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1 Introduction

The experiments at LHC have discovered the Higgs, measuring many of its properties.
Despite the impressive level of accuracy of these measurements, the question about the
nature of the Higgs and the dynamics that stabilises its potential is still open, since neither
new particles, nor large deviations associated to Higgs physics, have been found yet.

Besides the Higgs discovery, in the recent years different experiments have provided
very interesting results related with flavor physics: a set of anomalies in semileptonic decays
of B-mesons, that could be a hint of violation of lepton flavor universality. The ratios
R (1] and Rg(*) [2-4] show deviations with respect to the Standard Model (SM) of order
40, associated to transitions of quarks in neutral and charged currents, respectively. These
deviations could be explained introducing New Physics (NP) at the scale of a few TeV,
mainly coupled with the third generation. Recent studies have shown that the presence of
a vector leptoquark transforming as (3, 1)3/3 under the SM gauge symmetry group [5-7], or
the presence of two scalar leptoquarks, transforming as (3,1);/3 and (3, 3),/3, can explain
the deviations in both observables, without introducing incompatibilities in other low-
energy observables, or in high-energy searches at LHC [8, 9]. Ref. [10] has also considered
scalars in a (3,2)7/6 and a (3,3)/3.

A strongly coupled field theory (SCFT), with resonances at the scale of few TeV, could
provide a solution to the stability of the Higgs potential, as well as to the B-anomalies.
In this framework, partial compositeness of the SM fermions, not only gives a rationale
for the flavor puzzle, but also explains the preferential coupling of the resonances with the
third generation. To avoid a bunch of new states at the TeV scale, that could be in conflict
with precision observables, it would be desirable to introduce a gap in the SCFT spectrum,
allowing a set of leptoquarks to be lighter than the rest of the resonances. In the case of
scalar leptoquarks, this gap can be obtained if they are Nambu-Goldstone bosons (NGBs) of
the SCFT dynamics, as proposed in one of the seminal papers of composite leptoquarks [11].
If the interactions with the SM explicitly break the global symmetries of the SCFT, a
potential for the leptoquarks is generated at loop-level. If the Higgs is also a pseudo Nambu
Goldstone boson (pNGB), the same potential that produces leptoquark masses could be
able to trigger electroweak (EW) symmetry breaking. The author of ref. [12] has shown the
fundamental description of an SCFT that, under some suitable assumptions, delivers the
appropriate set of leptoquarks, as well as the Higgs. The lack of non-perturbative methods
is a limitation for the quantitative predictions of this description. Ref. [13] has provided
an effective description of a model with a Higgs and leptoquarks as pNGBs, based on a
factorizable group: SO(9)xSO(5), spontaneously broken down to SO(6)xSO(3)xSO(4).
The Higgs is in the usual coset of the Minimal Composite Higgs Model (MCHM) [14]:
SO(5)/SO(4), whereas the leptoquarks are in the coset SO(9)/[SO(6) x SO(3)], that leads
to a multiplet in the representation (3,3), 3.

In the present work we embed the framework of ref. [13] in a simple group G, obtaining
a composite grand unified theory. We show a pattern of spontaneous symmetry breaking
that generates the Higgs and S3 as NGBs, as well as a colorless SU(2) -fourplet and two new
leptoquark doublets. We find embeddings of fermionic SCF'T operators that, after mixing



with the SM fermions, lead to the right Higgs Yukawa couplings, as well as to the leptoquark
couplings required to explain Ry (.). The mixing generates a potential at one loop that can
trigger EW symmetry breaking and generate leptoquark masses dynamically. Unification
provides a highly predictive scenario, relating the Higgs and the leptoquark sectors.

In order to make precise predictions, we consider a description of the resonances of
the SCFT in terms of a two-site theory, that provides a weakly coupled description of
the composite dynamics. We compute the potential at one loop and show that there are
regions of the parameter where EW symmetry breaking (EWSB) occurs dynamically. We
also compute the masses of the would-be NGBs.

We discuss some issues related with EW precision tests, as the p parameter and cor-
rections to Zbrbr,. We also consider the possibility of explaining R pe with the leptoquark
content of the theory. We show that bounds from processes as: lepton flavor universality
violation in 7 decays, as well as B — Kvv, are not compatible with Rp.), in agreement
with results from the literature [8, 15]. A solution to this puzzle could be generated by
including a leptoquark Sy ~ (3,1)y/3, or Rz ~ (3,2)7/. It is very simple to include scalar
states with those charges, but as ordinary resonances, expected to be heavier than the
NGBs. A model fully addressing the B-anomalies requires an extension of our model, in-
cluding S7 or Ry as a NGBs, also. The present work represents a first step towards that
solution, in terms of an effective theory of resonances.

The paper is organised as follows: in section 2 we describe an SCF'T based on symmetry
principles. We discuss its global symmetry group and the pattern of spontaneous symmetry
breaking leading to NGBs, containing the Higgs and S3. We also select representations of
the fermionic operators of the SCFT that allow to obtain suitable Yukawa couplings. We
briefly discuss some properties of the global symmetries related with physics constraints.
In section 3 we describe the effective theory obtained after integration of the heavy states
of the model, that contains the SM degrees of freedom and the NGBs. This effective theory
allows us to compute the potential, and study the conditions that lead to an appropriate
vacuum, this is shown in section 4. We study the phenomenology of the leptoquarks in
section 5 and we conclude in section 6.

2 Leptoquarks and Higgs as composite pNGBs

The composite-Higgs model that we will consider has the following structure. There is a
sector of elementary fields, containing the same degrees of freedom as the SM, except the
Higgs, that is not present in this sector. There is also a new strongly interacting sector, that
produces bound states, or resonances, at a scale m, of few TeV. The resonances interact
with couplings collectively denoted as g, that will be assumed to be perturbative, in the
range: gsm S g« < 4m. This sector has a global symmetry G, with G a simple group, that
contains the SM gauge symmetry. G is spontaneously broken by the strong dynamics to a
subgroup H, generating a set of NGBs that can be parametrised by the broken generators
in G/H. We will focus here on the case where the set of NGBs contains, at least, the Higgs
as well as a leptoquark S3. The NGBs decay constant is of order: f ~ v/2m./g.. We
assume that there are fermionic resonances transforming in irreducible representations of



G. It is also straightforward to include spin-one resonances transforming with the adjoint
representation of G (they can be excited by the Noether currents of the SCFT associated
to the symmetry G). The SCFT sector will be taken flavor anarchic, thus all the Yukawa
couplings of the fermion resonances are of the same order.

The elementary sector and the SCFT, or composite sector, interact with each other.
The elementary gauge fields weakly gauge a subgroup of G. We assume that, at a high
ultra-violet scale A, the elementary fermions have linear interactions with the SCFT: £, D
w POSCFT  with OSCFT fermionic operators. These operators, being defined at a scale
A > f, transform linearly with irreducible representations of G. These representations are
not fixed, leaving room for model-building, we will discuss the conditions they must satisfy,
selecting a suitable set of them, in section 2.1.1.

At energies of order m,, a linear mixing between the elementary fermions and the

OSCFT

composite resonances ¥, created by , is generated:

LD fAy 0 +he.. (2.1)

This mixing can be diagonalised by a simple rotation, leading to a partially composite
massless state, with degree of compositeness:
Y
€p = . (2.2)
These states have Yukawa interactions with the NGBs of order: y ~ erg.cr. After EWSB
these states become massive, with masses of order yv/v/2.

Assuming that the evolution of OSCFT is driven by its scaling dimension A, the coupling
of eq. (2.1) is of order: A\ ~ (%)A_w % As is well known, if A > m,, hierarchically small
couplings can be generated if A > 5/2.

Flavor can be introduced by adding generation indices to the elementary fermions and
to the SCF'T operators. In this case the couplings A become tensors in flavor space, that can
be diagonalised leading to a hierarchy of mixings for different flavors and generations. [16]

Since the elementary fields are not in complete representations of G, the interactions
between both sectors explicitly break the global symmetry of the SCFT, generating a
potential for the NGBs at loop-level. The fermionic contributions to the potential can
misalign the vacuum and trigger EWSB. As usual in composite Higgs models, we define:

2
Usm (2.3)

é‘ f2 )

where vgm = (V2Gr)~1/2. Since EW precision tests in general require £ < 1, € is a good
expansion parameter.

2.1 The global symmetry of the SCFT

There are several conditions that guide us in the choice of G and H.
First, the subgroup H must contain a custodial group SO(4)~SU(2).,xSU(2)g, to
avoid large contributions to the T-parameter. Thus, since it must also contain the SM



gauge symmetry, H D Hpi, = SU(3)e x SU(2)1, x SU(2)g x U(1)x. The SM hypercharge
is given by the linear combination Y = T}% + aX, with « a real constant to be fixed later.
Notice that, whereas the Higgs is taken as a bidoublet of SO(4), the SU(2) g charge of the
other resonances, is not fixed. For example, only the linear combination corresponding to
hypercharge is fixed for S3: Y = 1/3.

Before going to the second set of conditions, we define our notation for the representa-
tions of the groups. In general we will denote them by their dimensions, whenever needed
we will use a bar to distinguish a representation and its complex conjugate. We will use
a calligraphic letter R for representations of G, a large letter R for representations of H,
and a small r for representations of Hyyi,. Similarly we will use a small n for irreducible
representations of SU(2).

As a second condition, the coset G/H must contain a set of generators transforming
asry = (1,2,2)g and rg, = (3,3, np)x under Hy,y, that will correspond to the Higgs and
the leptoquark Ss, respectively. That is:

G/HNRNGBNI‘H@I‘Sg@... (2.4)

where the second relation stands for the decompositions of Rygp under Hy,in. The dots
are present because there could be other NGB states in G/H, besides H and S3
A suitable choice of groups G and H is given by

G ~S0(13), (2.5)
H ~ SO(6) x SU(2)>. (2.6)

H can be obtained by following the pattern SO(13) — SO(6) x SO(7) and SO(7) —
SU(2)1 X SU(2)2 X SU(Z)R

Hpin is contained in H in the following way: first identifying SU(2);, = SU(2)142,
the diagonal subgroup contained in the product of the first and second SU(2), and also
decomposing SO(6)~SU(4)D>SU(3).xU(1)x.

Once G and H are chosen, and the embedding of Hy,i, in H is determined, it is straight-
forward to obtain the NGBs. In our case they decompose under H as:

RNGB = RS @ RR S RH = (6737 17 1) S5 (67 1a 272) S (1731 2>2) . (27)

The lowest dimensional irreducible representations of SO(6) decompose under
SU(3)xU(1) as:
4~3_1013, 6~ 3,53 9,
10N62@3_2@1_6, 15N80@3_4@34+10. (2.8)
By using these results we obtain that under Hy,;, the NGBs transform as
rs =(3,3,1)_2 +c.c.,
rr=(3,2,2)_5 +c.c.,
rg @I‘H4 ~ (172a2)0 D (1a4>2)07 (29)



where c.c. stands for the complex conjugate representations, and where we have used that,
for SU(2): 2@3 ~2® 4.}
In order to obtain the proper hypercharge of S3, we fix & = —1/6, obtaining:

Yy =73 - X/6. (2.10)

Under Ggng, rr decomposes as the sum of two representations, corresponding to lep-
toquark doublets with different hypercharges. Therefore, besides the usual SM Higgs H,
in the NGB spectrum there is a colorless fourplet Hy, and the leptoquarks S3, R and Ry:

H~(1,2)5, Hyi~(1,4),
Sz~ (3,3)13, Ry ~ (3,2)1/6 Ry ~ (3,2)_5/6- (2.11)

Although SO(13) is the smallest simple group that we found, containing Hy,;, and able
to deliver S3 and H as NGBs, it also contains an extra pair of leptoquark doublets, as well
as an extra colorless fourplet.

2.1.1 Representations of the fermions

The SCET operators OSCFT are in irreducible representations of G, whereas the elementary
fermions only transform under Ggyi. The couplings of eq. (2.1) explicitly break GgvxG
to the diagonal subgroup. In order to understand several properties of this breaking, it
is useful to add spurionic degrees of freedom in the elementary sector, embedding the
SM fermions in the same irreducible representations of SO(13) as the operators of the
SCFT mixing with them.? There are several conditions that these representations must
satisfy: to avoid an explicit breaking of Ggn, they must contain components in the same
representations under Ggy as the SM fermions, besides we require that they allow the
usual Yukawa couplings with the Higgs, and finally we also require Yukawa interactions
leading to S3¢°¢, with ¢ and ¢ the quark and lepton doublets.

We find that the smallest representations of SO(13) in which the SM fermions can be
embedded, are the following ones:

R, =286D(6,3,2,2) =R,, Ruq=286D>(6,1,1,3) =Ry,
Ry =T8> (1,3,2,2) =Ry, R.=178>(1,1,1,3) = R., (2.12)

where we have specified the component under H containing the SM fermions. We put all the
generations in the same representations. We leave a description of the lowest dimensional
representations of SO(13), and their decompositions under H and Hy,i,, for appendix A.
The following embedding also contains a state with the same quantum numbers as
¢ Rqy =286 O Ry = (15,1,2,2) . However, unless v and d are embedded in higher
dimensional representations of SO(13), R, does not generate the usual Yukawa couplings.

We have used the subindex R for the second line of eq. (2.9) because, as we will show below, it leads
to the leptoquarks usually denoted with the letter R, see for example the notation of ref. [17].

2These new elementary fermions, added to furnish complete representations of SO(13), are spurions,
they do not correspond to propagating degrees of freedom.



Besides, it induces LQgq interactions that, as we will discuss in section 2.1.2, can in-
duce proton decay.® For this reason we will assume that the mixing with the component
(15,1,2,2) is very small, and we will not consider it in our analysis (in the appendices we
will show its effect on the potential).

There are smaller irreducible representations to embed the SM fermions, but they not
satisfy all the conditions discussed in the beggining of this section. It is also possible to
embed ¢ in 286 D (1, 3,2, 2), but for simplicity we will work only with the embeddings of
eq. (2.12).

We will call ¥ ¢, with f = q,u,d,?, e, to the chiral fermion obtained after the embedding
of the elementary fermion f into a representation of SO(13). For example: ¥, will be an
elementary Left-handed fermion in the representation 286, where only the components
corresponding to the SM quark doublet, i.e.: in the representation (3,2);/5 of the SM
group, are dynamical, and the other components are not dynamical.

2.1.2 A symmetry to forbid baryon decay

The interactions involving two quarks and one leptoquark can induce baryon decay. In
our model there are LQqq interactions at the TeV scale that make the theory phenomeno-
logically unacceptable. However these interactions can be forbidden by imposing a Zo-

symmetry from SO(13), as: P = oA TP/2

, with Tp a generator of the SO(6) subgroup, see
appendix A. In the representation 13 of SO(13), choosing a suitable basis, P can be written
as a block diagonal matrix: P = diag(l7, —Ig), where Is and [7 are the identity in SO(6)
and SO(7), respectively.* As an example, fields in the fundamental representation of SO(6)
are odd under P, as the quarks in R, 4 and the leptoquarks, whereas fields in the singlet
or adjoint representation of SO(6) are even, as the leptons and the quarks in Ry. This
symmetry forbids the interactions LQqq and LQq'q’, however it allows interactions LQq'q,
with ¢ a quark in R, 4 and ¢’ in Ry. To forbid transitions mediated by the last operator,
the projection on Ry must be suppressed, thus we take A\ = 0 and neglect its effect in

the following.

2.2 Flavor

As is well known, to explain the SM fermion masses and mixing in anarchic partial compos-
iteness, the mixing € of eq. (2.2) must satisfy some relations. In cases where each elementary
multiplet mixes with just one composite resonance, these conditions are [18-20]:°

3 SM SM ySM
€1~ AC€g3, €l N g, €~ e, €y3 ,
)\Cg*qu /\cg*EqS 9x€q3
) 31\/[ SM yEM
€2 ~ A\O€g3 €d1 ~ €ga ~ ——— €43 ~ , (2.13)
)\Cg*eqfi )\Cg*fq3 9x€q3

3We will use LQ generically for leptoquarks.

4See [13] for a similar symmetry in a factorizable group.

5If an elementary fermion interacts with several operators of the SCFT, there can be more freedom [16,
19]. If at low energies one of these couplings is much larger than the others, for example because they have
different scaling dimensions, considering just the leading one gives a good approximation.



where A¢ is the Cabibbo angle and y]ScM = my/vsn. The first column leads to the CKM ma-
trix, the other columns lead to the quark masses. The only free parameters are g, and €43.
The linear couplings of the leptons can not be fixed as in the quark sector, a mechanism
generating neutrino masses must be chosen first. Flavor constraints can be minimised if
Left- and Right-handed couplings of charged fermions are taken of the same order: [16]

e~ el ~ UM /g, e~ e~ JuiM /s, e~ e~ JyuRM/ge,  (2.14)

we will consider this choice in the present work. In this case the unitary matrices diag-
onalising the charged lepton mass matrix have hierarchical angles, thus the angles of the
PMNS matrix are generated in the neutrino sector, see refs. [16, 21, 22| for these scenarios.

2.3 Constraints

We consider first the most important effects on the oblique parameters and Zbb couplings
related with composite grand unification. As we will discuss, due to the presence of an
extended scalar sector, there are new contributions to the T -parameter, that are absent in
the MCHM containing a single scalar. However we will show that these contributions are
suppressed for small £. [23]

A is well known, the Higgs potential of the SM has an accidental SO(4) global sym-
metry, spontaneously broken to the custodial symmetry SO(3). by the Higgs vacuum ex-
pectation value (vev), that is behind the relation p ~ 1. We summarize first how this
SO(3). is preserved in the MCHM [14, 24], and after that we discuss it in our model.
In the MCHM the Higgs is the NGB in the coset SO(5)/SO(4), with the strongly inter-
acting sector having an exact SO(4)-symmetry. The SM gauges an SO(4), subgroup of
SO(5), besides this gauging induces a potential for the NGB, eventually misaligning the
vacuum. The misalignment happens if the group preserved by the vacuum, SO(4)yac, is
different from SO(4),. However, two different SO(4)’s embedded in SO(5) always share a
common SO(3) subgroup. In the present model the color singlets H and Hy are in the
coset SO(7)/[SO(4)xSO(3)], they transform as a (4, 3) of the invariant subgroup. The SM
gauges (a subgroup of) an [SO(4)xSO(3)], subgroup of SO(7), generating a potential for
the NGB and eventually misaligning the vacuum. The misalignment happens if the group
preserved by the vacuum, [SO(4)xSO(3)]vac, is different from [SO(4)xSO(3)],. We find
three possibilities for the misalignment, that depend on which subgroup is shared by these
two groups: (a) an SO(3) subgroup, in this case only H has a vev, (b) an SO(2) subgroup,
in this case (Hy) is annihilated by the same generator as (H), and both vevs have the same
charge under T3, and (c) the trivial subgroup, as happens for generic vevs (H) and (Hy)
that do not satisfy the conditions of case (b). Case (a) is the most favorable one, con-
taining a custodial symmetry, whereas case (c) is not compatible with the phenomenology,
since there is no massless photon in the spectrum. In section 4.1 we will show that, in
our model, case (b) is realised, since the presence of the Higgs vev triggers a vev of the
neutral component of Hy: vy [23]. Case (c) is also possible in our model. A non-vanishing
vy modifies the p-parameter as: p ~ 1 — 6v3/v%. Ref. [23] has shown that the constraints



on p require, at 3 o level, v4 < 2.5 GeV.% We will show that vy is suppressed compared with
v by: vg ~ &v/2, leading to p ~ 1+ O(£2). By considering just this contribution to p, and
neglecting corrections to other EW parameters, £ < 0.02 — 0.04, increasing the amount of
tuning compared with the usual MCHM, that requires £ < 0.1 — 0.3.

As we will show, the vev of Hy is generated by a term in the potential of the form
(H?H'H I) We have searched for symmetries that could prohibit this term, relaxing the
bounds from p. An example would be a parity transformation such that H and H, have
different eigenvalues under this operation, for example +1. We have found that there is
no non-trivial element in the algebra of SO(7) having H and Hy as eigenvectors. Since
the exponential map is surjective for SO(7), this result covers all the possibilities. Thus
there are no symmetries inside SO(7) that could forbid the cited term in the potential.
Extending the group to O(7) does not offer new solutions.

Corrections from new physics to Zbrby, coupling can not be larger than ~ 0.25%. In
composite Higgs models with partial compositeness, in the simple framework of one scale
and one coupling in the sector of resonances, the tree-level corrections can be estimated
as dgp, /g ~ 5623. For f ~ 800GeV, dgp, is usually too large. However it is possible to
protect the Z-couplings with a discrete subgroup of the custodial symmetry, a parity Prg,
ensuring that dgp, is sufficiently suppressed. [25] This symmetry requires embedding gr,
in a (2,2)y/3 of SU(2)xSU(2)rxU(1)x. From egs. (2.10) and (2.12), one can see that,
by choosing R, = 286, ¢z, is embedded in a (2,2)_;/3 of SU(2);,xSU(2)gxU(1)x. Thus
extra tuning could be needed, with this choice of R, to pass the constraints from Zbb.

In sections 4 and 5 we will show the prediction of v4 and dg, in our model, as well as
the tuning.

One possibility to avoid too large dgy, is to find an R, containing a (2, 2)y /3 for the Left-
handed quarks. The smallest SO(13) representation that we have found with this property
is: Ry = 715, that contains an R, = (15,3,2,2), allowing the proper embedding of gr..
In this case one can choose, for example, R, = 78, leading to the right Yukawa coupling
with the Higgs. Given the large dimension of R4, we have not pursued this analysis.

Other strong constraints in this kind of theories arise from neutron-antineutron oscil-
lations. This process is induced by operators of dimension 9, involving six quarks of the
first generation. [26] However it has been shown that in the framework of anarchic partial
compositeness, with a compositeness scale in the range of few TeV, the Wilson coefficients
of these operators are sufficiently suppressed. [13]

In section 5 we will comment on other phenomenological constraints, as direct searches
at collider, flavor transitions and lepton flavor universality violation.

3 Effective theory

At energies below m, the heavy resonances of the SCFT can be integrated-out, leading to
an effective theory with the SM degrees of freedom, plus the NGBs. Given the symmetries

5Tt has also shown that there are positive contributions to p induced by the splitting of the Hs4 compo-
nents.



and the fermionic representations, many properties of this effective low energy description
are fixed.

By using the CCWZ formalism [27, 28], one can build an effective Lagrangian that, al-
though superficially looks only H-invariant, is G-invariant after embedding the SM fermions
in representations of G. One of the main objects for this construction is the NGB matrix,
that is defined as:

U=V = et (3.1)

with T% the broken generators of G, II® the associated NGB fields and f their decay
constant. In fact, since {T%} spans a reducible representation of H, see eq. (2.7), there are
three independent decays constants: fg, fr and fg.

U transforms under a transformation G €G as: U — GUH !, where H is an element
of H that depends on G and II. As usual in the CCWZ formalism, the kinetic term of the
NGBs can be written as )

£> ) %dﬁRd“&R : (3.2)
Rnes
where d,, can be defined from the Cartan-Maurer form: iUTDHU = dﬁT& + €, 7" and D),
is the usual covariant derivative. For simplicity we will take the same numerical value for
all the decay constants, calling it f.

If we assume that the vacuum preserves an electromagnetic U(1) symmetry, evaluating
the NGBs H and Hy in their vevs, v and vy, eq. (3.2) generates a mass term for the Z and
Ws, with the matching:

2
2 f 3 V4 ) 2v V4
viy = (246GeV)? {9 sin ( >+2s1n < >+s1n (— ﬂ .
(3.3)
Eq. (3.3) is invariant under the following combined transformation: v — —v and

vy — —vy4. Less obvious, but straightforward to check, it is also invariant under the
combined transformation: v — v + 27f/3 and v4 — v4 + V27 f/3. Besides it has period
7f and /27 f in the variables v and vy. We show vsy/f as function of v/f and vy/f in
the right-panel of figure 1.

3.1 Sector of fermions

We describe now the interactions between the NGBs and the fermion fields. To write an
invariant Lagrangian including fermions, we will employ the CCWZ formalism, here we
summarise the basic tools that will be needed for our model. By dressing with UT a field
¥ that is in an irreducible representation R of G, and projecting it on any irreducible
representation R of H contained in R, it is possible to obtain fields that under the action
of G transform in reducible representations of H:

R = pr(UTD), (3.4)

where Pg is the projector from R to R.
A product of dressed fields decomposes under transformations of H as the sum of
irreducible representations of H, according to R1 ® Ry ~ @;R;. To shorten notation we



will denote (R1®@Ra2)r; = Pr,;(R1®Rz), where the subindex R; in the Lh.s. indicates that
the product is projected onto the representation R; of H. In particular, we will be interested
in the presence of H-singlets: R; = 1, that will correspond to G-invariant terms. In the
present case, the product (R; ® Ry) will contain singlets only if Ry ~ Ra, therefore it is
enough to consider this case for invariants arising from the product of two representations.

Following the usual algorithm described below eq. (3.4), it is possible to write G-
invariant terms containing the usual Yukawa and leptoquark interactions, as well as an
infinite series of terms with higher powers of the NGBs. For quark bilinears, since all the
quarks have been embedded in the representation 286, one has to sum over all the irre-
ducible representations of H contained in 286: ) p —og6 \ilqR(cﬁ\i/ff + b TR R In this

expression cg and C%{ are coefficients independent of the fields. Expanding to first order in
the NGBs and putting to zero the non-dynamical fermions, it is straightforward to obtain
the usual Yukawa interactions of the up- and down-type quarks. The same results apply for
the leptons, now embedded in the representation 78 of G: ) p ~7g ¢ (URIR); . One can
also write invariants with quarks and leptons, that will lead to leptoquark interactions. The
common H-representations in the decomposition of 286 and 78 can be read in eq. (A.6) of
appendix A: R ~ (1,3,2,2),(6, 3,1, 1), thus leptoquark interactions can be obtained from
invariants as: ) g cg(\i/ch @?)1, where the sum is over the common R’s. It is straightfor-
ward to check that, to first order in the NGBs, only the usual Yukawa interactions with
the Higgs, as well as interactions with Sj3, are generated, no more interactions are present
to this order. In section 5 we will show explicitly the leading terms in an expansion in
powers of the NGBs.

By dressing the fermions with U, the effective Lagrangian quadratic in the fermions
can be written as

R R
eff—Z‘I’f Zpp Wy Y R () W+ W e (p) Uiy + e,
iR

£ =qud te, (3.5)

where a sum over generations is understood.” The first term is the elementary kinetic
term, whereas the second and third terms are the contributions from the SCFT. The
third sum contains an elementary fermion f and a charge conjugate elementary fermion:
| 7. f,( ) and II f f,c( p) are form-factors depending on momentum that contain the
information arising from the integration of the massive resonances, although they contain
an index R, they are numbers under transformations of H, they do not depend on the NGBs.
Since the dominant interactions between the elementary fermions and the SFCT are linear,
the €, dependence of the form factors IT; f,( ) can be factorised as: H%f/ (p) = efef/ﬂ?f, (p),
with TT 7. f,( ) depending on momentum and on the flavor anarchic parameters of the SCFT
only. When three generations are considered, €y and f[]fff, (p) become matrices in flavor
space.® If f and f’ (f'C) have the same chirality, a # can be factorised from H?f,(p)

"We have not included the neutrino sector, since it depends on the nature of the neutrino, and is thus
more model dependent, but it is straightforward to include it.
By a field redefinition the matrices e; can be taken diagonal [16].
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) (6,3,1,1) (6,1,1,3) (6,1,3,1) (6,3,2,2)
lgur, %Sngy %(Sr — Spiy)? %(Sm + Sp4y)? %(3 + c2z + 2coz12y)
lq.dy, %s%z %(32@* - Sy)2 ﬁ(sh + Sy)2 %(9 + 2¢45 + c2y)
fug %8382 03033/2 cgc;‘;/Q 11— C20C2)
idg %sﬁ %(czz — 2¢cy + 1)2 %ﬁ(ch + 2¢y + 1)2 %(—0436 — 2c9y + 3)
Ju %(5m5y3x+y) \/gcxsz/gcﬁy/g —\/gczcg/gsﬁy/z %(Cyshﬂ-y)
Jd %(sti) 41%(03/ —3)(s20 — ) *ﬁ(cy +¢2) (522 + 5y) ﬁ(ﬂx + s2y)

Table 1. Invariants evaluating the NGBs in their vevs, with s, = sinz, ¢, = cosz, x = v/f +
vy/(fV2) and y = v/ f — v/2v4/f. The columns are associated to representations R present in the
decomposition of 286 under H.

(H? fic (p)), in the following we will assume this factorization has been done. In appendix E
we give explicit expressions of the form factors in the case of a two-site theory.
Evaluating the NGBs on its vev, and keeping only the dynamical elementary fermions,

Leg reduces to

Leg = Z fLMffR + h.c. + Z fxﬂ(Zf + HfX)fX (3.6)
f=ud.e X=L,R

where we have assumed that only H and H4 have vevs.
The correlators Iy and My can be obtained from eq. (3.5) as:

_ ‘R R . R R
HUL - Z Z‘]»ULH‘LQ ’ HUR - Z Zu,uRHu,u )
R R
— ‘R R . R R
g, = qu,dLHq,q ) g, = Z Zd,dRHd,da
R R
_ ‘R R . R R
HGL - ZIL&@LHAE’ HER - Ze,eRHe,e )
R R
-RTTR .R~R
Mf = Z]f Hq,fv f=u, d,, M, = Z]e HZ,@? (37)
R R

the functions ilf‘f, and jJI} can be computed to all orders in v/f and vg/f. Defining s, =
sinz, ¢, =cosz, * = v/f +v4/(fv2) and y = v/ f — v/2v4/ f, we show our results for the

quarks in table 1.
The fermionic spectrum can be obtained by computing the equations of motion from

the Lagrangian (3.6), it is given by:
zeroes [pQ(ZfL + HfL)(ZfR, + HfR) - |Mf‘2] : (3.8)
4 Potential

The SM fields explicitly break the global symmetry of the SCFT. Keeping only the dy-
namical SM fields, and putting to zero the spurions that were introduced to obtain full
representations of SO(13), a potential for the NGBs is generated.

- 11 -



The fermion contribution to the Coleman-Weinberg potential at one loop can be writ-
ten as:

4
V:—/él;;logdet K, (4.1)

where K is the “matrix” in the Lagrangian of eq. (3.6), when it is written as: L.g = FKF,
with F* = (f, f¢) and f the chiral fermions of the SM. K has the SU(3). and SU(2),
indices of the fermions in f and it depends on the NGBs. Since in the anarchic approach ¢
and u of the third generation have the largest interactions with the SCFT, they dominate
the contributions to the potential, thus we will not consider the effect of the other fermions
for the calculation of V. In this case I is a matrix of dimension nine. To shorten notation,
in this section we will simply use ¢ and u for the quarks of the third generation, without
writing the generation index.

For simplicity we will not consider the contribution of the gauge fields to the potential,
although it is straightforward to include it. Since the interactions of the third generation
of fermions are usually stronger than the gauge ones, we expect the gauge fields to give a
subdominant correction to the potential.’

We have not been able to resum the matrix U when all the NGBs are present. One can
perform an expansion of V' in powers of the NGBs. In appendix B we describe a method
for this perturbative expansion. To fourth order in II the potential can be written as:

V> Vy+ Vs + Vi + O(IF) (4.2)
where V,, is of order n in the NGB,
Vo = mg,|Ssl* +m3, |RI* +m%, [RI? + my|[H[* + miy | Hal*, (4.3)
Vs = m1SsRHT + mySs RH + m3SsRH) + mySsRH, + h.c., (4.4)
and
Vi= VI VP v = 3T o (94,04, 4, @) | (4.5)
j=1,...49

where the superindex in Vj specifies the kind of NGBs, H for color singlets and LQ for
leptoquarks, c; is a quartic coupling and (®,;®p, @4, Pe;) is a SM singlet of fourth order
in the NGBs. Since there are forty-nine quartic terms, we list them in appendix C. There
are eight invariants in V7, one involving only H, two with Hy and five with H and Hy,
twenty-one in V4LQ and twenty in V4HLQ, involving two fields that are color singlets and
two leptoquarks. For details see appendix C. The coefficients of eqgs. (4.3)—(4.5) can be
expressed as momentum integrals of the form factors of the effective theory. We show
explicit expressions for the quadratic and cubic couplings in appendix D, the quartic ones
involve very long expressions, therefore we only show some of them in the limit of large Z.

For the analysis of EWSB of the next section, it will be useful to know explicitly V;*:

VI = eo(HUH)R + ea(H3)3(H{?)s + e3(HF)7 (H[?)7 + ca( HVH )1 (H] Ha)y
+os(H H)3(H Hy)s + csHP HHy + crHI*HyH + cg(H?)3(H %)3 + hoc.,  (4.6)

o1f gsmM/ g« ~ €q3,u3, the gauge contributions to the potential are expected to be of the same size as the
contribution of the fermions, thus they must be included.

- 12 —



where the h.c. is required for the last three terms. The subindex in the parenthesis shows
the dimension of the SU(2), representation chosen from the product of fields, as explained
below eq. (3.4). Other quartic invariants depending on these fields can be written in terms
of the ones shown in eq. (4.6).

It is also useful to study the potential expanding it in powers of the degree of compos-
iteness of the fermions: €. To (’)(e‘}), it can be written as [29]

my
Ve 2 (@AW N +EFD W f)+ e FO W )+ FO I )+ FRD /)| (47)
where F;n) are functions of the NGBs arising from the invariants, thus depending on the
representations of the fermions.

By using the expansion of eq. (4.7) one can estimate the size of the coefficients of
egs. (4.3)—(4.5). Up to accidental cancellations of leading terms, we obtain:

4 4 4

2 M 2 M
mnwef CjN€f

m * *
1672 f3 7 1672 f4°

167l'2f2 ; ( 8)

md ~ &

4.1 EWSB

Successful EWSB requires a non-trivial minimum, where a U(1) symmetry associated with
electromagnetism is preserved. Relying on the fourth order expansion of the potential,
we demand:

m%{ <0, mé >0, ® = 53, R2, RQ, Hy, (4.9)

as well as positive quartic couplings stabilising the minimum. The presence of the coupling
¢ induces a vev of the neutral component of Hy [23]:

2 2 e
02:—@, Vg = —CgU [U+O<CZU4>} (4.10)

c1 Qm?l my

As usual in composite Higgs models, in the absence of tuning: v ~ f. However,
as discussed in section 2.3, EW precision observables require ¢ < 1, in this case vy is
suppressed by a factor & compared with v.

Making use of table 1, it is possible to obtain the one-loop potential of eq. (4.1) to all
orders in v and wvy:

4
V= _Nc/(;iﬂ_l))zl {log [pQ(ZuL + HUL)(ZUR + HUR) - ’Mu|2] + log [p2(ZdL + HdL)]} ’
(4.11)
where the first term is the contribution from the top, the second term is the contribution
from the Left-handed bottom, and the correlators are defined in eq. (3.7).
Expanding eq. (4.11) in powers of 1/Z; (similar to an expansion in powers of €¢), to
leading order we obtain:

1
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with the coefficients given by:

e N / dip H5L6,1,1,3) B H(u6,1,3,1)
] (2m)*

27, ’
d*p
— _NC
p / (2m)4

8]:[((]6737171) + 5]:[;6717173) + 5]:[((16717371) _ 18]:[56737272)
17,

3
L2 (21—[(6,3,272) _qp6,1,1,3) _ H(6,1,3,1)) ]
4Zu u u u

4
v = —N, / 4 [1 <4H5673,2,2) —om(63LD _qr(6118) Hff’l’?”l))

2m)* | Z,
+é <2H1(¢6’371’1) L | 4H,(f,372,2))}
u
§=—N d*p H§6’1’3’1) — Hg6,1,1,3) (113 6180 »
=—-N, (2m)4 Z, + 57 (4.13)

If the coefficients of the potential (4.12) are of the same order, the minimum of the
potential is at v = 0 or v ~ f. For s,y < 1, the potential of eq. (4.12) is minimised by:

—2a —4(B8+9)
2~ 4.14
So/f a+8y—45 (4.14)

requiring tuning for a partial cancellation of the numerator. As usual the tuning is expected
to be of order ¢!, see section 4.3.

Due to the presence of the trigonometric functions in the invariants, the potential of
eq. (4.11) is invariant under the same transformations, and has the same periodicity with
v4, as eq. (3.3). As function of v, it has period 27 f.

4.2 Numerical results

In this section we present the results obtained by computing the potential of eq. (4.11).
For numerical calculations, it is necessary to know the fermionic form-factors. An explicit
realization can be obtained by working in a two-site model, with the elementary fields
associated to the degrees of freedom of one site, and the first level of resonances of the
SCF'T associated to the degrees of freedom of the other site. We give a brief description
of the sectors and show explicitly the form-factors in appendix E. As mentioned before,
since in our approach the potential is dominated by the third generation of quarks, we
only include massive resonances associated to the doublet ¢, and the singlet u of the third
generation, both in the representation R = 286 of SO(13). The masses of these multiplets
of resonances, before mixing with the elementary sector and EWSB, are denoted as M,
and M,. Since both multiplets are in the same representation, an SO(13) invariant mass
mixing term is allowed, whose coefficient we call M,. By using the formalism of section 3.1,
it is also possible to write Yukawa interactions between these fermionic resonances and the
NGBs, we call these couplings yr, they are of order g..
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Figure 1. On the left we show a contour plot of the potential, lighter (darker) gray shows higher
(lower) values of the potential, and the labels on the contours indicate the height of the potential.
The small contours with label -0.2 contain the minima of the potential defining v and vy. The
parameters corresponding to this potential are defined by the benchmark point of eq. (4.15) and
Y6,1,1,3) = 1.1 and yg3,2,2) = —0.73. On the right we show contour lines of vsy/f defined in
eq. (3.3).

Below we describe a benchmark point of the parameter space, where the top and Higgs
masses, as well as vgy, can be reproduced:

ey = 0.76, €us = 0.97 =163 TeV,
Y@.,3,1,1) = —0.8, Y,1,31) = —1.6, Y6,1,1,3) ~ —Y6,223) ~ 1,
My, = 4.6 TeV, M, =23 TeV, M, =1.7TeV, (4.15)

where tanfy, = Ay f/My = €, with 6, the angle diagonalising the mixing between the
elementary fermions and the resonances. The values of y(61,1,3) and y(63,2,2) are, either
allowed to vary in an interval, or fixed to values of O(1), we specify their values for each
analysis done below. The other Yukawa couplings do not play any role in the minimization
of the potential, as long as eq. (4.9) is satisfied, in the following sections they will be
needed to determine, for example, the masses of the leptoquarks, we will give their values
in those sections.

As an example of the form of the potential, in the left panel of figure 1 we show V as
function of h/f and hy/f for the benchmark point, with yg1,1.3) = 1.1 and yg3,2,2) =
—0.73. The lines indicate the height of the potential, with lighter gray for the maxima
and darker gray for the minima, located inside the closed-curves with label -0.2. The plot
exhibits the symmetries of the potential.

Once the potential is minimised, fixing the value of v and w4, on the right panel of
figure 1 one can read the value of vg\i/ f.
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Figure 2. In gray and white we show the regions with and without EWSB in the plane y,1,1,3) —
Y(6,3,2,2), With the other parameters fixed by the benchmark point described in eq. (4.15). In the plot
€ increases from zero in the white region, to ~ 0.41 in the down-right corner, with vgy = 246 GeV
along the blue line. In the orange and green lines m; ~ 150 GeV and my ~ 125 GeV, respectively.
The violet lines indicate constant values of v4/v, whereas the red ones show constant values of mg4.

In figure 2 we show several interesting predictions of the model for the benchmark
point, with yg1.1,3) € (0.2,1.2) and yg3,22) € (—0.95,—-0.25). In the white region there
is no EWSB, whereas in the gray area v > 0. The blue line shows the region where vgn
takes the value of the SM, whereas the orange and green lines correspond to the regions
where the top and the Higgs have masses: m; ~ 150 GeV and my ~ 125 GeV. Around the
region y(g,1,1,3) = 1 and y(g 32,2) = 0.33, vsm, My and my, take simultaneously the values of
the SM. The red lines show regions where my4, defined in eq. (4.3), has constant values.
Up to effects of EWSB, these values give the mass of the components of Hy. The violet
lines show constant regions for vy /v, as can be seen it is O(1073) in the region that looks
like the SM, and it becomes O(1072) below that region. As explained above, the masses
of the leptoquarks are not shown in this plot, because they depend on a set of Yukawa
couplings that have not been fixed yet, we discuss them in section 5.

4.3 Tuning

Asis well known, EW precision tests require a separation between v and f. Since generically
the potential leads to no EWSB: £ = 0, or maximal EWSB: ¢ ~ 1, an amount of tuning of
order £ is needed to obtain a separation between these scales. In composite Higgs models
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with custodial symmetry, EW precision tests require £ < 0.1 — 0.3, the bound being mainly
dominated by the S parameter and Zbrbr. In our model, as discussed in section 2.3, v4
breaks the custodial symmetry, and the fermion embedding chosen does not protect the
Zbrby, coupling, therefore we expect more tuning, compared with composite Higgs models
with custodial protection of gy, , to pass the EWPT.

We use the sensitivity parameter defined in refs. [29-31], as an estimate of the fine-
tuning of the model. We study the dependence of the potential on the parameters of the
theory: the masses of the fermionic resonances, the composite Yukawa couplings, the mass
mixing the fermionic resonances and the decay constant of the NGBs, as well as the degree
of compositeness of the light fermions: ;.

For the benchmark of eq. (4.15) the estimated tuning is ~ ¢~! ~ 40. Calculating the
tuning over the curve with vgysr = 246 GeV of figure 2, we find the tuning to vary between
40 and 90, diminishing as yg 3,1,3) increases. If we explore higher values of this Yukawa,
we find that the tuning can get as low as 25, when yg 3,1 3) ~ 1.7, and after this increasing
up to 200 as y(6,3,1,3) ~ 5. It is dominated by €, and €.

5 Phenomenology

In this section we compute the corrections to Zbrby, induced at tree level by the presence
of the fermionic resonances, showing that they saturate the bounds for the benchmark
region of the parameter space. We also discuss some properties of the pNGBs interesting
for their phenomenology, as their masses and couplings. Finally, we analyse the effect

vv

of the leptoquarks on flavor physics, as the B-anomalies, B — K®"” and lepton flavor

universality violation, and we briefly comment on constraints from colliders.

5.1 Corrections to Z couplings

As discussed in section 2.3, the composite fermions mixing with the elementary by are
not in the proper representation of the custodial symmetry to protect gp,. Describing
the composite fermionic resonances with the two-site model defined in appendix E, we
have computed dgp, at tree level by the following procedure. We have considered only the
multiplets associated to g and u of the third generation, there are ten down-type fermions
in representation 286. With this content of fermionic resonances, we have computed the
mass matrix of the down-sector, in the elementary-composite basis. We have performed
a diagonalization of the mass matrix expanding in powers of £, in fact only the lightest
eigenstate is needed for the calculation of dgp, . Expressing the interactions with the Z in
terms of the mass basis states, we obtained:

0 -1
g/gcbéy = 5)\?13f4 (24{Mq2M3 + f2)‘33 (Mg + (M, + fy(6,3,2,2))2]})

[8y(26,3,1,1) + y(26,1,3,1) —16Y(6,3,1,1)¥(6,3,2,2) — 2Y(6,1,3,1)¥(6,3,2,2)
+9(y(26,171,3) —2Y(6,1,1,3)¥%(6,3.2,2) + 23/(26,3,272))} +0(&%). (5.1)

The full mass matrix depends on a set of Yukawa couplings that have not been fixed
in the benchmark point. For numerical results we have varied these couplings randomly,
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with |yr| € (0.3,7). By comparison with the results obtained doing the full numerical
diagonalization, we have verified that, for the region of the parameter space of figure 2, the
accuracy of eq. (5.1) is of percent level. For the region of figure 2 where vgys is around the
SM value, dgy, =~ (0.2 —0.4)%, with the smallest value for smaller yg 1,1,3), and increasing
smoothly with this Yukawa.

In section 2.3 we estimated, up to factors of O(1) that depend on the representations
Ry and Ry, dgy, ~ &ez. For the benchmark point this leads to dgy, ~ 1%. Doing the
calculation, we obtain that the Clebsch-Gordan coefficients, as well as the moderate values
of the composite Yukawa, lead to an extra factor of order 0.2 — 0.4. Therefore, for the
benchmark region of figure 2, dgy, is of the order of the bound from precision measurements.

As we will discuss in section 5.4.1, it is also interesting to consider the possibility
of large degree of compositeness of 7. Eq. (2.12) shows that the lepton doublets are
embedded in a (2,2)p of SU(2)xSU(2)rxU(1)x, thus the Z71,71 coupling is protected
by Prr symmetry, allowing large €y3. This is not the case of W-interactions, as will be
discussed in 5.4.2. Besides it is not possible to protect Zvv simultaneously with Z7p7r,
thus we expect corrections in the Z coupling to neutrinos of the third generation, that will
have an effect in the invisible width of the Z.

5.2 Masses of the pNGBs

Let us now discuss the spectrum of the pNGBs. For the minimum of eq. (4.9), the masses
of the leptoquarks and Hy are estimated by the equation on the left of (4.8), in terms of
the mass of a usual resonance: me ~ my(efg,/4m), with ® # H. For m, ~ 2 —10TeV,
€ ~ 1 and moderate values of g, ~ 2 — 5, we expect: mg ~ 0.4 — 3 TeV.

After EWSB, the pNGBs with the same electric charge are mixed. Labelling the mass
matrices with an index that indicates the electric charge of the states, for the color neutral
scalars we obtain:

m%{ +'U2 3C1 —02%06 0
2 2 2
2 2 (c c 2c
i+ (% - 1 + %)
2 > 1 2 /3
s [T (2t ads) Yo (5.2)
b 2 v? ’ :
my, + 1 (264 — 05\%)
Ma =i+ <1C4+C5V3> ’ (5.3)
! 2 44/10

whereas the leptoquark mass matrices are given by:
2 + 2 \/563?1+031

_yma
M2, = [ "R Vs
2/3 2 2 2\/3634—3635 ’
e R

msg—v
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2 2v2e30—ca1 —mi _v?
Mg +v ] Ll 5 C47
2 _ 2 _ 234 ma
MZ, )5 = Mgy =V 53 UQ\/} ’
2 2V 2c32+c33
m’- e
Ra + 4
m% 4 2 2v/3c34+3c35 pT2
M2 3 12 V6 (5.4)
—4/3 m2 12 V2c39—ca3 )
’ 4
Rs

Since the mass matrices are symmetric, we have not written the elements of the left-down

block. From the diagonal elements of the mass matrices it is straightforward to identify
the basis, as an example, for leptoquarks S~%/3, the basis is: {55 4 3, RQ_ 4/ 3}, whereas for
the colorless neutral states, the basis is: {H, Re[H ZEO) |, Im[H. 50)]}. The coefficients m; are
the cubic couplings of the potential, eq. (4.4), whereas ¢; are the quartic ones, eq. (4.5),
thus they can be written in terms of integrals of the correlators, as detailed in appendix C.
Besides their size they can be estimated by using eq. (4.8).

Let us consider first an analytical study of the spectrum of scalars, and after that we

present some numerical results. For the analysis of the spectrum of the neutral states, we

2 2

trade mz; — —ci1v” in MS, as required from the minimization of the potential, eq. (4.10),

and we diagonalise Mg. The lightest neutral state, to be identified with the physical Higgs,

as a mass: mg =~ zC1v~, Wi corrections suppresse Yy powers O . 1S State 1S to
h 2~ 2¢10?, with ti d b f ¢ This state is t

leading order given by the neutral component of the doublet H. To next order it mixes
3CGU2

with the neutral states in Hy, with mixing angle 75
H

~ &. The other neutral states receive
4
: : c 2 o2 2 1 1 2 .

corrections from the Higgs vev: mig ~ my, +v <C4§ ~ 531G F CS\/T>’ that induces a
splitting between them. We have checked this approximation in the numeric analysis of
the one-loop potential, performed to all orders in &.

The masses of the charged states also receive corrections from the Higgs vev. The

3.2, .2)6
\/ (i3 +c3) 5-
The masses of the leptoquarks are corrected by the Higgs vev also, that induces split-

splitting of the states with charge +1 is of order v?

tings 5m%Q ~ O(c;jv?). Since the non-diagonal terms of the mass matrices are of order v,

instead of v? as for the colorless states, the mixing angles of the leptoquarks are O(y/€).
For a numerical study of the masses, we define two separate regions of the parameter

space in terms of the benchmark region of eq. (4.15) and the following Yukawa couplings:

region | ¥e,3,2,2) | ¥(15,3,1,1) | ¥Y(15,1,2,2) | Y1,1.2,2) | ¥(1,3,2,2) | ¥(1,3,3,1) | ¥(1,3,1,3)
A —1.51 —0.58 —1.08 -0.15 —1.36 -0.79 1.38
B 1.51 —0.63 —1.36 —0.72 —1.13 —1.23 —1.41

We show our results in figure 3, region A on the left and region B on the right, we do
not take into account the effect of the Higgs vev in those plots. For region A, the masses
can vary quite abruptly, from an order TeV to vanishing values. It is also possible to obtain
negative squared masses, although in this case the quadratic coefficient is not the mass,
and there can be breaking of SU(3)..
masses acquire larger values, with positive squares.

On the right we show a typical region where the

We have also computed the effect of v. In region B there is no splitting since there is
no EWSB, v = 0. In region A we calculated the splittings between components of each
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Figure 3. Plot of leptoquark masses along with my, for two different regimes. On the left frame,
in a region where the masses squared become negative. We plot the absolute value of the mass,
along with the sign of m2. On the right frame we plot a region where leptoquark masses are all
higher, reaching about a TeV.

leptoquark multiplet. These splittings (with respect to the masses before EWSB) get as
large as ~ 20% mnear y(g1,3,1) ~ —1.5, where the masses squared are negative. As this
Yukawa increases and the masses become real, their splittings become lower. For S3 they
are lower than 1%, for Rs, around 2%, and for Ry around 3%.

By a random scan over all the Yukawa couplings in the interval [—m /2, 7/2], we find
that the dominant Yukawas are y(g1,31) and y(e 3,2,2)-

5.3 Couplings of the leptoquarks

Other very important quantity for the phenomenology of the pNGBs, is their coupling
with the SM fields. Expanding eq. (3.5) in powers of the NGBs it is possible to obtain the
Yukawa interactions with the fields H, H, and the leptoquarks. The flavor structure of
the couplings is determined by the structure of the mixings €f, as well as by the anarchic
structure of the SCFT. They can be estimated as: [1§]

Ui Cip e €peys (5.5)

with the dimensionless factor cyp ~ O(1).
Expanding to first order in the leptoquarks and to second order in H, we obtain the
following leptoquark interactions:

_ 1 ~ _ _
Lint D y353¢5 L1, + ?H(y3,IS3Q1€R + y2,1R2q5 1, + y3,253dRlL)

1 _ 5 _ .
+ PH2(Q3,3S3QE£L + Y22 Roqrer + y3,453dGer + yo 3yRodrly) +h.c.  (5.6)

where flavor indices are understood. Due to the structure of the unbroken group H and
the embedding of the quarks and leptons, only S3 interacts with operators of dimension
four. Interactions with Ry and Ry are only present at the level of higher dimensional oper-
ators involving the Higgs. For this reason their effect in the phenomenology is suppressed
compared with Ss, in particular the impact of Ry in Rg:) can be neglected.
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The couplings of eq. (5.6) can be expressed in terms of the fermionic correlators. A
good approximation can be obtained by evaluating the correlators at zero momentum.
We get:

H(1737272) O
v = (1322()],6 ~ (6,3,2,2) (5.7)
2+ 1200/ 2, + 1822 o)
The fact that y3 depends on Hglég’z’Q) only, can be understood from the following simple

argument. The only way of contracting the dressed fields, when evaluating eq. (3.5) at
first order in the NGB fields, is by choosing either Ry = (1,3,2,2), or R, = (6, 3,2,2).
However, only Ry is among the common H-representations in the decomposition of 78 and
286. The denominator of eq. (5.7) arises after canonical normalization of the fermion fields.

The couplings of eq. (5.6) are not expected to be aligned in flavor space. This hap-
pens because different correlators depend on different combinations of composite Yukawa
couplings that, having uncorrelated flavor structures, lead to couplings with the SM fields
that are not aligned. A full numerical calculation of them would require the introduction
of three generations of composite resonances, as well as elementary fermions. We have not
done that calculation in the present work, instead we will use the estimates of eq. (5.5) in
the following.

5.4 Analysis of flavor physics

As is well known, in partial compositeness the flavor violating processes mediated by com-
posite resonances are suppressed by the same small mixings that generate the hierarchical
spectrum of SM fermions and mixing angles [18, 32-35]. This mechanism is enough to
satisfy most of the bounds with m, ~ few TeV, however there are some observables that
push m, to O(10 — 100) TeV, as ex that requires m, ~ O(10) TeV, as well as y — ey and
the electron and neutron dipole moments, that require m./g. ~ O(5 —40) TeV [19]. One
way to avoid these bounds is to consider flavor as well as CP symmetries in the SCFT, in
the quark and in the lepton sectors [36-42]. Other possibilities are the presence of different
dynamical scales [43] as well as small bilinear interactions [22]. In the present section we
will not make a detailed analysis of those bounds. Instead we will focus on some of the
most important effects of the leptoquarks on flavor transitions and lepton flavor universality
violation, discussing their effect in the B-anomalies, as well as the largest constraints.

Since the interactions with Ry and Ry are suppressed by positive powers of £, we only
consider the effects from S3. In the following we will make extensive use of the bounds
presented in ref. [8].

At low energies the leptoquarks can be integrated out at tree-level, leading to the
following effective Lagrangian

C _ _
Lef D y[(ﬁLV“UuQL)(ﬁL’mU%L) +3(qey"ar) (Cyulr)) s (5.8)
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where generation indices are understood. The dimensionless coefficient C' is given by!?

" 2 2,2
C™ = y3 Y3 i ~ CilCiL€qi€q; €tEN——5 - 5.9
N 3’]k4m%3 wikq1cq) 4m?93 ( )

5.4.1 B-anomalies

It is well known that for suitable values of the leptoquark Yukawa couplings, an S3 at the
TeV scale can explain the deviations in Rx and Rg+. Following ref. [8], a global fit of
b — sup (neglecting effects in ee) gives:

4

Ay =—A0h = Vve

C?322 = _0.61+0.12. (5.10)

By making use of egs. (2.13), (2.14), (4.8) and (5.10), in our model we obtain:
G f A TeV, (5.11)

up to factors of O(1). This equation fits nicely with f ~ TeV and moderate values of g..
Let us comment now on the anomalies on Rp.) = l:i .- A fit to deviations from 7
universality in b — clv gives: [8]

e Vi
Ry ~14+2Y 0¥33-9 —=1.23740.053. 5.12
D) zj: Vo (5.12)

Again we make use of egs. (2.13), (2.14), (4.8) and (5.12), but this time we keep the
dependence on €3. Eq. (5.12) requires

g« f

€e3

~ 10 TeV . (5.13)

From egs. (5.11) and (5.13), we obtain that, in order to simultaneously explain R (.
and Rpo: y/g«€e3 ~ 0.4. One must compare this result with the estimate for the 7-Higgs
Yukawa coupling in the case of €y; = €., eq. (2.14), that gives |/g«€r3 ~ 0.08. Thus, in order
to explain Rp.), one has to abandon the assumption of similar degree of compositeness
of both chiralities of the 7, and consider instead the case €c3/€s3 ~ 0.04. In this case,
although Z7; 7y is protected, large €3 induces corrections in the W couplings with the 7
lepton. [8] In the next section we will show that the bounds from precision measurement
of this coupling do not allow to fit Rp).

5.4.2 Constraints from 7 decays and B — K®vi

In the present scenario the tightest bounds in flavor physics arise from flavor universal-
ity violation in 7 decays. B — K®ui is also a good process to look for effects of the
leptoquarks, since neutrinos of third generation can potentially give large contributions.
We will not perform a full analysis of flavor observables, instead we will analyse these two
processes in the presence of the low energy effective interactions of eq. (5.8).

OFor comparison with the literature: Cpr = —(C?333 and Cg = —303333, minus the coefficients of the
current-triplet and -singlet when all the fermions are in the third generation.
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One-loop corrections to the W coupling in the presence of leptoquarks give:[8, 44|

_ 1 S o log - ~ 1 0.08403353 (5.14)
(47)2 my ’

where A has been fixed to 2 TeV. Departures of this coupling from lepton flavor universality

can not be large than per mil level. Making use of egs. (2.13), (2.14), (4.8) and (5.14), and

leaving the dependence on €y3, we obtain:

9 > 98 Tev . (5.15)

€3

' gwr
awe

Using eq. (5.11) in (5.15), we obtain: /g.€r3 < 0.15, that can be easily satisfied for /3 ~ €3,
but is smaller than the value needed to fit Rp).
The 95%CL bound on B — K™ v [8, 45] in our model can be approximated by:

2

ot 03233
— <95.2, 5.16
Olem CEMV;;‘/tb ( )

BK(*)VDZ 2+‘1+

3

where By, = B(B — K" vD)ex,/B(B — K®vi)gy and C5M = —6.4. Making use of
egs. (2.13), (2.14), (4.8) and (5.16), and keeping €3, we obtain:

g« f

€3

>17—22 TeV, (5.17)

depending on the complex phase of the correction. Using eq. (5.11) in (5.17), we obtain:
V€3 S 0.2 —0.25, again compatible with €3 ~ €3, but smaller than the value needed to

5.5 Collider physics

We discuss very briefly constraints of our model at colliders, and we mention some inter-
esting signals.

Direct searches of new physics also give constraints on the leptoquarks, the most
important ones from pair production by QCD interactions at LHC. Different analysis
of the collected data give bounds on scalar leptoquark masses that are roughly of order
1TeV [17, 46-48], to be compared with the predictions for these masses in the present
model, that are ~ 0.4 — 1.2TeV, for f ~ 1.6 TeV.

Other production processes are: single production, that has been studied, for example,
in refs. [8, 46], and non-resonant production, that can be found in [49]. Single and non-
resonant leptoquark production at LHC are more model dependent, since they depend on
the leptoquark Yukawa couplings with the SM fermions, that are not fixed. The framework
of partial compositeness gives an estimate of the size of these couplings. These processes,
with couplings compatible with partial compositeness, become competitive for leptoquarks
masses larger than 1 — 1.5 TeV.

In the present case, with larger couplings to quarks and leptons of the third generation,
one can expect interesting phenomena associated with top and bottom quark production,
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as well as tau leptons. Final states with muon leptons are also interesting, due to the
cleaner final state. In all the cases, promising channels are those with multi-leptons. We
refer the reader to the references of the previous paragraphs of this section, and references
therein, for detailed analysis of the collider phenomenology.

Another very interesting signal at colliders is the creation of fermionic resonances. As
usual in models with custodial symmetry and partial compositeness, there are custodians
with masses that can be lighter than m,, as well as exotic charges, for example quark
partners with @ = 5/3 and —4/3. The composite grand unified symmetry also leads to
quarks with exotics representations under SU(3). (se appendix A), as color octets and
sextets, that could be created in pairs by QCD interactions. For the benchmark region of
the parameter space, the lightest fermionic resonances have masses of order 1 TeV.

The fermionic resonances will decay to SM particles, or to SM particles and lepto-
quarks. Particularly interesting is the decay of the color octets and sextets. Color octets
arising from the multiplet 286 can be doublets or triplets of SU(2);. They will decay to a
leptoquark plus a quark, preferentially of the third generation: W& — qLQ — qq¢'¥, with ¢
and ¢’ being dominantly top and bottom quarks, and ¢ being a tau lepton. Color sextets
would decay to a leptoquark plus an octet resonance, posibly off-shell, with the following
decay of the octet as described in the previous sentence: U8 — U8 LQ — ¢LQLQ —
qq'q" 0.

Summarizing, a very reach phenomenology involving leptoquarks and exotic fermions
is expected, with preferential decays to third generation SM fermions. A detailed study of
their production and detection is beyond the scope of this work.

6 Discussions and conclusions

The B-anomalies are one of the most exciting phenomena reported by experiments in the
last years. Leptoquarks at the TeV scale could be responsible for them. In the present work
we have given an effective description of a new strongly interacting sector at the TeV scale,
that contains leptoquarks and Higgses as NGBs. The global symmetry group was chosen
as the minimal simple group containing the SM plus the custodial symmetry, and able to
deliver the Higgs and a leptoquark S3 as NGBs. Given the pattern of global symmetry
breaking, the content of leptoquarks and Higgses was fixed, in our case, besides the Higgs,
a colorless SU(2)-fourplet and three leptoquarks were present: an Sz ~ (3,3); /3, as well
as two EW doublets transforming as (3,2); /6 and (3,2)_5,5. The assumption of anarchic
partial compositeness of the SM fermions, as well as the choice of the representations of
the fermionic resonances under the global symmetry, determined the structure of Yukawa
couplings and the structure of the potential. We have shown that the interactions with
the SM fermions can trigger EWSB successfully, and generate leptoquarks masses of order
TeV. By modelling the resonances of the SCFT with a two-site theory, we have computed
the one-loop potential and the spectrum of pNGBs. We have found a benchmark region
of the parameter space where the masses of the SM states: the W, the top and Higgs, are
around their experimental values, and the pNGBs have masses of order 0.4 — 1.3 TeV, with
a NGB decay constant f = 1.6 TeV.
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Some amount of tuning is needed to obtain a separation between the EW scale and
the NGB decay constant, that characterises the scale of the SCFT. We found that, for
the benchmark region analysed, the tuning is dominated by the degree of compositeness of
the quarks of the third generation, varying between 40 and 90 for vgy ~ 246 GeV. Those
values are compatible with the estimate given by £ ~! ~ 40.

We have analysed several constraints, as the corrections to the p parameter due to the
vev of the colorless fourplet, and the Z-couplings. We have shown that the vev of Hy is
suppressed by &, in agreement with the results of ref. [23]. For the benchmark region of
the parameter space where vgy ~ 246 GeV we obtained: vy /v ~ O(1073), allowing to pass
constraints from the p parameter. For the Z-couplings, since the resonances that mix with
b;, were embedded in a representation of the custodial symmetry that does not allow to
protect Zbrby, there could be large corrections. For the benchmark region of the parameter
space we obtained dgp, /g ~ 0.2—0.4%, saturating the bound from precision measurements.
Tighter bounds would require, either a larger tuning, or a larger representation of the
fermionic resonances, allowing custodial protection of g, , as in the case of the SO(13)
representation R, = 715. Thus within the present model, and for f ~ 1.3 — 2TeV,
deviations of order few per mil can be expected.

As discussed in refs. [8, 9, 12], the presence of an additional leptoquark in the repre-
sentation (3,1); /3, With a mass similar to that of S3 and couplings with the same flavor
structure, would allow to explain simultaneously Ry ) and Rp), without too large cor-
rections to flavor processes (as violation of lepton flavor universality in W coupling to 7, or
in flavor changing neutral current decays as B — Kvi). Also a new leptoquark in (3, 2) /6
could be a possibility. [10] It is straightforward to include states with these charges in the
present model, but not as NGBs, instead they would be ordinary resonances, with larger
masses. In this case, it is not possible in general to pass bounds from flavor physics (fine
tuning would be needed to ensure, for example, a partial cancellation of the Wilson coeffi-
cients of dangerous operators). An interesting possibility would be to find a simple group
able to generate these states also as NGBs, as well as embeddings of the SM fermions
leading to the right Yukawa couplings.

Composite grand unified models also predict the presence of exotic states, like color
octets and sextets, with cascade decays to quarks and leptons of the third generation. The
study of their phenomenology at colliders certainly deserves a dedicated analysis.
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A Representations of SO(13)

In this appendix we give a brief description of the algebra, as well as the lowest dimensional
representations, of the group SO(3). A simple basis for the algebra of SO(13) in the
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fundamental representation is given by the set of generators {Ty,,¢ < m = 2,...13},
with coefficients:

(ﬁ,m)jk = i((;gjémk — 5mj(ggk), l<m. (Al)
An SO(7)xSO(6) subgroup can be defined by the transformations leaving invariant

aI7 0
A= A2
(1), "

with a and b different non-trivial numbers, I, the identity matrix in n-dimensions and the

the block diagonal matrix:

action of the group being defined as:
A= UAU', U eS0(13). (A.3)
An algebra of SU(2),xSU(2),xSU(2). inside SO(7) can be defined by:

1 1 1
T = 75(71,4 +T23), 13 = 5(7’1,3 —Ta4), Ty = *Q(TL? +T4)
p_ 1 p_ 1 b L
T = 5(71,4 —T23), 15 = 5(71,3 + T2,4) T3 = _5(7172 —Tsa)
T¢ =T, Ts = Tsr, T35 =Te- (A.4)
An algebra of SU(3)xU(1) inside SO(6) can be defined by:
1 1
v = 5 (T3 = Tivz) T = 5 (T2 + Tins)
1 1
T?)SU(?’) _ 5(_7'10711 + T12.13) » TEU(3) = 5(7@,13 —To.12) 5
1 1
T5SU(3) = 5(7?%,12 + T9,13) » TesSU(3) = 5(75,11 — To,10)
SU(3) 1 SU(3) 1
i 2( 810 + 79,11) 5 2\/§( 8,9 + Ti011 + T12,13)
TYW = —4(Tg9 + Tio11 + Ti2,13) - (A.5)

The parity P = ¢77™/2 can be obtained with Tp = TV,

The adjoint representation (78), can be obtained by using the structure constants, or
by using the algebra itself as a basis of the vector space of dimension 78.

The representation 286 can be obtained, for example, from the product 13 ® 78 ~
13®286 @ 715. Although we have built it explicitly for our calculations, we will not show
the generators here because the matrices are too large.

The smallest representations of SO(13), and their decompositions under H are:

13~(6,1,1,1)9(1,1,2,2)®(1,3,1,1),

64~ (4,1,2,2)®(4,2,1,2)dc.c.,

78 ~(15,1,1,1)®(1,3,1,1)®(1,1,3,1)®(1,1,1,3)5(1,3,2,2)5(6,3,1,1)

®(6,1,2,2),
286 ~ (15,3,1,1)®(15,1,2,2)®(1,1,1,1)®(1,1,2,2)®(1,3,2,2)D(1,3,1,3)
®(1,3,3,1)®(10,1,1,1)%(6,3,2,2)$(6,3,1,1)5(6,1,3,1)5(6,1,1,3)D c.c.
(A.6)
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the complex conjugate representations must be added only when they are not equivalent
to the original one.

These representations can be further decomposed under H,;, to see which of them
contain the SM fermions. Using the decompositions of eq. (2.8) and the identification
SU(2)L, = SU(2)1+2, we obtain:

13~ (3,1,1)2 (1,2,2)0 b (1,3,1)0 @ c.c. ,
64~ (3,2,2)_1®(3,1,1)_1 @ (3,3,1)_1 ®(1,2,2)3 3 (1,3,1)3® (1,1,1)5 ® c.c.,
78 ~ (8,1,1)0® (3,1,1)_4 & (3,3,1)2 & (3,2,2),
B (1,4,2)0 @ (1,2,2)0® (1,1,3)0 H2(1,3,1)g ® (1,1,1)y ® c.c.,
286 ~ (8,3,1)0 @ (8,2,2)0 B (6,1,1)_2® (3,3,1)_, ®2(3,3,1)2 ® (3,4,2),
B (3,2,2)_4®(3,2,2)2 8 (3,1,3)2 8 (3,1,1)2® (1,3,3)0 & (1,4, 2)o
@ (1,5,1)0 ®3(1,2,2)0 B 2(1,3,1) @ (1,1,1)6 B 2(1,1,1)0 @ c.c. . (A.7)

From eq. (A.7) it is straightforward to see that, besides the representations of eq. (2.12),
there are other embeddings containing the SM fermions, for example dr could be embedded
into (6,1,1,1) C 13 and ¢, into (1,1,2,2) C 13. However, the H symmetry does not
allow the proper dimension-four Yukawa couplings with H and S3 for these embeddings.

B Potential

To obtain a series expansion of the potential in powers of the NGBs, we expand the matrix
IC, defined in eq. (4.1), as a series in powers of II. We add a spurion €, to be fixed to
e = 1 in the end of the calculation, and trade II — eIl. After this replacement K can be
written as

K = ie”/Cn. (B.1)
n=0

We subtract from the potential a constant divergent term, independent of II, given by the
momentum integral of logdet K. Using the operator identity: logdet = trlog/C, we
obtain the following expression for the integrand of V', that we call w:

w = —(trlog K — trlog Ko) = —trlog(Ky'K) = —trlog(1 + eKg 'Ky +...), (B.2)
the minus sign is from the fermionic loop. By Taylor expanding to O(e*) we get
- - K2 o~ ~ 1~
—w ~ etr (/Cl) + e tr <ng — 1) + e tr (/Cg — Kiko + IC“i’)
2 3
o e e L~~~ 1~
+ ettr </c4 —K1K3 — 5/6% + K3, — 4/c;1> + O(e) (B.3)
with the definition /Ek = ICalle.

This expansion allows to obtain the potential to fourth order in the NGBs, it is
straightforward to go to higher orders. In performing the expansion, we have traded the
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complicated calculation of the determinant of a rather large matrix, by the much simpler
calculation of traces.

By keeping the effect of Ry, defined below eq. (2.12), and choosing a basis for the
fermions: {f} = {uly,ul,d’, ', d'7}, with i = 1,2, 3 being a color index, the K, matrices
can be computed. For example: Ky is a diagonal matrix that can be written as

Ko = diag(Z, + L&) I, Z, + MG I, Z, + 1105V ) (B.4)

where the first block is for the d.o.f. associated to the three colors of u, and the other two
blocks account for the d.o.f. associated to g and ¢’. Notice that this matrix is of dimension
15, if the effect of Ry is neglected, by taking its mixing very small, the resulting K is of
dimension 9.

C Invariants of quartic potential

In this appendix we show the quartic terms of the potential.

The quartic order contains 49 singlets, of which 8 are composed only of H and Hy, 20
only of leptoquarks, and the remaining 21 of H and leptoquarks. All these singlets were
built using Clebsch-Gordan coefficients for SU(2), and for SU(3) the following product rules

3x3~1+8
3x3~3,4+6g

Where the A and S subscripts stand for anti-symmetric and symmetric products, respec-
tively. For the 8 representation, we used the Gell-Mann matrices A%, a € {1,...,8}. For
instance, if 1 and ¢ are two fields transforming in the 3 of SU(3), if we form the products

Z X Gty = (C.1)

Then this object O transforms in the 8 (octet) representation.

We make a list of linear independent operators, using the following notation: when
making the product of two representations, we will denote with a subindex in what repre-
sentation of SU(3) x SU(2) it transforms, or when dealing only with color singlets, just the
SU(2) representation. Just with fields H and Hy:

Q) = (). 0y = (HyHy) gy - (HIHI) o),
Qs = (HaHa) 7y - (H{H])(7), = (HH")qy - (HyHJ) (1),
= (HH")(3) - (H4H}) 3), = (H'H")(3) - (HHy)(3) + hec,
(H )(3) (HH4)(3) + h.c., Qs = (H ) (H Hi )(3) + h.c.. (C.2)

~ 98 —



Purely leptoquarks:

Qo = (5353)6,1) (5315;,)(6,1) ) Q10 = (5353)(6,5) - (Sgsg)(é,s) ;

Qi1 = (S553) @33 - (S1SD) 3.3 » Qis = (RaRa) 3.1y - (RYRY) (3.1

Q13 = (ReRs)(6.3) - (RYRY) (6.3) » Q11 = (ReR2) 31y - (RYRY) 3.1y »

Q15 = (R2Ra) (s 3) (RER;)(GQ,) ; Q16 = (RoR)(11) - (ReRY) 11y

Q17 = (R2R£)(1,3) : (R2R;)(L3) ; Qig = (RQR;)(S,I) : (RZR;)(S,I) ,

Q19 = (RoR})(s.3) - (RaRY) (8.3 , Q20 = (RaRY) (11 - (S35 11y »

Qo1 = (RaRY) (1.3 - (S35)(1,3) Q2 = (RaRb)s.1) - (S38])8.1) +

Qo3 = (R2R$)(8,3) (53531)(8,3) ) Qo = (R2R$)<1,1> : (535§)(1,1) )

Q5 = (ReRY)(1.3) - (S351)(1.3) » Q26 = (R2RY) (5.1 - (S353)(s.1) »

Qa7 = (RaRb)s.3) - (S35])(8.3) » Qs = (9353)(3,3) - (RaRa)(33) + hoc.,

Q29 = (5353)(5,1) - (R2R2)(6,1) +h.c (C.3)
The operators with two leptoquarks and two color singlets are:

Q30 = (HHT)(l)(RQRE)(l,l) ; Q31 = (HHT)(g) : (RQRE)(LB) ,

Q30 = (HHT)(1)(R2R£)(1,1) ; Q33 = (HHT)(3) : (R2R£)(1,3) ;

Q34 = (HHT)(1)(S3S§)(1,1) ; Q35 = (HHT)(?)) : (535@)(1,3) )

Q36 = (HiH}) 1y (RaR) (1 1y Q37 = (HyH))3) - (RaRY)(13)

Qss = (HyH})1y(R2RY) (1) s Q39 = (HyH}) (3 - (RaRY) (13 ,

Quo = (HiH])(1)(S355) 1) Qu = (HyHJ)(3) - (S350 1)

Qo = (H4HD(5) : (535;]:,)(1,5) ; Quz = (HHI)(?,) - (Ry ~;)(1,3) +h.c.,

Qu = (HH])3) - (ReRY) (13 +he.,  Qus = (HH])(3) - (S351) 13 +he,

Qi = (HHD(E)) (535;,)(1 5 T h.c., Qur = (HH)3) (R2R£)(1 3) T h.c,

Qus = (HiHa)zy - (RoRY) 13y +hic.,  Quo = (HHi)gz) - (ReRY) (13 +he.  (C4)

D Matching couplings

In this appendix we give explicit expressions of the couplings of the effective theory in
terms of the fermionic correlators and their momentum integrals. We keep the dependence
on Ry

The quadratic coefficients of the potential are:

2 [ dip |24 D BTG a7 () oty )
H (2m) | 4 ZquHg,Sf’Z’Q)

2
(153,11 _7(15,1,2,2) H(6{L3,2,2) —H(6{L1‘1’3)
' ,q q,q' q, q,

(Zo+ Ty ) (Zu A L)

2 Hﬁfﬂﬂ) —Hz(f,hl’l’g) B 9
2

2 Zy+mSpEY 2 zamet?
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) dp |3 ngé3,1,1)+2n(6,1,1,3) 31_[((16(13 12,2)
- (2m)* 9 Z, +H(6 13,2,2)

[r(15:3:1,1) _p(15,1,2,2) o [(6:3:22) _p(6.1,1.3)

2 7dq 7, 2
2 Zq/_;'_H((;?qallaQQ) 2 ZU,J’_HSLF:ZI}’I’S)
1,3,2,2 6,3,2,2 15,1,2,2 (6,3,2,2) _ 77(15,1,2,2)
m, = _/ d'p | 2m(> ) — S sl >+6Hq,,q, g,
3 27)4 (6 3,2,2) (15,1,2,2)
(2m) Zy+11%; Zy+15%)
2
(6,3,2,2) (15,1,2,2)
§H§L%23’3'3>*H1(E’1}’1’3> (Hq ,a© _Hq’,qc )
6,1,1,3 6,3,2,2 15,1,2,2
2 Znntd (Zg+ 1G5 2) (Zy +10 5022
m2~ _ d4p §3Hg%é371,3)+1—[£11»3,371) 101—1(6,372,2)_’_61—[((;27371,1)
Ro (2m)* |4 7y +H(G 3,2,2)
(6,1,1,3) (6,1,3,1) (10,1,1,1) (10,1,1,1) (15,1,2,2)
3 6Hq’,q’ +2Hq’,q’ +3Hq’,q’ +3Hq’,q’ _14Hq’7q’
4 VA /+H(15’1’2’2)
q q'.q
n § HS’;}Q,?) _4H£46;h1’371) +3H1(}’15L,17272)
2 Zy+T00 )
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Ry (2m)* |2 Zq+H((1?,§,3‘2’2) Zu+TIED)
_ 2
34H(§’1;3’1)+H(}0’/1’1’1)—&—H(}O’,l’l’l)_61‘[(}5’}’2*2) 5 (H;?’l’g‘l)fﬂg}&gz’”) )
9 F gl q q’.q q',q a9 9 U u D.1
(15,1,2,2) (15,1,2,2 (15,1,2,2 ( .
4 Zq/ +Hq’,q’ 2 (Zu+Hu,u ))(Zq"‘!‘l_-[q/’q/ ))

The coefficients m; and mg of eq. (5.4) correspond to cubics involving H. We have,
at leading order in 1/Zy,

dp 3
ma == / PTG (D-2)
81’[1(1}(13 ,2,2) 61-[((1{&3,3,1)731-[51(’3&1,1,3) 15H 6 1,3, 1)+8H(6 3,1, 1)+28H (15,1,2,2) 201-[51%?,3,1,1)
Zq

121—[((1?:;;3,1) 73HEI}?§},1,1) 731—[2}’?4/1,1»1) 761'151}75(1’,3’1’1) 61'[95 3, 1)+6H(6 13,2,2) 121-17(}7%1,2,2)
+
Zy Zu

with a similar structure for m;
For the quartics, the most of the coeflicients are much longer, even for a 1 /7 expansion.
We can present, for example, some of the shortest:

/ dp 3 H(6,1,1,3)+H(6,1,3 1)+2H(63,1,1) _4H(6322)
(2m)

Ce = —

14v2 Zy
cr = —
! (2m)r |2 Z,
15,3,1,1 15,1,2,2
L A O N 31 Ut 0.3
2 Zy 4 Z0 '

Whereas other coefficients can get as much as 20 terms at first order in 1/Zy.
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E Two-site theory

In this section we show the fermionic form factors that are obtained in a two-site theory.
In this kind of theories the elementary sector is identified with one site, and the first
level of resonances of the SCFT with another site. On the composite sector we include
vector-like fermion resonances U< and ¥V, with masses Mgy~ g f/ V2, of order few TeV.
As described in section 2.1.1, these fermions are in the representation 286 of SO(13). To
obtain a finite one-loop potential we only include NGB interactions with the chiral structure
ny(\IlgU)R(UT\IJ%)R, as well as a term My\j%\If%, see ref. [50]. Both sites interact through
a o-model field transforming bilinearly under the symmetries of both sites, with mixing A,
and Ay, eq. (2.1). For a more detailed description we suggest the reading of refs. [51, 52].
In the present case we follow the notation of ref. [53].
The form factors are given by

M2 —p* + yg f?
R — 22/
f,f(p) ff dr )

M M, M, (p* — y& />
N, 5) = A2 Ml I )
R

dr = p*(M2 + M2) — MEM? + 2M M, Myyrf + (M2 —p*)(p* — y&f?) . (E.1)

=

f=qu, =u,q,

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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