (y1))2/f? possible contact interactions with 4 com-
posite fermions. In spite of having dimension 6 these operators are not suppressed by the
cut-off my, instead, their natural coefficient is of order 1/f2. Operators of this kind are
typically generated by the exchange of heavy vector or scalar resonances (see diagrams in
figure 1). The suppression due to the propagator of the heavy boson is compensated by
the large coupling, g, =~ m./f, thus explaining the order 1/f? coefficient.

The Lagrangian involving the elementary fields includes the usual canonical kinetic
terms

ﬁelem = Z‘QLLDQL + Z.%R]ptR ; (28)
and the elementary-composite mixing
_5\1 ; _s\ 1
Luixing = yraf (@) Un ¥y +yraf (@2) Urs v + hee.

fumaf () Usivi 4y f (%) U + e (29)

where ¢? and ¢% denote the embedding of the elementary fermions in an incomplete 5 of
SO(5), namely

ibr, 0
1 br, 0
5 » 5
= — t , tx=1 0 |, 2.10
qr V2 tip R ( )
—tr, 0
0 tr



and U is the Goldstone matrix defined in eq. (2.3). The form of the elementary-composite
mixings is dictated by the SO(5) symmetry. The assumption of partial compositeness en-
coded in eq. (2.1) tells us that the elementary fields are mixed with operators that transform
in a linear representation of SO(5). The ¢4 and ¢y CCWZ fields, instead, transform non-
linearly under the global symmetry, so they can not be directly mixed with the elementary
fields. To write down a mixing term we thus need to compensate for the non-linear trans-
formation and this can be done by multiplying the CCWZ fields by the Goldstone matrix.

Notice that the coefficients that appear in our effective Lagrangian are in general com-
plex. By means of chiral rotations of the elementary and composite fields one can remove
only 3 complex phases, thus some parameters are still complex. In order to simplify the
analysis we assume that our Lagrangian is invariant under CP [40]. Under this hypothesis
all the parameters in the Lagrangian in eqs. (2.7) and (2.9) are real.”

3 General analysis of the EW parameters

In this section we provide a general analysis of the new physics corrections to the EW
observables, in particular we will focus on the oblique parameters, S and f, and on the
Zbrbr, coupling. As we will see, several effects can generate distortions of this parameters
and it is important to carefully study all of them. The primary aim of this section is to
estimate the size of the various corrections and to determine which observables can be
reliably computed in our low-energy effective approach.

3.1 The oblique parameters

We start our analysis by considering the oblique EW parameters, S and T, [68, 69] that
encode the corrections to the two point functions of the EW gauge bosons. The contribu-
tions to the oblique parameters come from three main effects: the Goldstone nature of the
Higgs, the presence of vector resonances and the presence of fermionic resonances.

The first effect is related to the non-linear Higgs dynamics which induces a modifica-
tion of the Higgs couplings with the EW gauge bosons. This distortion is present in any
composite-Higgs model and is fully determined by the symmetry breaking pattern that gives
rise to the Goldstones, in our case SO(5)/SO(4). In particular the leading logarithmically-
enhanced contribution is universal and is completely fixed by the IR dynamics [47]. As we
will see, while the contribution to Sis small, the effect on T is sizable and, without further
corrections, would lead to very stringent bounds on the Higgs compositeness scale f.

The second source of corrections is the presence of EW gauge resonances. In our
effective Lagrangian approach the gauge resonances have been integrated out, thus this
corrections arise as a purely UV effect. The most important contribution is generated at
tree level due to the mixing of the composite resonances with the elementary gauge bosons
and it gives a sizable correction to the S parameter.

Finally the third class of contributions comes from loop effects induced by the com-
posite fermions. This is the class of contributions we will be mainly interested in in the

2The CP invariance fixes the coefficient of the d,, symbol term to be purely imaginary. Thus our
parameter c is real.
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Figure 2. Constraints on the oblique EW parameters Sand T [70]. The gray ellipses correspond
to the 68%, 95% and 99% confidence level contours for m;, = 126 GeV and m; = 173 GeV. The red
lines show the contributions that arise in composite Higgs models as explained in the main text. The
IR contribution corresponds to the corrections due to non-linear Higgs dynamics, approximately
given in egs. (3.2) and (3.7), and is obtained fixing m, ~ 3 TeV. The UV contribution is due to
the EW gauge resonances (see eq. (3.1)).

present analysis. As we will see, these corrections are typically large and including them
is essential in order to obtain a reliable fit of the EW parameters. Although these effects
have been already considered in the literature, most of the previous analyses did not take
into account the full non-linear structure of the composite Higgs Lagrangian. Our analysis
will show that the non-linearities are relevant and their inclusion can significantly affect
the result and lead to new important effects.

The S parameter. At tree level the S parameter receives a correction due to the mix-
ing of the elementary gauge fields with the composite vector bosons. An estimate of this

correction is given by [19]
m2
~ 7"”
AS ~ 25 m2 (3.1)
The UV dynamics can lead to deviations with respect to the above formula. However
those deviations are typically small and eq. (3.1) is usually in good agreement with the
predictions of expllclt models. Assuming that the correction in eq. (3.1) is the dominant
contribution to 5 (or at least that the other contributions to S are positive), a rather strong
upper bound on the mass of the EW gauge resonances is found, m, 2 2 TeV (see the fit
of the oblique parameters in figure 2).
The other contributions to the S parameter arise at loop level due to the non-linear
Higgs dynamics and to the presence of fermion resonances. The leading contribution due

to the non-linear Higgs dynamics is given by [47]

2

AS = ¢lo mi ~1.4-107%¢ (3.2)
T3¢ 108 mZ) ' '




where g denotes the SM SU(2);, gauge coupling. In the above formulae we identified the
cut-off with the mass scale of the EW gauge resonances and we chose m, ~ 3 TeV and
my, = 126 GeV to derive the numerical estimate.

The contribution in eq. (3.2) arises from one-loop diagrams with gauge bosons and
Goldstone virtual states. The diagrams contributing to S are superficially logarithmically
divergent. However, in the SM the logaritmic divergence exactly cancels due to the physical
Higgs contribution. This is no longer true when the Higgs couplings are modified and in
composite Higgs models a residual logarithmic dependence on the cut-off scale is present.?
As can be seen from the numerical estimate the contribution in eq. (3.2) is much smaller
than the absolute bounds on S (compare figure 2) and is typically negligible.

Let us finally consider the contribution due to loops of fermionic resonances. The gen-
eral expression for the corrections to S due to an arbitrary set of new vector-like fermion
multiplets has been derived in ref. [72]. The final formula contains a divergent contribution
to S given by

. N.g?
ASin = geoa ™ [ULYE + ULYa] log(m?) (33)

where Ur, g and Y7, g are the matrices of the couplings of left- and right-handed fermions
to the WS and to the B, gauge bosons respectively and N, is the number of QCD colors.
In a renormalizable theory in which the couplings of the gauge bosons to the fermions are
just given by the usual covariant derivatives it is easy to see that the trace appearing in
eq. (3.3) vanishes, so that no logarithmically divergent contribution to S is present.? This
is no longer true when the Higgs is a Goldstone boson. In this case higher order interactions
of the gauge bosons mediated by the Higgs are present in the Lagrangian. Interactions of
this kind are contained in the e, term in the covariant derivative of the composite 4-plet
Y4 and in the d,-symbol term. After EWSB a distortion of the gauge couplings to the
fermions is induced by these operators and a logarithmically divergent contribution to S is
generated. The presence of a logarithmically enhanced contribution can be also understood
in simple terms as a running of the operators related to the S parameter. We postpone a
discussion of this aspect to the end of this subsection.
The logarithmically divergent correction can be straightforwardly computed:

2

2
qdiv _ 9 2 iy
ASiorm, = 32 (1 —2c¢*)¢log <m421> . (3.4)

It is important to notice that this contribution is there only if at least one SO(4) 4-plet is
present in the effective theory. In fact, as we said, the only terms in the effective Lagrangian
that can lead to relevant distortions of the gauge couplings are the 4-plet kinetic term and
the d,-symbol term, which are clearly absent if only singlets are present. The connection of
the divergence with the 4-plets justifies the identification of the argument of the logarithm in

3 A more detailed analysis of the corrections to the S parameter related to the Goldstone nature of the
Higgs has been presented in ref. [71].

4To prove this one can notice that the sum of the W;f couplings to the fermions in each SU(2); multiplet
is zero. After EWSB the gauge couplings of the fermion mass eigenstates are obtained by unitary rotations
of the initial coupling matrices. These rotation clearly cancel out in the trace in eq. (3.3), so that the
divergent term vanishes.
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Figure 3. Upper bounds on £ in the 2-site model (¢ = 0) as a function of the 4-plet mass parameter
my for different values of the cut-off m,. The results have been obtained by considering the shift in S
given in egs. (3.1), (3.2) and (3.4) and by marginalizing on T. The shaded regions correspond to the
points compatible with the constraints at the 68%, 95% and 99% confidence level for m, = 3 TeV.
The dashed red curves show how the bounds are modified for m, = 5 TeV.

eq. (3.4) with the ratio m2/m3. Tt is also remarkable the fact that the correction in eq. (3.4)
is independent of the elementary-composite mixings yr, . This implies that any SO(4) 4-
plet below the cut-off of the effective theory would contribute to S with a similar shift.?

Notice that, in order to derive the result in eq. (3.4), we assumed that the logarithmic
divergence due to the fermion loops is regulated at the cut-off scale m,. This is expected
to happen as a consequence of the presence of EW gauge resonances with a mass of order
my. Peculiar UV dynamics, however, could modify this picture and push up the scale at
which the divergence is regulated, resulting in a larger contribution to S.

Another interesting property of the divergent contribution to S is the fact that it van-
ishes if ¢ = 1/2. As we will see later on, this choice of the parameter ¢ implies the presence
of an extra symmetry in the effective Lagrangian which protects the EW observables.

The logarithmic contribution to S in eq. (3.4) is sizable if ¢® is not too close to 1/2
and is typically much larger than the corresponding effect due to the Higgs non-linearities
(eq. (3.2)). The correction due to fermion loops can even be comparable with the tree-level
contribution estimated in eq. (3.1) if the strong coupling g, is large, g, = 5. From the point
of view of our effective approach, the coefficient c is just a free parameter, thus in principle
the divergent fermion contribution can have an arbitrary sign. In particular for ¢ > 1/2 a
sizable negative shift in S would be possible, which could improve the agreement with the
EW precision measurements (see figure 2).

It is important to notice that in explicit models that provide a partial UV completion
of our effective theory the value of ¢ is typically fixed. A possible extension of our effective
Lagrangian is given by the 2-site model proposed in refs. [13, 66]. In this model ¢ = 0, so
that a sizable positive shift in S seems unavoidable if a relatively light 4-plet is present.
For example for my ~ 700 GeV and m, ~ 3 TeV a tight upper bound, £ < 0.1, is obtained
if we marginalize on T. The limits on the compositeness scale as a function of the 4-plet
mass taking into account only the constraints on the S parameter are shown in figure 3.

5Resonances in larger SO(4) multiplets also lead to divergent contributions. For instance, states in the
9 lead to a contribution 6 times larger than the one in eq. (3.4).
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Notice that the bounds become typically stronger if the cut-off scale increases. This is due
to the fact that the logarithmically enhanced fermion contribution in eq. (3.4) grows at
larger m, and dominates over the tree-level correction in eq. (3.1) which instead decreases
when the gauge resonances become heavier.

The 2-site realization of the composite models allows us also to find a connection
between the fermion corrections to S and the dynamics of the gauge resonances. In fact
it turns out that the diagrams that give rise to the divergence in S are closely related to
the ones that determine the running of the gauge resonance coupling g.. The divergent
contribution to S in this picture arises from the distortion of the mixing between the
elementary and the composite gauge fields after EWSB.

A fermion contribution to S similar to the one we found is in principle present also in
the extra-dimensional realization of the composite Higgs scenario. The corrections to the
oblique EW parameters due to fermion loops in this class of theories have been considered
in the literature [65, 73, 74], however no divergent or enhanced contribution was noticed. It
is probable however that a contribution of this kind was overlooked because of its peculiar
origin. Similarly to what happens in the 2-site model, in extra dimensions the divergence
in S derives from the mixing of the gauge zero-modes with the gauge resonances after
EWSB. In the literature the computation of S has been made neglecting this mixing, thus
the divergent contribution was not found.

Notice that, in addition to the divergent contributions, which explicitly depend on the
cut-off, large finite contributions can also arise from the UV dynamics of the theory. We
can estimate the one-loop UV contributions as

2

g _
g2t =310 3¢. (3.5)

It is easy to see that these effects can in principle be sizable and could significantly change
the fit to the EW data. The estimate in eq. (3.5) should be considered as a lower bound
on the size of the UV corrections, valid if no accidental cancellations are present. Larger

~

AS ~

corrections to S are possible in the presence of some peculiar UV dynamics, these however
can not be predicted within our effective approach. We will see an explicit example of
non-decoupling effects in subsection 4.1.

The corrections to S as a running effect. We can understand in simple terms the
origin of the large logarithmically enhanced contributions to the S parameter with an
operator approach. In the effective theory the corrections to the S parameter are induced
by two dimension-6 operators [19]:

szi(HTaiﬁH) (D'W,,)'  and (’)Bzi(HTﬁH) (D"B.),  (3.6)

where H denotes the usual Higgs doublet and H TEH is the derivative HY(D,H) —
(D,H)TH.

The corrections to the Oy, p operators can be connected to the diagrams with two
external Higgs states and one gauge field. In a renormalizable theory with only standard
Yukawa Higgs couplings to the fermions the corrections from heavy resonances loops come

- 11 -
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Figure 4. Diagrams with resonance loops that can contribute to the Oy, g operators.

from the (a) diagrams in figure 4. By noticing that the Ow p operators contain three
powers of the external momenta it is easy to realize that these diagrams are always finite.

In a theory with a non-linear Higgs dynamics the situation is instead drastically dif-
ferent. In this case non-renormalizable contact interactions with two Higgses and two
composite fermions are present. In particular the e, symbol in the kinetic term of the
composite 4-plets induces a non-renormalizable interaction i(ﬁttaaﬂﬁ)(a47“¢4) (see the
explicit results in appendix A). This non-linear vertex, together with the usual gauge inter-
actions, gives rise to the new class of diagrams denoted by (b) in figure 4. These diagrams
are logarithmically divergent and induce a corresponding running of the Ow, g operators
leading to an enhanced contribution to S. This running effect generates the c-independent
term in the correction to S (see eq. (3.4)).6

Non-renormalizable Higgs interactions are also generated by the d,, symbol terms. In
particular it gives rise to a new vertex of the form (6HHi)%fy“w1 +h.c.. This vertex induces
a logarithmically divergent contribution to Ow g through diagrams analogous to the type
(a) shown in figure 4. The related contribution to the S parameter corresponds to the term
proportional to ¢? in eq. (3.4).

It is interesting to notice that similar contributions to the S parameter are also present
in technicolor models but originated from the non-linear dynamics not of the whole Higgs
doublet, as in our case, but only of the Goldstones associated to the spontaneous breaking
SU(Q)L X SU(Q)R — SU(Q)V [75, 76].

Before concluding the discussion on S we want to comment on the relation between
our results and the ones of refs. [77, 78]. In refs. [77, 78] an effective approach was used in
which only the SM fields are retained and all the composite resonances are integrated out.
In this framework it was shown that two effective operators Opy = i(q;v*qr)(H TB;H ) and
(’)}{q = i(QLv“aiqL)(HTaiﬁiH) induce a logarithmic running for S between the top mass,
m; and the energy scale at which the effective operators are generated, m. Differently from
refs. [77, 78], in our approach the resonances are included in the effective theory and the
effective operators Opq and O o are not present directly in our Lagrangian. At low energy,
however, they are generated through the exchange of resonances of mass m with a coeffi-
cient y2/m?. From the previous discussion it is easy to understand that in our approach the

5Notice that the diagrams with the new non-linear Higgs vertex can in principle contribute also to two
other dimension-6 operators, Ogw = (D" H) o’ (D¥H)W},, and Opp = i(D*H)'(D” H)B,.,. Differently
from Ow. 5, these two operators do not contribute to S and are not minimally coupled [19]. With an explicit
computation we found that the logarithmically divergent diagrams only generate a running of the minimally

coupled operators Ow,p and not of Opw,uB-
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Figure 5. Schematic structure of a fermion loop diagram contributing to the T parameter at
leading order in the y expansion.

logarithmically divergent corrections to S found in refs. [77, 78] do not appear as real diver-
gences but rather correspond to corrections that scale as y?/m?log(m?/m?). Terms of this
form can be recognized, for example, in the explicit analytic result for S given in eq. (4.2).”

The T parameter. We can now analyze the corrections to the T parameter. Thanks
to the custodial symmetry T does not receive correction at tree level and the only con-
tributions come at loop level from diagrams with insertions of the operators that break
the custodial symmetry. In our effective Lagrangian this breaking is induced by the weak
gauging of the hypercharge U(1)y with coupling ¢’ and by the mixings yr41 of the ¢r,
elementary doublet with the composite fermions.

The main correction due to the hypercharge coupling breaking comes from the IR
contribution associated to the Goldstone nature of the Higgs. This effect is analogous to
the one we already discussed for the S parameter. The leading logarithmically enhanced
contribution is given by [47]

2 2
AT = —%glog CZ%L) ~ 3.8.1073¢. (3.7)
Differently from the analogous contribution to S , which was negligible due to accidental
suppression factors, the contribution in eq. (3.7) gives a sizable correction to T. In partic-
ular, if we assume that this is the dominant correction to T and that the shift in S is non
negative, a very stringent bound on ¢ is obtained, ¢ < 0.1 (see figure 2).%

The second correction comes from fermion loops. As already noticed, in order to in-
duce a contribution to T the corresponding diagrams must contain some insertions of the
symmetry breaking couplings yr4 1. Under SU(2)r, x SU(2)g the yr4 1 mixings transform in
the (1, 2) representation, thus at least 4 insertions are needed to generate a shift in T [19].
This minimal number of insertions guarantees that the fermion one-loop corrections to T
are finite. A typical diagram contributing at leading order in the y expansion is shown in
figure 5.

It is straightforward to estimate the corrections to T at leading order in the elementary-
composite mixing [19]:

R N y4 f2
AT ~ —< 7L
1672 m?

&, (3.8)

"Notice that other effective operators with the structure Oy = H' H(G,; H°tr) do not generate a running
for S [77).

8 A similar bound has been derived in ref. [49], where the phenomenological impact of the IR corrections
to S and T on the fit of the Higgs couplings has been analyzed.

~13 -



where we denoted by m the mass scale of the lightest top partners in our effective La-
grangian. To get a quantitative estimate we can extract the value of the y; mixing from
the top mass. If we assume that the elementary-composite mixings have comparable sizes,
Yr4a ™~ YL1 =~ Yra =~ YRr1 =~ ¥, the top Yukawa can be estimated as y; ~ y?f/m. By using
this expression we get the estimate

Syr €~ 2-1072¢. (3.9)

Notice that this contribution is usually dominant with respect to the one given in eq. (3.7).
Moreover, as we will see in the next section with an explicit calculation, the sign of
the fermion contribution can be positive, so that it can compensate the negative shift
in eq. (3.7). Notice that, if S is not negative, a positive correction to T from the fermion
loops is essential in order to satisfy the EW constraints as can be clearly seen from the
bound in figure 2.

Notice that the finiteness of the fermion loop contribution to T implies that the cor-
rection coming from the lightest resonances is dominant with respect to the one coming
from heavier states. The contribution due to the UV dynamics can be estimated as [19]

N. yi
1672 g2

AT ~ €. (3.10)
This contribution is suppressed with respect to the one in eq. (3.8) by a factor m?/m?2. This
shows that T" can be predicted in a robust way using our effective field theory approach.

3.2 The Zbrby vertex

Another observable that can be used to constrain the parameter space of new physics mod-
els is the Z boson coupling to the left-handed bottom quark. We define the Z interactions
with the bottom by the formula

g —

L7 = C*Z;JW“ (g™ + 6, ) PL + (952" + 09b,) Pr| D, (3.11)

w
where g™ denotes the SM couplings (including the loop corrections), dg denotes the cor-
rections due to new physics and P, g are the left and right projectors. In the following we
will denote by s,, and ¢, the sine and cosine of the weak mixing angle. The SM tree-level
values for the couplings are

SM,tree __
br, -

+

1
s SM,tree __ 2 (312)

2
w br _3 w

N =
W =

and the one-loop corrections (computed in the limit g — 0) are

SM,loop m? SM,loop
= g =0. (3.13)

b - 167202 br

As can be seen from the current bounds shown in figure 6, the deviation of the Zbrby,
coupling are constrained to be at the level 3-10~3, while the bounds on the coupling with the
right-handed bottom component are one order of magnitude less stringent. In composite
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Figure 6. Constraints on the corrections to the Z boson couplings to the bottom quark. The
ellipses show the exclusion contours at 68% and 95% confidence level [79, 80]. The vertical band
shows the expected size of the corrections to the gy, coupling.

models the corrections to the g, coupling are typically small, at most of the same order
of the deviations in g, . If we impose the constraint gy, | S few - 1073, a negative value
for gy, of order —2-1073 is preferred, while a positive shift worsens the fit with respect to
the SM. The region favored by the current fit in the (dgs, ,dgp,) plane is shown in figure 6
and corresponds to the intersection of the gray ellipses with the vertical band.

Tree-level corrections

Let us now analyze the new physics corrections that arise in our scenario. The presence of an
automatic Prr symmetry in the composite sector and the fact that the elementary by, state
is invariant under this symmetry implies the absence of tree-level corrections to the Zbrby,
vertex at zero momentum [81, 82]. The tree-level corrections induced at non-zero momen-
tum are related to operators of the form D, F*q;~,q; and their size can be estimated as

s 22,2 A\ 2
gllj\i - yLJ; m; ~8.107% ! <7r> £, (3.14)
gbL me LN

where m is the mass scale of the composite fields mixed with the bottom, which in our
scenario correspond to the charge —1/3 state inside the 4-plet vy.

Notice that in our effective Lagrangian we did not include an elementary bp state. For
this reason the bottom is massless in our theory. In a more complete scenario a chiral field
corresponding to the br will be present together extra composite fermions that are needed
to generate the bottom mass. In this case the elementary q; doublet has additional mixing
terms with the new resonances and a tree-level correction to the Zbrb; vertex could be
generated. For instance this happens in the case in which the additional bottom partners
are contained in a 5 of SO(5) with U(1)x charge —1/3. The contribution to the Zbpby,
vertex coming from these states can be estimated as

5.gbL ~ (y%f)Q

SM — 2 S
9y, mp

(3.15)
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where we denoted by yz the mixing of ¢r, to the new multiplet and by mp the typical mass
scale of the new bottom partners. We can relate y% to the bottom Yukawa by assuming
that y4 ~ y%, in this case (y%)? ~ (y%)? ~ yymp/f. The correction in eq. (3.15) becomes

5 _
o e ~o102 L (3.16)
gbL mp mp

This correction can easily have a size comparable with the current bounds on dgp, in the
case in which the new bottom partners are relatively light. Of course this correction can
be suppressed if we relax the assumption y% ~ y}b;i or if we chose mp > f.

Corrections from fermion loops

We can now consider the one-loop contributions to the Zby by, vertex. As a first step we will
analyze the degree of divergence of the diagrams contributing to this effect. The degree
of divergence can be easily obtained by using the power-counting method explained in
ref. [66]. It is straightforward to check that the Zbpb; operator at one loop is naively
associated to a quadratic divergence. In our set-up, however, the Prr symmetry implies a
reduction of the naive degree of divergence. This is an obvious consequence of the fact that
a new physics contribution to the Zbyby, vertex can be generated only if some powers of the
couplings that break the Ppr symmetry are inserted in the diagrams. In our Lagrangian
only the y;, mixings induce a breaking of this symmetry. These mixings correspond to some
mass operators, so that each insertion in loop diagrams lowers the degree of divergence by
one.? Let us now count how many insertions of the y7, mixing are necessary to generate a
distortion of the Zby by, vertex. Each external by, is of course associated to a power of YL
However, due to the fact that the by, fields are external legs and they are invariant under
Pr g, these insertions do not lead to a breaking of the symmetry. As a consequence at least
four insertions of yy, are needed to generate a non-vanishing contribution.!?

If the four y;, insertions are all inside the loop the corresponding contribution to the
Zbrby, vertex is finite. This necessarily happens in the case in which only a singlet is
present in the effective theory. Instead, if a 4-plet is also present, two ¥y, insertions can be
on the external legs. In this case the two “external” insertions do not influence the degree
of divergence and a logarithmically divergent contribution can be present. Examples of
diagrams that could lead to this kind of corrections are shown in figure 7.

In our effective theory a further subtlety is present which partially protects the Zbrby,
vertex. The structure of the elementary-composite mixings implies the presence of a se-
lection rule that forbids logarithmically divergent corrections coming from a large class of
diagrams. As we will see the only diagrams that can lead to a divergent contribution are
a subset of the “bubble”’-type diagrams (see the diagram on the right of figure 7), so that
this kind of correction is necessarily related to the presence of 4-fermion operators.

9The y;, mixing could in principle appear also in higher-dimensional operators. These operators, which
we did not include in our effective Lagrangian, are suppressed by powers of the UV cut-off m. as can be
inferred from our power-counting rule in eq. (2.5). For this reason their insertions also lead to a reduction
of the degree of divergence in agreement with the power counting expectation.

10 A more rigorous proof of this statement can be obtained by using an operator analysis. For simplicity
we do not present this analysis in the main text and postpone it to appendix B.
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Figure 7. Schematic structure of fermion loop diagrams contributing to the Zbpby, vertex with
insertions of the yr couplings on the external fermion legs.

To understand the origin of the selection rule we can analyze the “triangle”-type dia-
grams with y7, insertions on the external legs shown on the left of figure 7. The external
br’s are both mixed with the By, state coming from 4. In order to generate a divergence
the vertices containing a Goldstone boson must also contain a power of the momentum,
that is they must be of the type 3M¢EL’Y“U}L7 where we generically denote by ¢ the Gold-
stone field and by v the composite fermions.!! The structure of the vertex implies that
the composite fermions that enter in the loop must be necessarily left-handed. But the
left-handed composite fermions in the leading order Lagrangian mix with the elementary
states only through yr. As a consequence in order to generate a triangle diagram of this
type some yr or some composite mass insertions are needed in addition to the y; mixings
and this lowers the degree of divergence making the diagrams finite.

The only diagrams that can give rise to a logarithmic divergence are the “bubble”
ones shown on the right of figure 7. They of course crucially depend on the presence of 4-
fermion operators in the effective Lagrangian. T'wo types of 4-fermion vertices can generate
a diagram that contributes to dgp, . The first type of vertex has the form

4—ferm __ €L
O oz

where by 7 we denote any composite state with charge 2/3. For shortness in eq. (3.17)

(B Br)(T L) (3.17)

we did not specify the color structure which is not relevant for the present discussion. By
adapting the previous analysis of the “triangle” diagrams, it is straightforward to show
that the “bubble” diagrams with the vertex in eq. (3.17) are also protected by the selection
rule, so that they are finite. The second type of 4-fermion vertex is of the form

O ferm = %@mwmﬁmm (3.18)

In this case the selection rule is violated because the Tg fields can clearly mix with the gz,
doublet through y;. This class of vertices, as we will show with an explicit calculation,
gives rise to a logarithmically divergent contribution to the Zb by, vertex.

Of course in our effective Lagrangian higher-order mixing terms between the elemen-
tary and the composite states can in general be present. An example of such operators is a

11 our effective Lagrangian vertices of this kind are generated by the d,, symbol term.
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kinetic mixing between the g7, doublet and the composite 4-plet: yr, f/m. (q%)" U HID@ZJQ L+
h.c.. A term like this would induce a correction to the Zbyb;, vertex through diagrams
analogous to the “triangle” ones we considered before. Such a diagram would be superfi-
cially quadratically divergent (the kinetic higher-order mixing gives an extra power of the
momentum). However the coefficient of the kinetic mixing, following our power counting in
eq. (2.5), is suppressed by the UV cut-off, m., so that the final contribution is finite. Even
though these diagrams can not give a logarithmically divergent contribution, they induce
a correction that is not suppressed by powers of the cut-off, thus they can contribute at
leading order to the Zbrby, vertex.

Notice that the presence of unsuppressed contributions of this kind also implies a non-
decoupling of the fermionic resonances. FEven if we send the mass of a resonance to the
cut-off, it can generate a higher-order effective operator in the low-energy Lagrangian that
breaks the selection rule and gives a sizable contribution to the Zbrb; vertex. We will
discuss an example of this effect in the next section.

The above discussion clearly shows that, even in the absence of logarithmically diver-
gent contributions, the Zbyby, vertex is highly sensitive to the UV dynamics of the theory
and can be reliably computed in a low-energy effective approach only if the logarithmically
divergent contributions dominate or if we assume that the contributions coming from the
UV dynamics are (accidentally) suppressed.

To conclude the general analysis of the Zbr by, vertex corrections we derive an estimate
of the size of the contribution due to the fermion loops. The logarithmically divergent
contribution can be estimated as

Sgb, . YL Yiaf® m;
o~ Elog | — | - (3.19)
g™ T 1672 md + yi, f? 1

my

Notice that we explicitly included a factor y2,f2/(m3 + y2,f*), which corresponds to the
mixings between the by, and the By, that appears in the external legs of the logarithmically
divergent diagrams. Using the relation between y;, r and the top Yukawa we get

gs yi m; -2
QEI\I/I ~ 167T2§10g m—%; ~2-107°¢, (3'20)
L

where for the numerical estimate we set my, ~ 3 TeV and my4 ~ 700 GeV. In the case in
which the logarithmically divergent contribution is not present or is suppressed the estimate

becomes s o )
dgb, Y7 Vif Yi -3
~ ~ ~6-10 3.21
gl?i\/[ 1672 m? ¢ 16%25 & (3:21)

with m the mass of the lightest top partner.

The corrections in egs. (3.19) and (3.21) are typically larger than the tree-level contri-
bution generated at non zero momentum given in eq. (3.14). This is especially true if the
mass of the resonances is not too small, m = f, and the strong coupling is large, g. = 5.
The corrections due to the bottom partners estimated in eq. (3.16) can in principle be
comparable to the ones coming from fermion loops if the scale of the bottom partner is
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relatively small mp ~ f. These corrections crucially depend on the quantum numbers of
the bottom partners. In minimal scenarios (bottom partners in the fundamental represen-
tation of SO(5)) they are positive and some cancellation seems required to pass the present
bounds. For simplicity, in our explicit analysis we will neglect both tree-level corrections.

3.3 Symmetries in the effective Lagrangian

As we saw in the analysis of the S parameter the divergent contributions coming from
fermion loops are finite if the relation ¢ = 1/2 holds. We want now to study our effective
Lagrangian in this case and understand the origin of the protection of the EW parameters.
For definiteness we will focus on the case ¢ = 1/4/2 and we will comment at the end on
the other possibility ¢ = —1/v/2.

Let us start with the Lagrangian for the composite fields given in eq. (2.7). A straight-
forward computation shows that the leading order terms in the case ¢ = 1/4/2 can be
simply rewritten as

LEYV? = (U8, — igA)(UT) — mg@V — (my — ma) Vs Vs, (3.22)

| Va
U= (%) (3.23)

and we denoted by W5 the fifth component of ¥, namely W5 = 11, while A, represents the

where we introduced the 5-plet

elementary gauge fields in a compact notation. A simple field redefinition, ¥ — ¥/ = U,
shows that the only dependence on the Goldstone fields in the composite fermion La-
grangian is associated to the mass term

LEVV2 5 g — mg)(TU)s(UT)5, (3.24)

comp

which gives the mass splitting between the 4-plet and the singlet. Notice that this prop-
erty is a consequence of our choice of ¢, in the general Lagrangian the dependence on the
Goldstones in the kinetic terms of the composite fields can not be removed. It is clear that,
if m1 = my, in the composite sector Lagrangian an additional SO(5) symmetry is present,
which allows us to remove the Higgs VEV.

With the same redefinition of the composite fields the Lagrangian for the elementary
states in eq. (2.9) becomes

L5232 g, By, + itrPta
+yraf RV + (yr1 — yea) f (V) (UTw")5
+ yR4ff?%\I// + (le — yR4)f <f%U)5 (UT\III)5 + h.c.. (3.25)

The Goldstones in this case appear only in association with the (yz1—yr4)f and (yr1—yra) f
mass mixings.

From the structure of the Lagrangian in egs. (3.22) and (3.25) we can simply under-
stand why no divergence arises in the fermion contribution to S. In order to generate an
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effect that feels EWSB the corresponding operator must necessarily include some insertions
of the Lagrangian terms containing the Goldstones. For our choice of ¢ the Goldstones are
always associated to mass operators and any insertion leads to a reduction of the degree
of divergence. The S parameter is naively logarithmically divergent at one loop, thus the
extra mass insertions make it finite.

A similar protection mechanism is also present for the fermion corrections to the Zbybr,
vertex. In the case in which y;1 = yr4 the remaining yr4 f@%\IJ’ mixing is independent of
the Goldstones. The only operators containing the U matrix are the (m; —m4) mass term
and the (yr1 — yga)f mixing. In order to generate a correction to gy, some insertions
of these operators are needed in addition to the four insertions of yr4. These extra mass
insertions make the corrections to the Zbybs, vertex finite.

A similar structure of the effective Lagrangian is also present if ¢ = —1/+/2. This case
can be connected to the one we discussed with the redefinitions ¢y — —1, yr,r1 — —YrL,R1,
which just reverse the sign of c.

A particular implementation of our effective Lagrangian with ¢ = 1/1/2 has been
studied in ref. [27]. In this work the additional relations yr4 = yr1 and yrs = yg1 are
assumed. In this particular case the only dependence on the Goldstones comes from the
mass splitting term between the composite 4-plet and the singlet. The explicit computation
of the fermion corrections to the Zbpby, vertex presented in ref. [27] shows that the new
physics contributions are finite, in agreement with the results of our analysis.

4 Results in explicit models

After the general analysis presented in the previous section, we now focus on a more de-
tailed study of the corrections to the EW precision parameters in some explicit scenarios.
First of all we will consider the simplified set-ups in which only one light composite multi-
plet is present in the effective theory. Afterwards we will study two more complete models
containing a composite 4-plet as well as a singlet.

The analysis of explicit scenarios is of course essential to obtain a reliable quantitative
determination of the constraints coming from the EW precision data. Moreover it allows
to check the validity of the general results derived in the previous section.

In all our numerical results we fix the top mass to the value m; = mM%(2 TeV) =
150 GeV, which corresponds to the pole mass mfoze = 173 GeV. Moreover, to estimate the

constraints from the oblique parameters, we chose a cut-off scale m, = 3 TeV.

4.1 The case of a light singlet

As a first example we consider the case in which only a light composite singlet is present
in the effective theory. The effective Lagrangian for this set-up can be easily read from the
general one of section 2 by removing the terms containing 4. In this configuration the
resonance spectrum contains only one composite state, the f, which has the same electric
charge as the top and a mass

m = m} + £ (4.)
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We start our analysis by considering the corrections to the S parameter. In the general
analysis we saw that the fermion contributions to S can diverge only if the spectrum
contains a light 4-plet, thus in our present set-up we expect a finite result. In fact at leading
order in the v/f expansion we find that the one-loop fermion contribution is given by

2 2,2 2 2 2 2\2
3 g miyi.f 2(mi + yp f*)

ASp = —5+21 : 4.2
ferm 1927r2€(m%+y§ﬂf2)2[ " Og< VY3 Y (42

Notice that the argument of the logarithm can be identified with the ratio between the
mass of the heavy fermion resonance mz and the top mass.

2.2 .92 2
m2 ~ VT Y YR S .
¢ Q(m%+y%1f2)

For typical values of the parameters, yr1 ~ yr1 ~ 1, m; < 1 TeV and £ < 0.2, the

(4.3)

contribution in eq. (4.2) is positive and small, Agferm <1074,

As we discussed in section 3, although the correction to S coming from the low-energy
dynamics is calculable, large uncalculable UV contributions can be present. Even if we
assume that the tree-level effects given in eq. (3.1) are negligible, the loop contributions
coming from the UV dynamics (see the estimate in eq. (3.5)) are typically dominant with
respect to the corrections in eq. (4.2). We can check that the UV effects can be important
by slightly modifying our explicit computation. We consider an effective theory in which a
composite 4-plet is present as well as a singlet. In order to recover the case with only a light
singlet, we then take the limit in which the 4-plet mass is sent to the cut-off m.. To ensure
that S is calculable in the effective theory we set ¢> = 1/2. The explicit computation of
AS leads to the result in eq. (4.2) plus an additional shift which, at the leading order in
an expansion in the cut-off, is given by

2

~ g _
ASYY = — 54~ —18-10 5¢. (4.4)

As expected, the 4-plet does not decouple in the limit in which it becomes heavy. The
UV corrections in eq. (4.4) have a size compatible with our estimate in eq. (3.5) and are
typically larger than the singlet contribution in eq. (4.2). Notice that the result in eq. (4.4)
gives only an example of possible UV effects and should not be thought as a complete
determination of the UV contributions. In order to properly compute the total shift in S
the whole UV completion of the model should be taken into account.

Let us now consider the T parameter. As shown in the general analysis, the fermion
corrections are finite and saturated by the low-energy contributions. The explicit calcula-
tion gives the following result at leading order in v/ f:

7 3¢ ypamif? 2 2 42 2(m? +yj, f?)?
ATterm = +2 1 —1f,. 4.5
ferm 6472 (m% y?ﬂ f2)3 my lef 0g ,UQy%ly%ﬂ f2 ( )

This contribution is positive and, in a large part of the parameter space, can compensate
the negative shift that comes from the non-linear Higgs dynamics (see eq. (3.7)). In the
points in which yr1 ~ yr1 ~ 1, the estimate given in eq. (3.8) is approximately valid.
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Figure 8. Corrections to the T parameter as a function of the singlet mass m4 and of the yg;
mixing. The result corresponds to the case with only a light singlet and includes the contribution
due to the Higgs non-linear dynamics in eq. (3.7) and the exact fermion one-loop correction. The
compositeness scale has been fixed to the value £ = 0.2. The red dashed lines correspond to the
contours with fixed yr1.

The total shift in 7' is shown in figure 8 for the reference value £ = 0.2, corresponding to
f =550 GeV. It can be seen that sizable positive values of AT can easily be obtained for
reasonable values of the singlet mass and of the elementary-composite mixings.

Finally we analyze the corrections to the Zbpby, vertex. We showed in section 3 that
in the case with only a light singlet the one-loop fermion corrections to this observable
are finite. The absence of a 4-plet also implies that additional contributions coming from
4-fermion operators and from the UV dynamics are suppressed by the cut-off scale and can
be expected to be negligible. At leading order in v/ f we find that the shift in g;, is given by

5 y%lm% 7‘2 9 9 9 2(m% + yQRIfQ)2
1) = m7 + 2 <1l -1 . 4.6
9oy, 6472 (m% y2 ) pg)g 1 Yr1 0og vQy%1y2 ) £ ( )

Comparing this result with the fermion contribution to T in eq. (4.5) we can notice that a
strict relation exists between the two quantities Aﬁerm = 3(SgbL.12 In particular the posi-
tive correction to 7 is related to a corresponding positive shift in g5, . For the typical size of
the fermion contribution to 7 needed to satisfy the experimental bounds, 1-1073 < AT <
21073, a moderate contribution to dgp, is found: g, : 0.33- 1073 < &gy, < 0.66 - 1073,
As we already discussed (see figure 6), the experimental measurements disfavor a positive
contribution to the Zbpby, coupling. Thus the scenario with only a light singlet tends to
be in worse agreement with the EW precision data than the SM.

On the other hand, if we neglect the constraints on d¢g;, and only consider the bounds
on the oblique EW parameters, it is not hard to satisfy the experimental constraints even
for sizable values of &.

12This relation was already noticed in refs. [47, 54].
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4.2 The case of a light 4-plet

As a second simplified scenario we consider the case in which the resonance spectrum
contains only a light 4-plet. The general analysis of section 3 showed that in this case
only T receives a finite contribution from fermion loops, whereas the corrections to the S
parameter and to the Zbrbr, vertex are logarithmically divergent.!?

Before discussing in details the contributions to the EW parameter, we analyze the
spectrum of the resonances. The 4-plet gives rise to two SU(2) 7, doublets with hypercharges
1/6 and 7/6. The 2 /5 doublet contains a top partner 7" and a bottom partner B, while the
27/ doublet contains an exotic state with charge 5/3 (X5/3) and a top resonance (Xy/3).
The mixing with the elementary states induces a mass splitting between the two doublets.
The states inside each doublet, instead, receive only a small splitting due to EWSB effects
and are nearly degenerate in mass. In particular the B and Xj5/3 states are not coupled
to the Higgs and their masses do not receive corrections after EWSB. The masses of the
composite resonances are given by

2 2 2 2 2 2,2 2
myx,,, = mx,,, =mj and mp ~mp=mi+yiaf-. (4.7)
The top mass at the leading order in v/ f is given by
2,2 .2 2
2., U YiaYraS (4.8)

m; = .
CT2(md 4yt f?)

The dominant contribution to the S parameter comes from the logarithmically en-
hanced corrections due to loops of fermion resonances. The explicit result can be obtained
from eq. (3.4) by setting ¢ = 0:'4

2 2
a g my —2
ASiorm = 2-£1 ~1.6-1072¢, 4.9
f 871’25 0og <m421> 3 ( )

where the numerical estimate has been obtained by setting m4 ~ 700 GeV and m, ~ 3 TeV.
If the gauge resonances are heavy, m,/f = g. 2 4, the correction in eq. (4.9) is comparable
or even larger than the tree-level one in eq. (3.1).

The sizable positive contribution to the S parameter implies a quite stringent bound
on the compositeness scale, £ < 0.1 (see figure 2). An even stronger constraint is obtained
if we also consider the corrections to the T parameter. The full expression of the fermion
contributions at leading order in v/f is in this case too involved and does not give useful
insights, so we only report here the leading term in the y expansion:

~ £yl
Afrferm = _327'('2 [713121 . (410)

13The corrections to the T parameter and to the Zbrbr, vertex in this set-up have been studied also in
ref. [54]. The results for T are similar to the ones we find. The results for the Zbrbr, corrections are also
in agreement with ours if we exclude the contributions from 4-fermion operators which are not included in
the analysis of ref. [54].

The same result can be obtained with the following equivalent procedure. We consider an effective the-
ory containing a 4-plet and a singlet with ¢ = 1/2. In this case the fermion contribution to S is finite and cal-
culable. The explicit computation shows that a contribution of the form g*/(87%)& log(mi/m3) is present. In
the limit in which the singlet becomes heavy, m1 — m., we recover, as expected, the contribution in eq. (4.9).
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Figure 9. Corrections to the T parameter as a function of the mass parameter m4 and of the yr4
mixing. The result corresponds to the case with only a light 4-plet and includes the contribution
due to the Higgs non-linear dynamics in eq. (3.7) and the exact fermion one-loop correction. The
compositeness scale has been fixed to the value £ = 0.2. The red dashed lines correspond to the
contours with fixed yg4.

The approximate result suggests that the shift in T is negative. This conclusion is typically
correct and has been explicitly verified with a numerical computation. The main contri-
butions to T coming from the non-linear Higgs dynamics (see eq. (3.7)) and from fermion
loops are shown in figure 9 for £ = 0.2. Similar results are obtained for different values
of £. Notice that the leading order expression in eq. (4.10) capture only the overall size
of the fermion contributions. The exact result can deviate from the estimate at order one
especially in the parameter space region in which yr4 becomes large.

The fact that the shift in 7' is necessarily negative makes the constraints coming from
the oblique parameters extremely severe. Using the results in figure 2 an upper bound
¢ < 0.02 at the 99% confidence level is obtained, which corresponds to a lower bound
f 2z 1.7 TeV.

Although the configuration with only a light 4-plet is strongly disfavored by the large
corrections to the oblique parameters, it is still worth discussing the form of the corrections
to the Zbpby, vertex. The explicit computation will be useful to verify the results obtained
in our general analysis in section 3.

We start by considering the contributions related to the leading-order terms in the
effective Lagrangian. If we neglect the effects coming from higher-dimensional operators
and from 4-fermion contact interactions, we get the following corrections to the Zbrby,
vertex at the leading order in the v/f expansion:

yiuf? Y’ yiuf?
5 51 5 | log (14 =5
mi+yrf 4mj my

e ) PNl (AR ]
4mi(mi+y%4f2)2 ”2?/1%4?/%24f2

4—plet _ E y%4y12{4f2
br 3272 m3 + y3, f?
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As expected, due to the selection rule discussed in subsection 3.2, the fermion contribution
to the gp, coupling is finite.

If higher-order operators and in particular higher-order mixings between the elemen-
tary and the composite states are present in the effective Lagrangian, the selection rule can
be violated and sizable corrections to the result in eq. (4.11) can arise. This is a signal of
the fact that the Zbyby, vertex is sensitive to the UV dynamics of the theory. To explicitly
verify this property we can use a procedure analogous to the one we adopted for the S
parameter in the case with only a light singlet. We consider a theory with a 4-plet as
well as a singlet and then we recover the configuration with only a light 4-plet by taking
the limit in which the singlet mass goes to the cut-off m,. Using this procedure we find
that the fermion correction to the Zbrby vertex contains an additional contribution with
respect to the result in eq. (4.11):

2 42

b, = 3, + 32§7r2 miyi4;%4f2 az (y“ N \/ﬁcy“) ' (4.12)
The additional contribution arises at leading order in the y expansion and is independent of
the singlet mass, it only depends on the mixing of the singlet with the elementary states yr1.

An equivalent way to understand the non-decoupling of the singlet is the following.
In the limit in which the singlet becomes heavy we can integrate it out from the effective
theory. This procedure generates a set of higher-order operators, in particular it gives rise
to a term of the form (yric/m.)(q2U)s7*d], by + h.c., where we replaced the singlet mass
by the cut-off m,. This higher-order mixing couples the ¢q; doublet with the left-handed
component of the composite 4-plet and induces a breaking of the Zby by, selection rule, as
can be easily inferred from the discussion in subsection 3.2.

Notice that in the case in which ¢ = 0 the higher-dimension operators are not generated
by integrating out the singlet, thus the selection rule is still unbroken and the additional
correction to the Zbpby, vertex in eq. (4.12) vanishes. There is also a second case in which
the additional corrections are not there. As we saw in subsection 3.3, if ¢ = +1/v/2 and
yr1 = *yr4 the low-energy theory acquires an extra symmetry which protects the EW
observables. In this case we expect the decoupling of the heavy dynamics to occur and, in
fact, the extra correction in eq. (4.12) exactly cancels.

To conclude the analysis of the case with only a light 4-plet we now consider the effects
due to the 4-fermion contact operators. As expected, vertices of the form given in eq. (3.17)
induce a finite correction to the Zbrbs, vertex:

4—ferm __ 36L4€y%,4f2
b 6472(m3 + y7,f?)

2, .2 2 2.9 .9 2
2, 2 242 mi+yi.f ) 4 4 ( VYT 4Ypat )
my + log | ——===— | + lo I3,
(my+y1af?) g( mi yraf log 2(mi+y%4f2)2 )

2.2 (2, 2 42 2 42
3 {m4yL4(m4 +yraf” — Ayraf?)

+2yFy

On the other hand, the vertex in eq. (3.18) induces a logarithmically divergent contribution:

2

_ 3ert,  Yiuf? m
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Notice that the results in eqs. (4.13) and (4.14) correspond to the case in which the 4-
fermion vertex has the structure (EaLfy“Bg)(Tb’yuTb—i-Yg /37MX§’ /3), where a and b are color
indices. Different color structures lead to results that only differ by group theory factors.'®

The sign of the 4-fermion contribution crucially depends on the sign of the coefficients
er,r- In our low-energy effective theory ey g are completely free parameters, thus their
sign is not fixed. From the UV perspective, instead, the operators in egs. (3.17) and (3.18)
arise from the exchange of heavy bosonic resonances and the sign of their coefficients is
usually fixed by the quantum numbers of the resonances. It can be checked that the e, g
coefficients can be generated with arbitrary sign by considering resonances in different

representations of SO(4).

4.3 Two complete models

In this subsection we finally consider two more complete models that include both a 4-plet
and a singlet. In order to reduce the number of parameters we choose a common value for
the left and right elementary mixings: yr4 = yr1 = yr and yrs = yr1 = yr- In this case
the fermion Lagrangian (excluding the interactions with the gauge fields) becomes equal
to the one of the 2-site model proposed in refs. [13, 66].

An interesting byproduct of this choice is the fact that the fermion contribution, which
dominates the Higgs potential, becomes only logarithmically divergent. One renormaliza-
tion condition is enough to regulate the divergence and one can fix it by choosing the
compositeness scale f. In this way the Higgs mass becomes calculable and an interesting
relation between my, and the masses of the top partners holds [13]:

mp V2N, mrmsg log(mT/mf)

my m f m%—mgﬁ ’

(4.15)

7 s
the mass of the heavy singlet after the mixing with the elementary states. The complete

where mr is the mass of the states in the 2, 5 doublet coming from the 4-plet and m

spectrum of the composite resonances is a combination of the ones described in the cases
with only one light multiplet considered in the previous subsections. The complete mass
matrix for the charge 2/3 states is given by

0 —Syraf(en+1) Syraf(en —1) %yLlfSh
vo |~ %ymfé’h my 0 0 (4.16)
%?/RzifSh 0 My 0 7 ‘
—yrifen 0 0 my

where ¢, = cos((h)/f) and s, = sin((h)/f). The relation in eq. (4.15) allows us to fix
the mass of one heavy multiplet as a function of the other parameters of the effective
Lagrangian. Another mass parameter can be fixed by the requirement of reproducing the

15The combination of T and X3 is dictated by the Prr symmetry which is unbroken in the composite
sector.
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top mass. At the leading order in the v/f expansion we find that m; is given by

2 _ 2.2 9 92
m2 = “2(7"42 Z‘l) zLny = (4.17)
2(mg +ypf2)(mi + ygf?)

Apart from the masses of the composite multiplets and the elementary mixings, only
one free parameter appears in the effective Lagrangian: the coefficient of the d-symbol
term, c. In the following we will analyze the models obtained for two particular choices
of ¢. The first one is the case ¢ = 0 which exactly corresponds to the 2-site model of
refs. [13, 66]. The second case corresponds to the choice ¢ = 1/4/2 which, as explained in
subsection 3.3, implies the presence of an additional protection for the EW parameters.
This second choice reproduces the model studied in ref. [27].

The case ¢ = 0. We start by considering the 2-site model (¢ = 0). In this case the
leading corrections to the S parameter are the same as in the case with only one light
4-plet. As shown in section 3, the constraints on S alone are strong enough to put an
absolute upper bound on the compositeness scale £ < 0.1, as can be seen from figure 3.

Let us now consider the 7' parameter. We can reduce the number of free parameters
by fixing the top and Higgs masses. The requirement of reproducing the correct Higgs
mass gives a relation between my and mz (see eq. (4.15)), while fixing the top mass allows
us to determine the right mixing yr as a function of the other parameters. With this
procedure we are left with only two free parameters, which we choose to be mp and the
qr, compositeness angle ¢y, defined as

yLf
\/m32+ y%f2

Notice that with this procedure the right mixing yg is determined up to a twofold ambi-

sin gy, = (4.18)

guity. In the figures that show the numerical results we will thus include two plots that
correspond to the two choices of yg.

The corrections to the T' parameter are shown in figure 10 for £ = 0.1. To obtain the
numerical results we fixed the Higgs mass to the value mj = 126 GeV.'® As expected
from the results we discussed in the previous simplified cases, in the region in which the
4-plet is the lightest multiplet the corrections to T are negative, whereas a light singlet
typically implies a positive shift. The fit of the oblique parameters can put strong bounds
on the parameter space of the model. In the plots we showed the allowed regions for 68%
and 95% confidence level. To obtain the constraints we estimated S by adding the leading
corrections in egs. (3.1), (3.2) and (3.4) for the choice m, =3 TeV.

The numerical results show that the oblique parameters can be used to set some
lower bounds on the masses of the resonances coming from the composite 4-plet. At
the 95% confidence level one finds MX, s ~ MX; ), 2 0.95 TeV for the masses of the
exotic doublet 27,5 and mr ~ mp 2, /1\.2 TeV for the 2,/ states. If we assume a 25%
cancellation in the corrections to the S parameter the bounds are significantly relaxed:

For simplicity we do not take into account the running of the Higgs mass.
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Figure 10. Corrections to the T parameter as a function of the mass of the top partners and of
the ¢;, compositeness in the model with ¢ = 0 for £ = 0.1. The two plots correspond to the two
different choices of yr that allow to obtain the correct Higgs and top masses at fixed mp and ¢,
(see the main text for further details). In the white regions at the top and at the bottom of the
plots the Higgs and top masses can not be reproduced. The dashed green contours show the mass
(in TeV) of the exotic composite state X5/5. The solid blue contours give the regions that pass the
constraints on the oblique parameters at the 68% and 95% confidence level, while the dashed red
lines show how the bounds are modified if we assume a 25% reduction of S.

MXy,5 ™ MX; ), 2 0.5 TeV and mpy ~ mp 2 1 TeV. Notice that these bounds are
competitive or even stronger than the ones obtained from direct searches. For instance the
current bounds on the exotic top partners is mx, , 2 700 GeV [43-46].

Let us finally discuss the corrections to the Zbpb;, vertex. The presence of a 4-plet in
the low-energy spectrum makes this observable sensitive to the UV dynamics of the theory
and to possible 4-fermion interactions present in the effective Lagrangian. In particular, as
discussed in the general analysis of section 3, logarithmically divergent contributions can
arise from a set of 4-fermion interactions.

If we neglect the UV contributions and set to zero the 4-fermion operators we find
that the shift in the Zbyb; vertex is positive and somewhat correlated with the correc-
tions to 7. As an example we show in the left panel of figure 11 the shift in g, for the
configurations corresponding to the left plot in figure 10. One can see that the corrections
become typically large and positive in the presence of a light singlet. The points that pass
the constraints on the oblique parameters have a small positive shift in the Zbpby, vertex:
0.2-1072 < 6gp, <0.8-1073.

The UV contributions and the effects of 4-fermion operators can however drastically
change the above result. In the right panel of figure 11 we show how the previous result
changes if we add to the low-energy Lagrangian the interaction

CRA 50 1 pan (7D b
52 (Bry"Bi) (TR’YuTg: + X2/3R’YMX3/3R) , (4.19)
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Figure 11. Corrections to the Zbpby vertex in the model with ¢ = 0 for ¢ = 0.1. The results
on the left panel are obtained by neglecting the UV effects and the contributions from 4-fermion
operators. On the right panel we added the logarithmically enhanced contribution induced by the
operator in eq. (4.19) with egq = 1. The configurations correspond to the ones chosen for the left
plot in figure 10.

with egq = 1. To obtain the numerical result we only included the leading logarithmically
enhanced contribution to dg,, and we set the cut-off to the value m, = 3 TeV. As ex-
pected, the new correction strongly changes the result in the configurations with large qr,
compositeness, whereas the points with small ¢, are only marginally affected.

The case ¢ = 1/+/2. The second complete model we consider corresponds to the case
¢ = 1/4/2. In this set-up the EW observables are finite. In particular the main corrections
to the S parameter are given by the tree-level UV contributions and by the logarithmi-
cally enhanced corrections due to the non-linear Higgs dynamics. These corrections, for a
reasonably high cut-off (m, = 3 TeV) are well below the absolute upper bound on S.

The corrections to the T parameter are shown in figure 12. The configurations chosen
for the plots correspond to the ones we used for the analogous plots in the case ¢ = 0 (see
figure 10). The results, however, significantly differ in the two cases. In the case ¢ = 1/v/2
the corrections to 7' tend to be more negative and a much lighter singlet is needed in
order to pass the constraints on the oblique parameters (mf < 0.8 TeV). Notice that in
this case the constraints are not significantly modified if we assume that some amount of
cancellation in S is present. Differently from the case ¢ = 0, the corrections to S are small
and are typically much below the absolute upper bound S <2.5-1073.

As in the case ¢ = 0, if we neglect the contributions from the UV dynamics and from
the 4-fermion operators, the corrections to the Zbrby, parameter tend to be positive and
correlated to the shift in 7. The numerical results in the plane corresponding to the right
plot in figure 12 are shown in the left panel of figure 13. Due to the protection of the EW
observables, the presence of 4-fermion operators can not induce logarithmically divergent
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Figure 12. Corrections to the T parameter as a function of the mass of the top partners and of
the ¢z, compositeness in the model with ¢ = 1/4/2 for £ = 0.1.
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Figure 13. Corrections to the Zbrbr, vertex in the model with ¢ = 1/\/5 for £ = 0.1. In the
left plot we neglected the UV effects and the contributions from 4-fermion operators. On the right
panel we added the shift induced by the operator in eq. (4.20) with er4 = —1. The configurations
correspond to the one chosen for the right plot in figure 12.

contributions to the Zbrb; vertex. However sizable finite corrections are still possible. In
the right panel of figure 13 we show how dgp, is modified if we add the contributions due

to the vertex

€L4 /ma b b b b
2l (Bry"Bi) (TL’YMTL + X2/3L7uX2/3L> ; (4.20)
with er4 = —1. As expected, the corrections are large only in the parameter space region

in which the ¢z, has a large degree of compositeness. In this region the additional correction
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can easily induce a negative value for dg;, . Notice however that the sign of the corrections
crucially depends on the sign of the coefficient of the 4-fermion operators. In our effective
approach this coefficient is a free parameter, but in a theory including a UV completion
of our Lagrangian some constraints on the size and on the sign of the 4-fermion operators
could be present.

5 The case of a totally composite tg

So far we analyzed a class of models based on the standard implementation of partial
compositeness in which all the SM fermions have a corresponding elementary counterpart.
Of course, due to the quantum numbers of the left-handed SM fermions, including them in
the effective Lagrangian via some elementary fields is the only reasonable option if we want
to preserve the global SO(5) invariance in the composite sector. The situation is different
for the right-handed fermions. They are singlets under the SO(4) symmetry and can be
embedded in the theory as elementary fields or, alternatively, as chiral fermions coming
from the strong dynamics. In this case the right-handed fermions are part of the composite
sector and are total singlets under the global SO(5) invariance.

This alternative implementation of partial compositeness is particularly appealing for
the right-handed top component. As shown in ref. [17] models with a totally composite
tr can lead to minimally tuned implementations of the composite Higgs idea and can give
rise to an interesting collider phenomenology [40].

In this section we analyze the corrections to the EW observables that are present in
this alternative scenario. Our strategy will be similar to the one followed in the previous
sections. We will use an effective Lagrangian approach to parametrize the low-energy
dynamics of the models and we will analyze the EW parameters with particular attention
to the corrections coming from the light composite fermions.

5.1 The effective Lagrangian

As we did for the models in section 2, we will concentrate on a minimal scenario in which
the elementary top component is mixed with a composite operator that transforms in the
fundamental representation of the global SO(5) symmetry. For simplicity we only include
one level of composite resonances which transform as a 4-plet (¢4) and a singlet (¢;) under
the SO(4) subgroup. The elementary sector of the theory contains the left-handed doublet
qr, while the tr is now an SO(5) chiral singlet belonging to the composite sector.

The effective Lagrangian for the composite states is given by'”

Leomp = 04 Py + itp1 Py + it pDtr — mathgths — mih1thy (5.1)

+ (ZCL¢4L’Y“du¢1L+ZCR¢4R’Y“du¢1R +h-C~) + (20t¢4R’YudutR+h-C-> + P(Wﬁ)z :
As in eq. (2.7), the covariant derivative for the 4-plet 14 contains the CCWZ e, symbol:
D,y = (0, —2/31g' X, +ie,)14. Notice that a mass term of the form mgtgti +h.c. can

"The presence of chiral states coming from the strong dynamics does not allow us to impose a parity
symmetry in the strong sector. For this reason in eq. (5.1) we wrote independent d-symbol interactions for
the left- and right-handed chiralities.
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be added to the effective Lagrangian in eq. (5.1). This term can however be removed by a
redefinition of the 11 g and tg fields. The Lagrangian containing the kinetic terms for the
elementary fields and the mixings is

Lelem+mixing = 1q 1, Pqr,+ (thf (6‘2)1 Urstr+yraf (62)1 Urabs+yr f (5‘2)1 Ursy1 -I-h.c.)

(5.2)
Differently from the case with an elementary right-handed top, in the present scenario
a direct mass mixing between the ¢y doublet and the tr singlet appears in the effective
Lagrangian. The parameters in our effective Lagrangian are in general complex and some
of the complex phases can not be removed by field redefinitions. For simplicity we assume
that our theory is invariant under C'P, in this way all the parameters in egs. (5.1) and (5.2)
are real.

An interesting question is whether the scenarios with totally composite tg can corre-
spond to a particular limit of the case with an elementary tgz. To address this question
we can notice that a property of the scenario with a totally composite right-handed top is
the fact that the couplings and mixing of the tp field with the other composite resonances
respect the SO(5) symmetry. The only breaking of the global invariance in the fermion
sector comes from the mixings of the elementary doublet ¢ in eq. (5.2). In the case with
an elementary tg, instead, the yr mixings induce an extra source of SO(5) breaking. The
different symmetry structure of the two implementations of partial compositeness clearly
points out that the two scenarios are independent and can not be simply connected by a
limiting procedure.

5.2 Results

We can now discuss the explicit results for the scenarios with a totally composite tg. The
analysis presented in section 3 can be straightforwardly adapted to the present set-up, in
particular all the general results are still valid. Before presenting the numerical results
for some simplified models, we briefly summarize the main differences with respect to the
results of section 3.

The contributions to the oblique parameters due to the non-linear Higgs dynamics (sse
egs. (3.2) and (3.7)) and the tree-level corrections to the S parameter due to the gauge
resonances (eq. (3.1)) are universal and do not depend on the assumptions on fermion
compositeness. The presence of a light 4-plet of composite resonances still induces a loga-
rithmically divergent contribution to the S parameter, which is now given by

adi 9 2 2 2 ms
ASion = @(I—CL—CR—Ct)flog <m2> . (5.3)
4

Notice that in this case the d-symbol involving the ¢t and the 4-plet can lead to a can-
cellation of the divergent contributions even if no light singlet is present in the spectrum.
This cancellation happens for ¢; = 1.

As in the case with a partially composite tg, the only couplings that break the custodial
invariance and the Prr symmetry are the mixings of the elementary ¢;. In the present
case, however, we can write three mixings of this kind, yr4, yr1 and yr;. The fermion
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contribution to the 7' parameter is generated at order y%, thus it is finite and dominated
by the contributions coming from the lightest resonances.

The corrections to the Zbrby, vertex are in general logarithmically divergent. We can
extend to the present set-up the discussion of subsection 3.2 and show that a selection rule
exists also in this case. In particular a logarithmically divergent correction can be gener-
ated only by specific 4-fermion operators and requires the presence of a light composite
4-plet. If the elementary ¢y, is significantly composite non-decoupling effects can arise and
the contribution from the UV dynamics can be sizable making the corrections to g,, non
predictable in the effective theory.

Notice that in the present set-up the top Yukawa is mainly determined by the yr.
mixing. At the leading order in the v/f expansion we find

2 2 .2
2 my YV
m; = . 5.4
t mi + y%4f2 2 ( )

The presence of a direct mixing between the elementary doublet g; and the singlet ¢y,
allows to get the correct top mass even if we set to zero the yr4 and yr; mixings. In this
limit the composite 4-plet and singlet do not feel directly the breaking of the custodial
and Prr symmetries and their corrections to the T parameter and to the Zby by, vertex are
totally negligible. The contributions to S , instead, can still be sizable.

In the following we will consider in details two simplified scenarios, namely the cases in
which only a light composite singlet or a light composite 4-plet are present in the effective
theory.

The case of a light singlet. As a first simplified model we consider the case with only
a light composite singlet. As we will see, in this limit the model with a totally composite
tr has many properties in common with the case of a partially composite tg discussed in
subsection 4.1.

The deviations in S are dominated by the tree-level UV contribution and by the cor-
rections due to the non-linear Higgs dynamics. For a high enough cut-off (m, = 3 TeV)
the corrections to the S parameter are well below the maximal value allowed by the EW
precision tests.

The fermion contributions to the 7' parameter can be sizable and are typically positive.

At the leading order in v/ f they are given by

= 3 y%lfQ 2 2 Qm%
ATfermzwg m2 yi1 + 2yre |log ey —1f¢. (5.5)

In figure 14 we show the total correction to T including the leading IR effects given in
eq. (3.7).

As in the analogous case with a partially composite g, the fermion contributions to
the Zbp by, vertex are strongly correlated with the corrections to T. At leading order in

v/ f we find
1y f* [ 5 2 2m3
(SgbL = 6472 m% Y1+ 291 log UTyth —1 . (5.6)
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Figure 14. Corrections to the T parameter as a function of the mass of the top partners and of
the g, compositeness. The result corresponds to the scenario with a totally composite tz with only
a light singlet. The compositeness scale has been fixed to £ = 0.2 in the left panel and £ = 0.1
in the right one. The solid blue contours give the regions that pass the constraints on the oblique
parameters at the 68% and 95% confidence level.

By comparing this expression with the result in eq. (5.5) we find the same relation we
obtained in subsection 4.1: Afferm = 309y, . The values of T compatible with the bounds
(05 T < 2-1073) imply a moderate positive shift in dg,, . This shift slightly worsens the
agreement with the experimental data with respect to the SM.

The case of a light 4-plet. The second simplified model we consider is the effective
theory with only a light 4-plet. As can be seen from egs. (5.1) and (5.2), in this case the
low-energy Lagrangian contains 4 free parameters: the elementary-composite mixings, the
4-plet mass and the coefficient of the d-symbol term, c;. As we will see, the d-symbol
term can sizably affect the corrections to the EW observables. Its presence makes the
properties of the model quite different from the ones found in the case with an elementary
tr (compare subsection 4.2). Moreover, as was pointed out in the analysis of ref. [40], the
d-symbol term can also play an important role for collider phenomenology.

In addition to the corrections from the Higgs non-linear dynamics and the UV tree-level
shift, the S parameter receives a logarithmically enhanced contributions from fermion loops:

2

2
adiv _ g 2 my
A‘S’ferm = @ (]. — Ct) ﬁlog (mi) . (57)

If ¢; is not close to 1, this shift can be sizable and can induce stringent constraints on the
compositeness scale .

The contributions to the T parameter coming from fermion loops at leading order in
v/ f are given by

§ yraf 2
T390 2 3ctyra(yis — 4yt) + yia(yra — 3V2cy1e)
1

Aj\_’ferm =
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Figure 15. Corrections to the T parameter as a function of the y;4 mixing and of ¢;. The
result corresponds to the scenario with a totally composite tg with only a light 4-plet with mass
my4 = 1 TeV. The compositeness scale has been fixed to £ = 0.2 in the left panel and £ = 0.1 in
the right one. The solid blue contours give the regions that pass the constraints on the oblique
parameters at the 68% and 95% confidence level. The dashed red lines show how the bounds are
modified if we assume a 25% reduction in S.

2
— 392, (yra — NV 2ey1e) [log ( 22m24 ) - 1} } . (5.8)
UYLt
Notice that the terms related to the d-symbol operator come with accidentally large co-
efficients, thus even a relatively small value of ¢; can drastically modify the result. In
figure 15 we show the total correction to T as a function of yra and ¢; for a fixed value of
the 4-plet mass, my = 1 TeV. One can see that a positive correction to the T parameter is
possible, but requires a sign correlation between yr4 and ¢;.'® In the plots we also show the
regions compatible with the constraints on the oblique parameters. The parameter space
regions with better agreement with the EW data are the ones with ¢; ~ —1, in which the
logarithmically enhanced shift in S is partially cancelled.
The corrections to the Zbpby, vertex are given at the leading order in v/f by

& miyrayi S
6472 (m32 + y%4)2

2 42 2.9 9

Yrayif VIMIYT,
+ ( 2yr4 — V2eryre + —) log ( ) : 5.9
< o Q(mi + y%4f2) 2(m421 + y%4f2)2 ( )

The above formula contains only the corrections coming from the lowest order terms in the

2yra — \/ictth

ogy, =

effective Lagrangian without the contributions from 4-fermion operators. As can be seen
from the numerical result in the left panel of figure 16, the sign of gy, has some correlation
with the sign of T. The size of the corrections to the Zbpby, vertex is however typically one
order of magnitude smaller than the one in T. The points compatible with the constraints
on the oblique EW parameters have dgp, in the range 0 < 8gp, < 0.5-1073.

~

BNotice that the Lagrangian is invariant under the transformation yr4 — —yr4 and ¢t — —cz.
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Figure 16. Corrections to the Zbpby vertex as a function of the yrs mixing and of ¢;. The
results correspond to the scenario with a totally composite tg with only a light 4-plet with mass
my4 = 1 TeV. The compositeness scale has been fixed by & = 0.1. In the left panel we neglected the
contributions from 4-fermion operators, while in the right panel we included the corrections due to
the operator in eq. (4.19) with egq = —1.

The corrections to the Zby by, vertex can of course be modified if 4-fermion interactions
are present in the effective Lagrangian. In particular logarithmically divergent contribu-
tions can be induced by operators of the form given in eq. (3.18). As an example we will
show how the previous result for dg,, is modified by the operator given in eq. (4.19). In
this case the following additional contribution arises:

Sor — 6R4§ yiaf? ( — V2 )10 m_z (5.10)
9oy, 3972 m£+y%4f2yL4 Yr4 tYLt | 108 m2 ) .

In the right panel of figure 16 we show the numerical result for dgp, including the extra
contribution in eq. (5.10) for egy = —1. In the region with sizable values for yr4 the new
contribution dominates and can induce a negative shift in g, , which would improve the
compatibility with the experimental measurements.

6 Corrections to the top couplings

So far we devoted our attention to the oblique EW parameters and the bottom couplings.
The tight experimental bounds on these observables do not allow for large deviations from
the SM predictions and lead to strong bounds on the new physics effects. Another class
of observables, in particular the ones related to the top quark, are instead less constrained
from the present data which allow sizable deviation from the SM. Large corrections to the
top couplings are naturally predicted in the scenarios with partial compositeness due to
the strong mixing of the third generation quarks with the composite dynamics. Notice that
the Prg invariance, which suppresses the corrections to the Zbrby, vertex, does not protect
the couplings of the top quark. Thus big tree-level contributions can be generated which

— 36 —



could be eventually tested at the LHC. The aim of this section is to determine the size of
the distortion of the top couplings to the Z and to the W bosons.
The top coupling to the Z boson are described by the following effective Lagrangian

£ = L 2,00 (g5 + g0, )P+ (453" + 0g1) Pr] 1 (6.1)

where ¢°M denote the SM couplings and dg correspond to the new physics contributions.
In the above formula Pr, r are the left and right chiral projectors. The tree-level values of
the SM couplings are given by

1 2 2
SM __ 2 SM 2
gtL 5 gsw ) gtR 37w . (62)

The couplings of the left-handed top component with the charged W boson are related
to the V element of the CKM matrix. We will parametrize the new physics contributions
as Vi = 1 4+ 6V. The current LHC results already put a constraint on the new physics
contribution at the 10% level: Vi, = 1.020 + 0.046 (meas.) £ 0.017 (theor.) [83]. As we will
see, the bounds on the models coming from this measurement are still weaker than the
ones coming from the EW precision data.

6.1 A relation between dg¢, and V3

Before discussing the results in the explicit models we considered in this paper, we rederive
a general relation that links the deviations in the Ztt; vertex to the corrections to Vy;, as
already noticed in refs. [84-86]. In the effective Lagrangian describing the Higgs doublet
and the SM fields only two dimension-six operators contribute to the corrections to the tr,
couplings [19, 78, 84, 87]:

L= z?(qu qr) (HTﬁ)H) + z?(qyf Yqr.) (HTO'Z‘HiH> . (6.3)

A combination of the two operators in eq. (6.3) is strongly constrained by the ex-
perimental bound on the corrections to the Zbby, vertex. Notice that, in the models we
considered in our analysis, the corrections to gp, exactly vanish at tree level thanks to the
Prr symmetry. The condition of vanishing corrections to the Zbrbr, coupling implies the
relation cjy, = —cpq [81, 82, 88]. Using this relation we find that the operators in eq. (6.3)
give rise to the following interactions of the top quark with the EW gauge bosons:

£ 200 | AL 2yt + 5 (fo (W) = iW2) 7"bp + hee) | - (6.4)
w

From this equation we can easily conclude that the leading corrections to the Ztt;, vertex
and to the Vj; matrix element satisfy the relation

5gtL = 5‘/;51) . (65)

Notice that the above result holds only at order v?/f2. The subleading terms, as for
instance the dimension-eight operators, can generate independent corrections to g;, and Vy,.

It is important to stress that this analysis is valid as far as we can neglect the corrections
to the Zbrbr, vertex with respect to the corrections to the top couplings. Thus the result
in eq. (6.5) is true in general and not only in the composite Higgs scenarios.
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Figure 17. Corrections to the V4, matrix element in the complete models with ¢ = 0 (left panel)
and ¢ = 1/4/2 (right panel) for & = 0.1. The configurations correspond to the ones of the left plot
of figure 10 for the case ¢ = 0 and of the right plot of figure 12 for the case ¢ = 1/v/2.

6.2 The case of an elementary tr

As a first class of models we consider the scenarios with an elementary tg. The corrections
to the t;, couplings at leading order in v/ f are given by

Sgt, = 6V = § f? [<m4m1yL1 + Yrayrayr1 f°

2
CAmi + i, f2 mi + yi, f2 - \/ﬁcyM) (=2
(6.6)
This explicit result is in agreement with the relation derived in the previous subsection
(see eq. (6.5)). We also verified that at order (v/f)?* the corrections to g;, and Vj, do not
coincide.
The coupling of the tp with the Z boson is modified as well. The leading corrections

take the form

59tR =

[N a8

/2 Mam1yra + Yrayriyri f 2 (miypa 2
L | (e vl g ) —(—\@cym)].
mi + yp, f [ mi+yi,f ma
(6.7)
As explicit numerical examples we show in figure 17 the distortion of the Vy, matrix ele-
ment in the complete models with ¢ = 0 and ¢ = 1/v/2 (see subsection 4.3). In the case with
¢ = 0, the configurations allowed by the constraints on the oblique EW parameters have
small corrections to Vi, —0.03 < dVj, < 0, which are below the present experimental sensi-
tivity. On the contrary, in the model with ¢ = 1/4/2, the corrections to Vj;, can be sizable,
—0.12 < 6V < —0.03, and the current bounds can already exclude a corner of the param-
eter space allowed by the EW precision data. In our numerical analysis we also found that,

in the realistic regions of the parameter space, the deviations in the tg couplings are always
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small, 0g¢, < 0.01. Moreover we checked numerically that the correlation between dg;,
and 0V}, is always well verified and the deviations from eq. (6.5) are of order £ as expected.

To conclude the analysis of the top couplings in the models with an elementary tg, it
is interesting to consider the simplified cases with only one light composite multiplet. In
the limit with only a light singlet we find

m2u2. £2
Sgi, = 0V = _i(m?f/z% , Sy =0. (6.8)

This shows that the corrections to the ¢ couplings are suppressed in the parameter space
region with a sizable tr compositeness (yr1f > m1 and yr1 > yr1). The corrections to
gt vanish in this case because the tg can only mix with composite states with the same
coupling to the Z boson.

In the case with only a light 4-plet we obtain the following results

y%4f2 50, __§ y%4y%%4f2 <f2 f2 )

'3
AmZ 42,12 g R e R RN

59tL =0V =
(6.9)

In this case the experimental bounds on Vj; can be used to put an upper bound on the ¢,
compositeness. Notice that the mixing of the ¢tz does not break the Prr symmetry. The
gty coupling, however, can receive tree-level corrections through the mixing between the
elementary tr and composite resonances with different quantum numbers, which is induced
by the non-zero top mass. This origin explains why the prefactor in the expression for dg;,
is proportional to the square of the top Yukawa (see eq. (4.8)). The correction to g, is

enhanced if the top partners are light.

6.3 The case of a composite tg

We now consider the scenarios with a totally composite tg. The leading corrections to the
Vi, matrix element and to the top couplings to the Z boson are given by

§ f2 mayri ? 2,2
0gt, = 0V = TAmZ g2, f? my V2eryra) +(1=23)yta| (6.10)
17T YL
and
£ yraynf’
09t = Zm [yL4thf2 — 2v/2¢y(mj + Z/%4f2)] : (6.11)
17T Y4

In the limits with only one light multiplet the expressions in egs. (6.10) and (6.11) can
be drastically simplified. If only a light singlet is present in the effective theory we find:

&yl f?

27
4 mf

5gtL = 51/}1, = 5gtR =0. (612)

In this case the corrections to the Zigrtr coupling are negligible, while the V}, matrix
element and the Ztyt; vertex can become large if the composite singlet is light.
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In the model with only a light composite 4-plet the corrections to the top couplings
become

& yi.f? & yrayref?

091, = Vi == L g == I iy —2v2emi it )]
" Ami+yi,f2 A (mityluf?)?
(6.13)
Analogously to the case with an elementary tg, the corrections to the Vy, matrix element can

be used to put an upper bound on the degree of compositeness of the elementary doublet gy,.

7 Conclusions

In this work we studied the corrections to the EW observables that arise in composite
Higgs scenarios due to the presence of fermionic resonances. In realistic models light
composite fermions are typically predicted and this motivated the use of an effective field
theory approach for our analysis. For definiteness we focused our attention on the minimal
composite Higgs realization based on the symmetry structure SO(5)/SO(4). Within this
framework we considered a general parametrization of the case in which the elementary SM
fermions are mixed with operators in the fundamental representation of the global SO(5)
group. We included in our effective Lagrangian one level of composite fermionic resonances
which correspond to a 4-plet and a singlet under the unbroken SO(4) symmetry.

We quantified the relevance of the fermionic contribution to the deviation of the preci-
sion electroweak observables. In particular we focused on the oblique electroweak parame-
ters, Sand T , and on the Zbrbr, coupling, which are very well determined experimentally
and can be used to put tight constraints on new physics effects.

One interesting result is the identification of a new parametrically enhanced contri-
bution to the S parameter. This effect is entirely generated by the composite dynamics
and appears if light composite fermions (in particular SO(4) 4-plets) are present in the
spectrum. The origin of the new enhanced contribution can easily be understood from an
effective field theory point of view. The non-renormalizable Higgs interactions due to the
non-linear o-model dynamics induce new logarithmically divergent diagrams and generate
a running of the two dimension-6 operators, Oy, g, which contribute to the S parameter.
This effect is calculable in the effective theory and its size turns out to be comparable or
even larger than the tree-level shift given by the heavy gauge resonances.

In minimal scenarios with a light 4-plet (m4 < 1 TeV), the constraints on the S
parameter imply a tight bound on the compositeness scale £ < 0.1, which corresponds to
f 2 750 GeV (see figure 3). This bound can be relaxed if additional light states are present
in the spectrum (for instance a singlet). Cancelling the 4-plet contribution, however, seems
possible only at the price of some additional tuning.

Another consequence of the presence of logarithmic divergence in S is the fact that
the UV dynamics does not necessarily decouple and can generate non-negligible finite
corrections. We discussed an example of this effect in one explicit model, but we did not
systematically 1nvest1gate this aspect. We leave this analysis for future work.

Differently from S the T parameter is finite in our scenario thanks to the protection
coming from the custodial symmetry. The corrections coming from the composite sector
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are thus dominated by the contributions of the lightest composite states and can be reliably
computed in our effective field theory. This allows us to use the T parameter to put robust
bounds on the parameter space of the composite Higgs models.

We found that a positive shift in f, which is typically needed to satisfy the constraints
on the oblique parameters, can be easily generated by the fermion loops. In the standard
scenarios, in which the tg is a partially elementary state, obtaining a positive correction
to T requires the presence of a relatively light singlet. In configurations with only a light
4-plet the corrections are instead always negative. On the contrary, in the alternative
scenarios in which the tr is a completely composite state, a positive contribution to T can
be obtained also in the configurations with only a light 4-plet. This can be done at the
price of a mild correlation among the parameters (see figure 15).

The third precision observable we considered is the Zby by, coupling. In this case, power-
counting arguments show that the composite resonances contributions can be logarithmi-
cally divergent. We found however that, if only the operators with the lowest dimension are
included in the effective Lagrangian, a selection rule forbids the appearance of divergent
contributions and makes the corrections to the g, coupling finite. This is no longer true
if higher dimensional operators and in particular 4-fermion interactions are present in the
effective theory. In this case, if a light 4-plet is included in the theory, a logarithmically
enhanced correction to g, can be generated. Moreover, as in the case of the S parameter,
the UV dynamics typically does not decouple and can generate sizable corrections.

If only the lowest-dimensional operators are included in the effective Lagrangian, the
corrections to the Zbyb; vertex tend to be correlated to the corrections to T. In particular
a sizable positive shift in T usually corresponds to a positive contribution to dgp, , which is
disfavored by the current experimental bounds. Higher-dimensional operators, which are
typically generated by the composite dynamics, can however induce large contributions to
the Zbrby, coupling and remove the correlation with T.

Finally we analyzed the corrections to the top EW gauge couplings. In the composite
Higgs scenarios we considered these couplings can receive large tree-level distortions due
to the sizable degree of compositeness of the top. We found that the deviations of the
Ztrty vertex are strongly correlated with the corrections to the Wtpby, coupling. Strin-
gent bounds on the deviations of the V, matrix element would therefore strongly disfavor
the presence of large corrections to the Z coupling.

The constraints on the model coming from the current measurement of the V, matrix
element are typically weaker than the ones from the EW precision data and can become
competitive with them only in a small region of the parameter space. For a moderate
amount of tuning, & = 0.1, the corrections to the Vj;;, matrix element can be of order 5%
and the corrections to the Zt;t; of order 10%.
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A The CCWZ notation

In this appendix we define our notation for the SO(5) algebra and for the CCWZ operators.
For most of our definitions we follow the notation of ref. [40].

The SO(5) algebra and the Goldstones

A useful basis for the SO(5) generators, which shows explicitly the SO(4) subgroup, is

given by
o C L ey (5857 _ 5857 asd _ sasd
(TEp)is = = | 5= (9797 = 9507 ) % (6705 — 6561) | . (A1)
T7; = 7 (6765 — 6507) (A.2)

where T} (@ = 1,2,3) correspond to the SO(4) ~ SU(2)r x SU(2)g generators, T
(1t =1,...,4) are the generators of the coset SO(5)/SO(4) and the indices I, J take the
values 1,...,5. We chose to normalize the generators in eqs. (A.1) and (A.2) such that
Tr[T4,TP] = §4B. With this normalization the SU(2);, r generators satisfy the usual
commutation relations

(T80 T] | = e T . (A.3)

The Goldstone matrix for the coset SO(5)/SO(4) is given by

; g . I o 1
- — COS — — sin —
4x4 I lnf

5 2
U= exp |21 | = 1 / , (A.4)
fx m 1
— — S1n —; COS —
I f f

where we defined I12 = TI*II. Under an SO(5) transformation, g, the Goldstones transform
according to the standard relation

U(ll) » UMW) = g-U(ID) - h'(IL; g) , (A.5)

where h(II; g) is an element of the SO(4) subgroup:

hy O
h—(o 1) (A.6)

Under the unbroken SO(4) symmetry the Goldstones transform linearly: IT¢ — (h4)§~Hj .
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The standard Higgs doublet H = (h,, hq) is related to the IT 4-plet as

1 hy + B,
n=—-— . A7
V2 | itha— ) (5.0

ha + hl,

The physical Higgs p can be obtained adopting the unitary gauge in which the Higgs

doublet reads
h (h)y+p

V2oVa

In this gauge the Goldstone matrix takes the simple form

hq

hy = 0. (A.8)

100 0 0

010 0 0

u=|001 0 0 (A.9)
n

000 cos% si %
- "h h
000 —sinF cos ¥

The CCWZ operators

In order to define the e, and d,, CCWZ symbols it is useful to describe the elementary gauge
bosons in an SO(5) notation. The SM vector fields are introduced in the theory by weakly
gauging the SU(2)7, x U(1) g3 subgroup of SO(4) and their embedding is given explicitly by

Ay = LWHTE +4iT?) +

\6 m (TIIJ - ZT%) + g(CwZu + SwAu)TE + gl(CwA,u - SwZu)TI%,

(A.10)
where g and ¢’ are the gauge coupling corresponding to the SU(2);, and U(1)y subgroups,

g _
W
V2o

while ¢, and s,, are the cosine and sine of the weak mixing angle, tan,, = ¢'/g.
To define the CCWZ symbols we can start from the following quantity

A, =AY =Ut4, +i9,)U, (A.11)

and we can define e, and d,, as the coefficient of the decomposition of Z# in terms of broken
and unbroken SO(5) generators:

Ay =—d,T —eiT". (A.12)
It is not difficult to prove that the e and d symbols transform under SO(5) as

ey = eit” — hyle, —i0u]hy  and  dl, — (ha)id], (A.13)

where we denoted by t* the SO(4) generators in a 4 x 4 matrix form.
Using the embedding of the gauge fields given in eq. (A.10) we get the explicit expres-

sions

. 1 sinIl/f\ -V, sinIl/f _
du—\/§<f o ) V2 VI (A.14)
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sin?(T1/2f)

ey = —Aj +4i e v 11 (A.15)
where V11 is defined as
VI = 0,11 — z‘AZ(t“);H] . (A.16)

The expressions for the d, and e, symbols in the unitary gauge are given by

1
T
g . h Wy
d, = ——— — , A.17
= mF | G (A.17)
_gfsin% H
and
0 25, A, + 1;153” Z, —Wi Wﬁ cos%
. _ _1-2s2 1 2 h
eM:% 25w Ay S o Zy 0 X W YV# O 1 (Aa8)
V1VM h _QVVM h 1 ! h EZHCOS?
_Wu cos ¥ _Wu cos ¥ —aZM cos ¥ 0

Using the d,, symbol we can write the kinetic term for the Goldstones in the form

Lr="-dd". (A.19)
In the unitary gauge the above expression becomes

Lr= }(8h)2 + gﬁﬁ sin2 © W) + 1) (A.20)
2 4 f 2c2

w

From this expression we can extract the mass of the W boson, m,, = (g/2) f sin((h)) and
derive the exact relation between the Higgs VEV and the EW scale v = 246 GeV:

v = fsin ) . (A.21)

f

When a gap between the EW scale v and the compositeness scale f exists, such that v < f,
the Higgs VEV and the EW scale can be identified v ~ (h). As it is clear from our analysis
the condition (v/f)? < 1 is required by the EW constraints and we can safely replace the
Higgs VEV with v as we did in this paper.

Finally we discuss the introduction of fermions in the CCWZ notation. We included
in our effective theory two possible composite multiplets: 14 which transforms as a 4-plet
of SO(4) and v which is a singlet. Under the non-linearly realized SO(5) transformations
1 is invariant, while 14 transforms as

Vg = ha -ty (A.22)
The covariant derivative for the singlet is the standard one

D;ﬂbl = [8u - ig/X(CwAu - SwZM)]d}l ) (A23)
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where X denotes the charge under U(1)x. The covariant derivative of the 4-plet, instead,
contains an extra term given by the e, symbol:

D,y = [0y + i€y, — ig/X(chM — SwZu) |V . (A.24)

The presence of the extra term is essential to restore the full SO(5) invariance.

B Operator analysis for the Zby by, vertex

In section 3 we presented a general analysis of the one-loop corrections to the Zbyby,
vertex that are induced by the presence of composite fermion resonances. We found that
logarithmically divergent contributions can be present if a light composite 4-plet is present
in the spectrum. For simplicity in the main text we did not report rigorous proofs of our
statements and we only gave some partial justifications. The aim of this appendix is to
present a more rigorous and systematic study based on an operator analysis.

General considerations

An important feature of our effective Lagrangian is the presence of a Prr symmetry, which
is exact in the composite sector and is only broken by the mixing with the elementary
states (in particular with the doublet ¢r). The Prr symmetry plays an essential role in
protecting the Zbr by, vertex from large tree-level corrections and it also leads to a reduction
of the degree of divergence of the loop contributions. In the following we will take into
account the consequences of the Ppr invariance through the method of spurions.

As a first step we need to formally restore the global SO(5) invariance in our effective
Lagrangian. For this purpose we assume that the elementary fields transform only under
an “elementary” SU(2)r x U(1)y global group which is independent with respect to the
global SO(5) invariance of the composite sector. In this picture the SM group corresponds

)

to the diagonal combination of the “elementary” and the “composite” groups. The mixing
between the elementary and the composite states clearly induces a breaking of the extended
global invariance. We can however formally restore the complete global symmetry by
promoting the couplings to spurions with non-trivial transformation properties under the

“elementary” and the “composite” groups. In our set-up we need two spurions:

i) (yr)%, which transforms as a doublet (2_;,5) under the “elementary” symmetry
(index o) and belongs to the fundamental representation of SO(5) with U(1)x charge
2/3 (index A). Its physical value is given by
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ii) (Jr)a, which is a singlet under the “elementary” group (1_5/3) and transforms in
the fundamental representation of the “composite” group (59 /3). Its physical value
is given by

(Jr) = (B.2)

2
— o O O O

It is important to remark that in our definition the two spurions transform linearly under
the SO(5) “composite” group.

Using the spurions we can rewrite the elementary-composite mixings in a fully invariant
form

Lmix = Yr4aq71, (Z]E)ZUM% +yrL1 a1 (ﬂTL)ZUAWl
+yratr(Gh) JUaids + yri tr(5k) Uastr + hee.. (B.3)

Notice that the two mixings of the g7 doublet are associated to the same spurion gy, and
analogously the ¢ mixings correspond to the spurion gr. From the Lagrangian in eq. (B.3)
we can recover the original mixing terms in eq. (2.9) by replacing the spurions with their
physical values (§r, Rr)-

We can now identify the building blocks that can be used to construct the operators
in our effective theory. One key element is of course the Goldstone matrix U. As shown
in eq. (A.5), under the SO(5) group U transforms linearly on one side and non-linearly on
the other. We can thus split the Goldstone matrix in two components: Uja; whose index
i transforms as a CCWZ 4-plet and Uas which is a singlet. In both cases the index A
corresponds to a linear realization of the fundamental representation of SO(5).

It is also useful to introduce a slight generalization of the covariant derivative. We
define it in such a way that it acts on all the indices of a given object, for instance the
covariant derivative of the 4-plet Goldstone component is

(DuU) a5 = 0,Uni — i(AuU) a5 — i(Uey) ai - (B.4)

For the elementary fermions and the composite resonances the convariant derivative coin-
cides with the one we used so far. It is useful to notice that the covariant derivative of the
Goldstone matrix can always be expressed in terms of the d, symbol:

(DuU)ai = —Uasd;,  and  (DyU)as = —Unid}, . (B.5)

Moreover it is easy to check that the covariant derivative of the spurions vanishes when it
is computed on the spurion physical values, (D,yr r) = 0.

In our analysis, for simplicity, we will consider the limit in which the gauge couplings
are sent to zero. This limit is justified by the fact that the largest corrections to the
Zbpbr, vertex come from loops containing the Goldstones and not the transverse gauge
field components. Within this approximation, the elementary fermion interactions are
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necessarily mediated by the elementary-composite mixings. This implies that, in classifying
the operators that contribute to the Zbrbr coupling, we can assume that the elementary
fields are always contracted with the g7 r spurions.

To construct the operators that can appear in the effective Lagrangian we can use the
following building blocks:

elementary fields: ¢f and tg
composite fields: v} and 9
cov. der. of the fermions: (D,qr)®, Dutr, (Dutha)” and D,
d,, symbol: dL
mixings: (UngL)ffS and (UTgR)i 5

Notice that, thanks to the unitarity of the Goldstone matrix, we can always write the
spurions in the combinations U TQL R-

Classification of the operators

We can now analyze the operators that can modify the coupling of the Z boson to the
by, with the aim of determining their degree of divergence. This can be easily achieved by
classifying the operators in an expansion in the elementary-composite mixings.

To simplify the analysis it is more convenient to work in the basis of the elementary
and composite fields and not in the one of the mass eigenstates. The mass eigenstate
corresponding to the physical by, which we will denote here by EL, is given by a combination
of the elementary by, and of the composite state B contained in the 4-plet 14:

S 7 S S )Y S N (B.6)
m421 + y%4f2 mzzi + y%4f2

Bl = L’BL T L T (B.7)
mi + y%4f2 mz21 + y%4f2

where we denoted by B the heavy mass eigenstate. The operators that induce a distortion
of the g;, coupling are trivially related to the ones that give the couplings of the Z boson
to the elementary by, and the composite Br.

Notice that under the SM gauge group the by and the By, fields have exactly the same
charges as the physical EL, thus operators containing the covariant derivatives Dby, and
D, By, do not give any distortion of the couplings. They only induce a rescaling of the
canonical kinetic terms.

We start by analyzing the operators containing only qr. As we said before, the ele-
mentary ¢z, must necessarily be contracted with the spurion ¢, thus the relevant operators
contain at least two spurion insertions. The g, field appears in the combination

(U Lqr)is (B.8)

9Multiple covariant derivatives can be also used (e.g. DuDy1)) but they are not relevant for our analysis.
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where i and 5 denote the uncontracted index of UT. The singlet component (index 5)
does not contain the by, field, thus only the 4-plet part is relevant for our analysis. To get
the Z boson we must use the covariant derivative or the dL symbol. The index structure,
however, does not allow us to construct an operator with d;,. The only possibility is

G I I Dy (B.9)

which gives a renormalization of the usual by, kinetic term and does not induce a correction
to the g;, coupling. At order y4L we get one operator that contributes to the distortion of
the Zbrby, vertex:

O = i@y} yrar) (Ulawr) i) 3Us:d, ) +he.. (B.10)

In this case the 4 insertions of the ¢, spurion ensure that the corrections are finite at one
loop.

We can now consider the operators containing only the composite 4-plet 4. At least
two spurion insertions are needed to generate an operator that breaks the Prr symmetry
and corrects the Zbpbr vertex. Notice that if more than two spurions are present the
operator corresponds to a finite one-loop contribution. If we want to classify possible
divergent corrections, we can focus on the case with only two g, insertions.

From the previous discussion it follows that the only way to contract the g7, spurions is

UL, (y1)3 () 3UB (B.11)

where each * denotes a free index which can correspond to a 4-plet or a singlet of SO(4). As
we noticed before, operators containing D14 can only induce a rescaling of the canonical
kinetic term for the B. Thus in order to obtain a distortion of the coupling with the Z
boson we need to include the dz symbol. It is easy to show that the expression dzwi does
not contain a term of the form Z,B. This term can only be generated if the d-symbol
index is contracted with the Goldstone matrix U. We are left with only one possibility:

O = i@y ) (U4 (wn)a () 3UB:d,) + e (B.12)

With an explicit computation we find that this operator contains a coupling of the B with
the Z boson:

f

The operator in eq. (B.12) contains only two spurion insertions and corresponds to a

0> <f2sin2 <<h>>> %ZMFWB. (B.13)

logarithmically divergent contribution at one loop. After the rotation to the mass eigen-
states a correction to the Zbpby vertex is induced. Using eq. (B.7) we find that this
correction arises at order y4L, as expected.

Finally we can consider the mixed operators containing one elementary and one com-
posite field. The elementary b; must necessarily be contracted with a g, spurion. It is
straightforward to show that at least two other spurion insertions are needed to construct
an operator that can contribute to dg;, and the associated one-loop corrections are finite.
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To conclude we summarize the results of this section. We found that the one-loop
corrections to the Zbrby, can be logarithmically divergent. Moreover we showed that the
divergence can only come from diagrams with two composite B’s as external states. The
contributions related to the elementary by, fields are instead always finite.

C Computation of the loop corrections to the Zbpb; vertex

In this appendix we compute the one-loop corrections to the Zbrby, vertex. For simplicity
we consider the limit in which the gauge couplings are sent to zero. This approximation is
justified by the fact that, as in the SM, the most relevant contributions are related to the
Yukawa interactions and not to the gauge couplings.?’

The computation can be significantly simplified by using a consequence of the operator
analysis presented in appendix B. We saw that, an operator can contribute to the distortion
of the Zbrby, interaction only if it contains the CCWZ dL symbol. Moreover we found that
the 4-plet index of d, must be necessarily contracted with the Goldstone matrix. By an
explicit computation one easily finds that the combination U AidL contains the Z boson
always in association with the neutral Goldstone ¢°:

Unid’, > —\}5 (9 sin <<’}>> Z, + 23@0) , (C.1)
where ¢ denotes the canonically normalized neutral Goldstone, ¢ =
—(f/(h))sin((h)/f)II3 (see appendix A). It is also straightforward to check that the
covariant derivatives D,b, and D,1s do not contain any term of the form (9,¢%)by.
From these results it follows that we can extract the corrections to the g,, coupling by
computing the one loop contributions to the (8M¢0)5Lfy”bL interaction.?!

Notice that, thanks to the Prp symmetry under which ¢° is odd, the vertex
(0,4°)bry"by, is not present at tree level and this makes the computation of the
(GMQSO)EL'W()L one-loop corrections even simpler. Due to the presence of a tree-level Zbrby,
vertex, the one loop renormalization of the b; must be taken into account to compute
dgp, in the standard way. In the case of the (augbo)gyy“b,; interaction, instead, the wave
function renormalization does not induce a one-loop contribution, thus we only need to
compute the vertex correction.

We parametrize the relevant Goldstone couplings in the following way:

L= Tz(Az (Z)+ +1 Bla (bJr)bL + h.c.
+ (i1Ci; ¢°TiPLTj + hoc.) + 0,0° Tin* (D5 P+ DfiPg) T}
+T; (iEi¢pT¢° + FF¢°d ot + F) 9T @ ¢°) by, + hec. (C.2)

where we denoted by T; the charge 2/3 states in the mass eigenbasis and P, p are the
left and right projectors. ¢ and ¢° are the canonically normalized Goldstone fields, in

20We verified numerically in the model of ref. [27] that the corrections due to non-vanishing gauge cou-
plings are small and can be safely neglected.

2! Another proof of the correctness of this procedure was given in ref. [89], in which the two loop corrections
to the Zbrby, vertex in the SM are computed.
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br br

Figure 18. Topologies of the diagrams contributing to the (3M¢0)5L7“b 1, interaction. The internal
fermion lines are fields with electric charge 2/3.

particular the charged Goldstone is given by ¢ = (f/(h))sin((h)/f)h, (see appendix A).
Notice that, in the effective theory we considered in this paper, the ¢° Goldstone has no
vertex that involves only charge —1/3 states. As a consequence the diagrams that give a
correction to the Zbyby, vertex only contain charge 2/3 fermions inside the loop.

As we discussed in the main text, corrections to the g, coupling can also be induced
by 4-fermion effective interactions. We parametrized them by the Lagrangian:

—ferm. 7a a1 7.a a1 7P
LA = GEb b [Ty PT] + G b yub ) [Tin" PRI, (C.3)

where a and b are color indices. For simplicity we consider only the color structure given
in the previous formula. The results for different color structures only differ by an overall
group theory factor.

The topologies of the diagrams that contribute to the (8M¢O)BL7“6L interaction are
shown in figure 18. The “triangle” topology and the diagrams with a loop on the external
legs arise from the leading order terms in the composite Higgs effective Lagrangian. The
4-fermion interactions, instead, generate the diagrams with a “bubble” topology. For our
explicit computation we use dimensional regularization and we encode the divergent part
in the parameter A = 1/e — v 4 log(4m), where € is defined by d = 4 — 2e. We denote the
renormalization scale by p.

The correction to the Zbrby, vertex coming from the “triangle” diagrams is given by

soante T EUN/T) >Z{AjAZ- [DEL 2D Emam, 1 Cygm (1~ 1)~ Clomi(13 17

i?j

g | 1 o
—|-B]'BlTk [ngimjji] — QDZL]-I;] + iCijmi(Iij + Ig]) + ngjm](Ii] — Iéj>:| (C4)
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where we defined the I; 5 functions as

g 1 1 m2 m?2

1] __ 2 2 J
i 1 m

I} = ———log
7= %\ m

y 1 2 m?
I7 = (m? + mJQ)(A +1) - —5—— mf log (m;) — m? log —2] , (C.5)
; — M H H

ml
2 2
£ = 5o 7_ 52 08| o]
m; —mj;  2(mi—m3) m;
2 2,2 2
i m +mj B 2mims; oo [ ™
S omZ—m?2  (m? —m?)? S\m2 |-
j i j j

The contribution from the diagrams with loops on the external legs is given by

legs fSlH(<h>/f) 0 * * 7 * (71 * )
S = Rt ZRe AF m; (A} + Bfmy) Ii — E; (AX (I + 1) — Bfm;(I§ — 1))

— Frm; (A} (15 — 1) + Bfmy(31§ — 1))] : (C.6)

where I is given by
. 2
Ii=2A + 2 — 2log <ZL2> . (C.7)

Notice that in the effective theory we considered in this paper the two contributions ¢§ gm"m‘erle

and 5bbLg are always finite.
Finally the contribution induced by the 4-fermion interactions is given by

39272 ¥ Jl LV

5gubble — NCfSin(<h>/f) Z{ (DEGE + DEGT) ( — (m2 er?)/Q)

]

ij " ji LYV

— (DEGE + DEGE) mim; (217 + 1) + Re | €6, — CLGE] mity } (C.8)

where

m? 1 m2 m2-
Z]—QA—1—3—2 — ¢ 2—2( 5 72 (mi —2mm)log<ﬂ>+mlog 2|
Z

( J
(C.9)
Differently from the first two classes of diagrams, in our effective theory the “bubble”
diagrams can give a divergent contribution. This can happen if the Gg couplings are
non-vanishing. The GZ-L]- couplings, instead, give rise only to finite corrections.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License which permits any use, distribution and reproduction in any medium,
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