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ABSTRACT: We present a flavour non-universal extension of the Standard Model combined
with the idea of Higgs compositeness. At the TeV scale, the gauge groups SU(2)r and
U(1)p—r are assumed to act in a non-universal manner on light- and third-generation
fermions, while the Higgs emerges as a pseudo Nambu-Goldstone boson of the spontaneous
global symmetry breaking Sp(4) — SU(2)p x SU(2)§, attributed to new strong dynamics.
The flavour deconstruction means the couplings of the light families to the composite sector
(and therefore the pNGB Higgs) are suppressed by powers of a heavy mass scale (from which
the Higgs is nevertheless shielded by compositeness), explaining the flavour puzzle. We
present a detailed analysis of the radiatively generated Higgs potential, showing how this
intrinsically-flavoured framework has the ingredients to justify the unavoidable tuning in the
Higgs potential necessary to separate electroweak and composite scales. This happens for
large enough values of the SU(Q)g] gauge coupling and light enough flavoured gauge bosons
resulting from the deconstruction, whose phenomenology is also investigated. The model
is compatible with current experimental bounds and predicts new states at the TeV scale,

which are within the reach of near future experimental searches.
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1 Introduction

The Higgs sector of the Standard Model (SM) faces two significant structural problems.
The first one, the flavour puzzle, is the unexplained hierarchical structure of the Yukawa
couplings, which span five orders of magnitude. To address this issue, as well as other deficits
of the SM, it is natural to posit the existence of new heavy dynamics. This assumption, in
turn, inevitably leads to the second structural problem of the Higgs sector: the electroweak
hierarchy problem or the instability of the quadratic term in the Higgs potential caused by
the presence of heavy degrees of freedom.

Traditional model-building approaches tend to separate the solution to these two problems.
This is achieved assuming flavour-blind dynamics close to the electroweak (EW) scale to
screen the Higgs sector from heavy dynamics, and flavour-full dynamics at much higher
energies to generate the flavour hierarchies. From a general quantum field theory perspective,
this is certainly a viable option: the Yukawa couplings are marginal operators whose origin
could be attributed to very high energy scales. This separation leads to the so-called Minimal
Flavour Violating (MFV) paradigm [1], which has the important phenomenological advantage
of minimising corrections to the precisely tested sector of rare flavour-changing neutral-current
processes (FCNCs). However, the advantage of MFV in the pre-LHC era has turned into
a disadvantage nowadays [2, 3]. The null results coming from high-energy searches at the
LHC suggest that if we aim to minimize fine-tuning in the Higgs sector — which requires
new physics (NP) close by the TeV scale coupled to the Higgs field — then it is advantageous



to give up the assumption of flavour universality: NP coupled primarily to third-generation
fermions and the Higgs can more easily escape the constraints from direct search and thus be
lighter and more natural. This instrinsic flavour non-universality, in turn, suggests the flavour
puzzle and electroweak hierarchy problem could be inexorably related, and motivates the
consideration of NP models that address both simultaneously [2]. In this paper, we combine
the hypothesis of a composite Higgs, in the spirit of the minimal composite Higgs model
originally proposed in [4, 5], with the idea of flavour deconstruction, along the lines developed
recently in [2, 6]. As we will demonstrate, combining these two hypotheses provides significant
benefits, as it allows new physics coupled dominantly to the third generation, responsible
for the stability of the Higgs sector, to lie in the few TeV domain.

In composite models the Higgs is assumed to be the pseudo Nambu-Goldstone boson
(pNGB) of a new strongly interacting sector, much like the pions in QCD (see [7] for a com-
prehensive review). Being a composite state, the Higgs is protected from quantum corrections
induced by dynamics occurring at energies above the compositeness scale. Moreover, the
shift symmetry associated to Goldstone bosons allows a scale separation between the Higgs
mass term and the confinement scale of the new strong dynamics [8]. This scale separation
cannot be large, and the Higgs mass term (and the electroweak scale) is radiatively generated
by the unavoidable breaking of the global symmetry of the composite sector induced by
the Yukawa couplings and the SM gauge fields. Present constraints from EW observables
and Higgs physics, as well as the absence of direct signals of new dynamics, imply that
the scale associated to the new dynamics must lie above about 1TeV. This little hierarchy
between the EW and the composite scales would still be acceptable to minimise fine tuning
in the Higgs potential.

However, a compositeness scale in the TeV range is ruled out by FCNC data if the flavour
structure of the model is generic. In this class of models, the SM fermions are the result of a
linear mixing between elementary fields and composite states (partial compositeness) that
delivers the effective Yukawa couplings. An extensive and updated phenomenological analysis
of this mechanism has been presented in [9], where it has been show that global flavour
symmetries are a key ingredient to allow a small scale separation between the elementary and
composite dynamics. Not surprisingly, the most efficient way to achieve this goal is via global
U(2)" symmetries acting on the light fermions only, as originally proposed in [10-13]. This is
where the mechanism of flavour deconstruction becomes relevant, as it provides a natural
origin for these otherwise ad hoc flavour symmetries. Namely, they emerge as an accidental
low-energy property of a manifestly flavour non-universal gauge group in the ultraviolet (UV).

The hypothesis of flavour non-universal gauge interactions as the origin of the flavour
hierarchies is quite old and has been pursued in different contexts (see e.g. [14-17]). The
last few years have witnessed a renewed phenomenological interest in this approach [18-29]
largely motivated by the so-called B-anomalies. While the significance of these deviations
from the SM remains the subject of ongoing debate (see [30] for a recent update), the
corresponding model-building activity has provided interesting explicit examples of models
featuring TeV-scale dynamics, coupled mainly to the third generation and fully compatible
with present observations, that can be motivated to address the flavour puzzle.



The general ingredient of flavour deconstruction is the breaking of a flavour non-universal
gauge group of the type G4 x G'p into its flavour-diagonal and maximal subgroup G4, p.!
If G4 acts only on the light families (and Gp on the third one) we naturally achieve the
accidental U(2)™ symmetries acting on the light fermion families, which are the key ingredient
to minimise the tight bounds on new physics dictated by FCNCs. The class of deconstructed
model we are interested in in this paper was identified in [2] as being an especially natural
candidate, and further developed in [6]. It is based on the deconstruction of SU(2)r and
U(1)p-r, where SU(2), is kept flavour-universal. This deconstruction pattern leads to a
parametric structure for the Yukawa couplings of the type

€ €
Yu7d76~< R L> (1.1)

erer, 1

where, for simplicity, we do not distinguish first and second generations. The parameters €z, r
appearing in (1.1) are ratios of the vacuum expectation values (VEVs) of the scalar (link)
fields responsible for the spontaneous symmetry breaking G4 x Gg — G 44+ p, over the mass of
appropriate heavy fermions. The presumed smallness of these ratios is the origin of the flavour
hierarchies. If one considered only flavour hierarchies and ignored the B-anomalies, nothing
anchors the overall scale of these new degrees of freedom. However, the situation changes if
we aim at addressing also the electroweak hierarchy problem. As advocated in [2, 34-36],
the overall scale of the deconstructed gauge dynamics should be anchored by its impact on
the Higgs sector, which is unavoidable since (at least some) the link fields are charged under
the EW symmetry group, and hence couple directly to the Higgs. While this argument was
put forward in [2, 34-36] using only semi-quantitative finite-naturalness arguments, in this
paper we provide a quantitative concrete analysis implementing flavour deconstruction in
the context of the minimal composite Higgs model.

Given the deconstruction pattern sketched above, where the Higgs and third-generation
fermions are charged under the family-specific SU(Z)E symmetry, the minimal embedding of
the Higgs as a pNGB is realised assuming a global Sp(4) symmetry in the composite sector,
spontaneously broken to SU(2)r, x SU(Q)E. While many features of the flavour-universal
framework go through unchanged, two important differences arise. First, the freedom in
choosing the value of the SU(Q)E gauge coupling? provides a new ingredient to achieve the
little hierarchy (i.e. a small ratio between the EW scale and the composite one). This is
obtained via an accidental cancellation between fermion and gauge contributions in the Higgs
potential, which are predicted to have opposite sign. Second, this same cancellation requires
the masses of the heavy gauge bosons resulting from deconstruction (in particular the W;%t
and Zr bosons) to be in the few TeV range, well below any of the composite states except
for the Higgs and the top partners. As we shall see, this expectation is fully consistent with

(3]
R

present data for large enough values of the SU(2)}' coupling, which is also what the tuning in

!That the flavour-diagonal subgroup is left unbroken is completely generic when G is semi-simple [31], since
a lemma of Goursat [32, 33] implies there are no other non-trivial subgroups isomorphic to G.

2We choose to gauge the full SU(Z)E] symmetry here, but one could just as appealingly consider a version
in which only U(l)g] C SU(2)§] is gauged. The former is motivated by a desire to move towards semi-simple
gauge groups in the UV and absorb U(1) factors; on the other hand, the latter can account for the top-bottom
mass splitting without fine-tuning (see section 3.2.1).



the potential asks for. Merging partial compositeness and flavour deconstruction, we achieve
a framework that is more predictive than when considering the two hypotheses separately
and is fully compatible with present observations.

This work is not the first attempt to merge the idea of a composite Higgs sector and
flavour non-universal gauge interactions. Interesting alternative proposals, based on different
non-universal gauge groups and/or different symmetries of the strong sector, have been
presented in [21, 23, 37—41]. Our choice, which is dictated by minimality on both fronts
(i.e. both local and global symmetries), is particularly well-suited to explore analytically the
interplay of the two hypotheses in the generation of the Higgs potential. We are indeed
able to compute the latter in a simple analytic form, with a minimal set of assumptions
about the strong dynamics.

The paper is organised as follows. In section 2, we introduce the UV gauge group and
the field content of the model; we describe the two-step symmetry-breaking pattern and the
main features of the construction. Section 3 provides a detailed analysis of the composite
sector: we introduce the formalism to describe the pNGB dynamics, the mechanism of partial
compositeness, and present a detailed analysis of the different contributions to the Higgs
potential. Finally, the phenomenological implications of the model are present in section 4,
with particular focus on the effects generated by the massive gauge bosons resulting from
flavour deconstruction, which are the distinctive feature of this setup. A summary of the
main findings and an outlook on future directions are presented in section 5.

2 Definition and main features of the model

In this section we introduce the main ingredients of the model and summarise its main
features. We start by introducing the field content and gauge group, and then summarise the
chain of symmetry-breaking steps occurring at different energy scales.

2.1 Field content and gauge group

As anticipated, we assume a strong sector that gives rise to the minimal global symmetry
breaking pattern to deliver a pNGB Higgs, namely

G = Sp(4) 21 sU2), x SUQ)E = #. (2.1)

We assume the entire group H to be gauged. Here and in the following, the upper index on a
: . [3] o .

gauge group factor (as in SU(2)y’) denotes a flavour non-universal gauge symmetry acting

only on the given family of chiral SM-like fermions. The spontaneous symmetry breaking

(SSB) breaking (2.1) occurs at a scale
Anc = 47 fuc > v. (2.2)

We envisage some strongly coupled gauge sector that triggers this transition dynamically,
with some hypercolour gauge group Gpc (that we do not specify) underlying the global
symmetry G in the UV.? Note that, at the Lie algebra level, we have sp(4) = so(5) and

3As is well-known, this minimal so(5) — so0(4) breaking pattern does not arise straightforwardly from
a chiral condensate in a QCD-like hypercolour theory — in contrast to less minimal options such as the



su(2) @ su(2) = so(4), so this is usually referred to as the SO(5)/SO(4) breaking pattern,
which is a slight abuse of notation. Interestingly, we do not have the option of imposing an
additional semi-direct product between H and Zs (that acts by exchanging the two SU(2)
factors [45]), simply because that would be inconsistent with the representation of the scalar
link field ¥ needed for the flavour deconstruction.?

Including also the part of the gauge symmetry acting on the light families, the relevant

symmetry group above the scale Agc has the form Gyc X Gelem, Where
— (3] (3] [12]
Gelem = SU(3). x SU(2)r x SU(2)5 x U(1) gL, x U(1)y™. (2.3)

The flavour deconstruction of B — L is, as we shall see, motivated by the SM flavour puzzle.

The matter content of the model can be decomposed into two main sectors: the elementary
and the composite one. The elementary sector describes fundamental fields which are not
charged under Gyc and are well defined also above the scale Agc. Its structure is composed
by (see table 1):

¢ Light-family chiral fermions: the first and second generation fermions are charged
under SU(2)y, x U(l)gg]: the charges are exactly as in the SM case, but for the
replacement of the universal hypercharge with U(l)gm. The SU(2)1, doublets have a

mass mixing with appropriate vector-like fermions of the composite sector.

o Third-family chiral fermions: these fields are charged under SU(2);, x SU(Q)[R;’] X

U(l)[gLL: they consist of two SU(2), doublets (¢z and ¢1) and two SU(2)[R§] doublets
(qr and ¢R), all equally charged under U(l)[g]_ ;- They all have a mass mixing with

appropriate vector-like fermions of the composite sector.

e Third-family vector-like fermions: for each third-family chiral fermion an elemen-
tary vector-like fermion with the same transformation properties under SU(2), x SU(Q)[]?
is introduced. When integrated out, these fields generate the suppressed entries of the

Yukawa couplings involving light families, via appropriate higher-dimensional operators.

e Scalar link fields: the breaking of the non-universal gauge group to the universal SM
group occurs via the scalar fields Xz and €}, ¢, with transformation properties as shown
in table 1.

The composite sector is well defined only below the scale Apc: it describes bound states of
fields charged under the hypercolour gauge group which, by construction, form complete
representations of H. Among them, the states playing a key role in the construction are:

su(4) — sp(4) breaking pattern that delivers the Higgs plus an extra gauge singlet pNGB [42], which can
naturally emerge from an Sp gauge theory. Nonetheless with a little more model-building, the minimal option
can be realised from a fundamental gauge theory. For example, by including explicit su(4) breaking interactions
in the su(4)/sp(4) model, one can lift the extra singlet and give an effective description with the minimal coset
structure, as proposed in [43] (see also [44]).

4Such a Z» exchange symmetry was considered desirable in the pre-LHC era of composite Higgs model
building, to evade the LEP-II Z — bb constraints that are strong when the scale separation v/ fuc (and hence
the requisite tuning) is small [46], as was then viable. Now that fuc is constrained to be at least the TeV
scale by LHC data, the LEP-II constraints from Z — bb do not play as big a role.



Elementary fields v, vl | suwe), sue
chiral g 0 1/6 2 1
light quarks u[g] 0 2/3 1 1
i 0 ~1/3 1 1
chiral g 1/6 0 2 1
3" gen. quarks qg] 1/6 0 1 2
vector-like F} 1/6 0 2 1
quarks Fj 0 1/6 1 2
scalar Yr 0 1/2 1 2
link fields Qq -1/6 1/6 1 1
Q 1/2 ~1/2 1 1

Table 1. Matter content of the elementary sector. For simplicity, among the fermions only the quarks
are shown. Note our non-standard choice of normalisation for B and L charges in the U(l)[g]f 1, group,
which are chosen to coincide with their appearance in the SM hypercharge. The final link field €,
is not strictly needed in the model; its presence (motivated perhaps by a desire for quark-lepton
unification) means the charged lepton Yukawa parametrically mirrors the quark Yukawa matrices,
namely matching (1.1).

e The Higgs field, namely the pNGB of the global symmetry breaking G — H, that will
itself trigger EW symmetry breaking upon acquiring its own vacuum expectation value.

e The lightest vector resonances, namely the lightest composite spin-1 states trans-
forming under H as the corresponding gauge bosons. Their mass, M, is assumed to be
below the scale Agc.

e« The top partners, namely composite spin—% states with mass Mp = O(1) x fyc that,
when integrated out, provide the largest contribution to the effective top-quark Yukawa
coupling.

2.2 Symmetry-breaking pattern

The breaking to the flavour universal electroweak gauge group is realised by the VEVs of
the elementary scalar link fields ¥z and £ ,:

12] (Xgr)

su@2)¥ x U % U (2.4)
v, < v, 2 vy (2.5)
Recall that (third-family) hypercharge is given by Y13 = g + (B — L)Bl. This symmetry-

breaking pattern leads to 4 massive gauge bosons: two Z’, associated to the neutral B — L
and Tz?fz generators, and a pair of ijf. The masses and couplings of these heavy gauge bosons
will be given in section 4 when we discuss phenomenology.

In parallel to the symmetry breaking induced by the link fields in eqs. (2.4)—(2.5), the
global symmetry breaking G — H occurring in the hypercolor sector provides masses to all
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Figure 1. Schematic representation of the symmetry breaking chain. In the second column, the terms

in blue denote global symmetries of the strong sector, while the corresponding gauged subgroups are
indicated in red. The interaction terms on the right are those contributing to third- and second-family
quark Yukawa couplings (ur r denote Goldstone boson fields, see section 3).

the composite states but for the pNGB (i.e. the SM-like Higgs). As we shall see, the massive
7' and the Wf%E are predicted to be lighter than all the massive composite states.

The symmetry breaking chain and the degrees of freedom relevant at different energy
scales, illustrated in figure 1, can be summarised in four main steps as listed below.

I. The flavour structure is seeded at high energies (2 100 TeV or so) by interactions
involving the elementary chiral fermions and appropriate fermionic operators in the
strong sector, denoted Oy (f = ¢,¢). We remain agnostic on the latter except for their
transformation properties under Gegjlern. The non-universal gauge symmetry dictates that
only third-generation chiral and VL fermions have a non-suppressed linear mixing with
the O;. A key observation at this stage is that appropriate products of VL fermions and
link fields have the same gauge transformation properties as the light chiral fermions.

In particular, in the quark sector we have
FixSp~ul?  Flxng~di? FIxQ,~ gl (2.6)

where X% = t02X%. This allow us to generate a non-local coupling of the light chiral
fermions to the Oy via the exchange of VL fermions (see figure 1).

II. Below about 100 TeV, and above the confinement scale A, the elementary VL fermions
can be integrated out. This leads to the appearence of higher-dimensional operators
involving the light chiral fermions and the strong sector. When, at lower scales, the



link fields acquire a VEV, these higher-dimensional operators result in the effective
suppression factors

vr _ V2|(ER)] vo _ vV2(Q)
My Mp L= Mg Mp

€R = (2.7)

Setting eg = O(me/my) = O(1072) and ¢, = O(|Vp|) = O(107!) we obtain the
ingredients to achieve, naturally, the hierarchical structure of the Yukawa couplings.

III. Below Agc = O(10) TeV and above fiuc = O(1) TeV the strong sector leads to the
global G — H breaking that delivers the SM-like Higgs field as pNGB. At the same
time, the two point function (0/T{O(x)O(0)}|0) is assumed to be dominated (at low
momentum transfer) by the exchange of a few light spin-1/2 composite states. For the
operators coupled to third-generation quarks these composite states are the so-called
top partners.

IV. Around and below the scale fyc, having integrated out the top partners and frozen the
link fields to their VEVs, we end up with an effective SM-like Yukawa interaction and
an effective Higgs potential. The latter is radiatively generated by couplings/dynamics
that explicit break G, namely: i) the mass-mixing in the fermion sector, ii) the gauging
of H, iii) the VEV of Xp.

The first two steps related to the flavour hierarchies are conceptually very similar to what
was discussed in refs. [2, 6], in the context of an elementary Higgs sector. The main difference
is that the couplings of the fermions to the Higgs are replaced by couplings to the strong
sector. This has interesting implications for the Higgs hierarchy problem: since above Ay
there is no Higgs field, the heavy elementary VL fermions do not destabilise the Higgs mass
term. In other words, the merging of composite dynamics with flavour deconstruction removes
any quadratic sensitivity of m%l to the highest mass scale (Mg ~ 100 TeV) in this theory of
flavour (as might otherwise be naively estimated in a theory with a fundamental Higgs, a la
‘finite naturalness’ [47], by computing loops involving the heavy fermion as done in [2]).

In the next section we discuss in detail the steps III and IV, which are specific to the
composite Higgs model. As we shall see, the explicit construction of the Higgs potential, and
the requirement of a light Higgs mass, forces us to choose (Xr) = O(fuc) < Apc. This,
in turn, implies that the lightest exotic states of this setup are the massive Z' and WRi
bosons, plus the top partners, following from the SSB in egs. (2.4)—(2.5). Phenomenological
constraints and implications of these fields are discussed in section 4.

3 Composite dynamics

3.1 Notation and conventions for the Goldstone boson fields

In our convention, Sp(4) C SU(4) is the 10-dimensional group of 4 x 4 special unitary matrices
{U} that moreover satisfy UT QU = €, where the symplectic form €2, in our basis, is given



by the following antisymmetric matrix:

0100
-100 O
0 00-1
0010

Sp(4) Algebra and basis.

The Lie algebra sp(4) and its representations are probably familiar to most readers, thanks
to the Lie algebra isomorphism sp(4) = s0(5). The corresponding Lie group isomorphism is
Sp(4) = Spin(5), where Spin(5) is the double cover of SO(5) that admits spinor representations.
We choose a particular basis for the fundamental 4-dimensional representation of the Sp(4)
group, where the 10 generators take the form

1({0%0 100 1 (0 &
Tf =~ , Ti=: , T%=-— . 3.1
L 2(00) R 2(00@) * 2\/§<0‘”0> (3.1)

Here 0% denote the Pauli matrices and % = {io? 15}, with 1o being the 2 x 2 identity
matrix.® The Ty r correspond to the su(2)r g sub-algebras of sp(4) that we assume to be

unbroken, while the T are the broken generators. The generators are normalised such
that Tr(T°T%) = 369

The Goldstone boson matrix.

We define the coset element as

Ul) = exp (iv204(2)T%/F) | (32)

where ¢, () are the Goldstone bosons and T} the broken generators as given above. The
U(x) field transforms under Sp(4) as

U(z) = §-U(x) - hlgaig] ", (3.3)

where § is an element of the Sp(4) group and ﬁ[qﬁa; g] is an element of the unbroken subgroup
SU(2)r x SU(Z)E. Choosing the representation (3.1) for the Sp(4) generators leads to

Ulg) = _CO,S(%)I; zsm(?]};)&};| _ cos(%) 1y zsm(%)g (3.4)
zsm(QF)@' cos(QF)]lg zsm(QF)'q,‘ COS(QF)ILQ
where we have defined the 2 x 2 matrix
_ [ 193+ ¢ id1 + @2
‘Qm—@m—wJ (3:5)
and the scalar field
= |B] = /Det(®) = \/61(2)? + da(2)? + d3(2)? + da(x)?. (3.6)

SLest there is confusion, we use the symbol ‘a’ to denote a generic Lie algebra index (usually summed on);
e.g. in the case of T7, a runs from 1 to 3, while for the broken generators T%, a runs from 1 to 4.



Given the factorised structure of the unbroken group, it is convenient to introduce two
orthogonal Goldstone bosons vectors, denoted ur, r[¢] and defined as

cos( s isin(4) 2
uL[¢]EU-[PL—<‘ _(25)]}5), uR[qb]EU-PR—( (Z;LF)@), (3.7)
ZSln(ZF)|<I>| cos(5p) 12

T T
where the 4 x 2 left and right projectors are Py = (112 O) and P = (0 12) . Using these
vectors the full U[¢] matrix can be written as U[¢] = (ur[¢], ur[¢]). The transformation
properties of uy, r[¢] under Sp(4) assume the following convenient form

urp, — guLBTL, UR — guRl}E, (3.8)

where, for simplicity, we have omitted to indicate the dependence of the h /R elements on
the Goldstone bosons. Note also that

uTLuR:u}%uL =0, u%uR:uTLuL =15. (3.9)

3.1.1 Lowest-order Goldstone boson Lagrangian

Using these definitions, the canonically normalised Lagrangian at leading order in the

derivative expansion, including external gauge fields of SU(2), x SU(Z)[R;’], can be written as
F? A A
£ = 5 Ty [(DF0) DU (3.10)
where
DU = 9,U —iUT, —igy [AL,U| —igr [Afl,U] . (3.11)

Following the formalism of Callan, Coleman, Wess, and Zumino (CCWZ) [48], we define fﬂ
from the decomposition of UT9,U in terms of broken and unbroken generators,

U0, U = i(T4Tf + T4TR) + iul T = il + i, (3.12)
such that under global Sp(4) transformations

Ly = hlda; 9T uh[da; 91 — ih[das 9] 80T [das 9],
Wy — hl¢a; gltuhlda; )" (3.13)

On the other hand, flﬁ”R and gr,r) denote gauge fields and related couplings ensuring local

invariance under SU(2)7, x SU(Q)E]. Note that T, is a function of the Goldstone bosons, but
its expansion in powers of ¢, starts at second order, hence it plays no role in the expansion
of L'g) up to quadratic terms in H (see appendix A for more details). As we shall see, the

g) and in the expansion of U[¢] in (3.4) is

constant F' appearing in the normalisation of £

related to the order parameter of the strong sector fyc, defined as in [8], via F' = fyc/2.
From (3.10), expanding up to second order in ®, which is equivalent to considering the

F — oo limit, we can derive the dimension-4 part of the effective Lagrangian describing the

dynamics of the field ®, which transforms as a (2,2) under SU(2), x SU(2)[I§]:

1
£? = 1 Tz (D)1 (D, ) . (3.14)

,10,



In this case the covariant derivative reads

; A ; A A 1 a pAa
D,® = 0,® — igL Ay ® +ign®Al ALY = S0t Ay (3.15)

At this point it is clear that in the limit F' — oo we can identify ¢ with the SM Higgs field
(in a bi-doublet notation), and h(z) with its radial component:

®(2)|unit.—gauge = h(z) 12, (3.16)
such that the vacuum expectation value of ® reads
() =(h) 1l =v 1. (3.17)
Considering only L'g) in (3.14), the value of v thus defined yields m%, = g?v?/4.

Casimirs of SU(2) X SU(2)[§’] and SU(Z)Q] to encode explicit breaking.

It is convenient to introduce the following quadratic Casimir elements of the unbroken
sub-algebra su(2)y @ 5u(2)5§], written in the fundamental representation of sp(4):

00 15,0
Ap=A= Ar=14— A= .
R <0]]_2>7 L 4 (00)

Any linear combination of these two matrices (excluding Ar + A = 14) commutes with
the unbroken generators, and does not commute with the broken ones:

AL TEg| =0 [ApgT%#0. (3.18)

In building effective operators, we can treat Ay, r as spurions of Sp(4), in the sense that these
matrices can be used to encode the effects of explicit Sp(4) breaking present in our model.

We remark that Ay, g do not correspond strictly to the VEVs of some (even spurious)
fundamental field transforming in a linear representation of G, but can (in certain cases,
such as when A appear below to encode the effects of gauging) arise from integrating out
more complicated combinations of UV fields. In any case, identifying Ay g as quadratic
Casimir elements in the universal enveloping algebra, we can take them formally to transform

under G as

A r) = ARG - (3.19)

This allows us to systematically build operators that break Sp(4) but are invariant under
SU(2) x SU(2)§, keeping track of the origin of this explicit symmetry breaking. Since
Ap 4+ AR = 14, the two spurions are not independent and we can limit ourselves to introduce
a single one that we choose to be A = Agp.

Since we are interested in describing also the explicit breaking SU(2)[§’] — U(l)[Tg]37 in
particular to explain the splitting between the top and bottom quark masses, we further

introduce the spurion

0 o3

Ay = (0 0 ) , (3.20)
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Figure 2. Diagram describing the mechanism responsible for third-generation Yukawa couplings.

with formal Sp(4) transformation properties as in (3.19). By construction, Ay, commutes
only with the generators of SU(2)y, x U(l)[g. Note that, since Ay, ‘explicitly breaks’ SU(Q)[}?%},
which recall is gauged, this really means that operators built in terms of Ay in the composite
sector effectively describe the result of the non-vanishing expectation value of X in (2.4),

after integrating out heavy fields that couple to Xg.

3.2 Coupling to fermions
3.2.1 Third-family partial compositeness

As anticipated, we assume that the coupling of the (elementary) third-generation fermions
to the composite Higgs is the result of a linear mixing between the elementary fermions
and appropriate fermionic operators of the strong sector. For simplicity, we illustrate this
mechanism in the quark sector, denoting generically with O, the corresponding fermionic
operators. To build invariant terms, it is more convenient to use uy, and ug rather than the
U field. The most general linear mixing is described by

£5 F (gl (M1 +3A) 0y + giful, (M1 +3%4) O] +he, (3.21)

where )\%( Ry and 5\%( R are arbitrary complex couplings. The terms proportional to )\qL( R)
preserve Sp(4)-invariance, while those proportional to )\qL( R) do not: the spurion matrices
A appear in this context to act as projectors onto relevant fermionic degrees of freedom.
The explicit breaking introduced by these latter terms is essential to generate a SM-like
effective Yukawa interaction. To ease the notation, in the following we omit the flavour
and gauge indices on the elementary fields.

Integrating out the heavy composite states as shown schematically in figure 2, and
assuming that the spectrum of the composite states is characterized by a single mass scale
M,, the effective Yukawa interaction among elementary fields assumes the form

F?
eff * - Yqg _ 2
‘CY = )\%)\(IR H%Rﬁq qLUTLAURQR = j% qLHQR + O(H ), (322)
where
q\q*,.q F q NCIAY Y% /yq*
vl = XERL e g e = (1+33/72) (1+3%5/38) - 1. (3.23)
M,
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As can be seen, y, is non-vanishing if both ¢;, and ¢z mix with the composite states, and
at least one of the two mixing terms is not Sp(4) invariant.’

The effective Yukawa interaction in eq. (3.22) is SU(Q)E;} invariant. The breaking of
custodial symmetry in the Yukawa sector, which is necessary to describe the top-bottom
mass splitting, can be achieved adding terms proportional to Ay, in eq. (3.21). The limiting
case where only the top quark Yukawa coupling is non-zero can be obtained, in particular,

via the replacement

1
A—>A+:2(A+Ag)z<8ao> . (3.24)
+

We emphasize that, since the Ay, part breaks SU(Q)B?, it must in reality be built from insertions
of the SU(2)B§]—breaking VEV of ¥p (with the SU(2)%2] indices contracted appropriately).
In this sense, the near cancellation of the bottom Yukawa (relative to the top) is a result

of fine-tuning between two independent quantities.”

3.2.2 Fermion contribution to the Higgs potential

In the absence of explicit Sp(4) breaking, the Higgs field would be an exact Goldstone boson
and therefore massless. The explicit breaking of Sp(4) induced by the couplings of the
elementary fermions to the composite sector, together with the gauging of only a subgroup
of Sp(4) (soon to be discussed), transform the Higgs field into a pseudo Goldstone boson
with non-vanishing Higgs potential. In this section we evaluate the one-loop contribution
to the potential obtained by integrating out the elementary fermions.

Following the Coleman-Weinberg approach, the starting point is to identify the effective
vertices with two fermion fields and arbitrary powers of the Higgs field at zero momentum
transfer. We parameterise these two-point functions via appropriate form factors which
depends only on the momentum of the fermion fields. Taking into account only the spurion
terms necessary to generate the top-quark Yukawa coupling, we define

Let D qrp {HgL (p*)1 + 1T (pZ)UTLAJruL} qr + qrp [HE])R (p*)1 + 111" (p2)u11.%A+uR} qr
+ {@L [Mt(pQ)UTLAJrUR} qr + h.c.} . (3.25)

Omitting to indicate the momentum dependence of the form factors, and evaluating the
explicit dependence from the Higgs field in the unitary gauge, leads to

- h . h
tr t th
Lot Dtrp [Hg’; 4TI} sin? <2Fﬂ tr +trp [HOR — II}" sin? <2Fﬂ tr

e (o ()

5In principle, we could also introduce Sp(4)-breaking terms in the mass-matrix of the composite states.

th+ h.c.} : (3.26)

However, this is a subleading effect with respect to the breaking present in the linear couplings of the elementary
fields to the composite sector, hence we neglect it in the following.

"One can avoid this tuning by a variation of the model in which only a U(l)[g] C SU(Z)E] subgroup of
the global symmetry is gauged. Then tr and br are two independent fields, from which one can construct
two independent sets of (separately) gauge-invariant operators that give rise to independent top and bottom

Yukawa couplings after the strong sector symmetry breaking transition.

,13,



// // tR \\
it
AY A 7/ N e
. Anm) " A , . AR I
N AY 7 N 7
AN N\ 7/ N e
N A 7 N e
I + I I+ I "Iy +
7/ e A 7/ A
7/ 7 N\ 7/ N\
Ar Ar
b))

Figure 3. Schematic illustration of the one-loop contributions to the Higgs potential, coming from
the explicit Sp(4) breaking required in both the fermion (3.2.2) and gauge (3.3.2) sectors.

where ITjF = TI§® + II5%. Note that we moved from a doublet notation for the fermions
in (3.25) to an explicit indication of the individual components (¢z and tgr) coupled to the
Higgs field in the unitary gauge.

The value of the form factors at p? = 0 can be either fixed by the normalization of
the fields or expressed in terms of parameters controlling the elementary-composite fermion
mixing. In particular, via a field redefinition we can set

Mg (0) = Ig* (0) = 1, (3.27)
while the matching with (3.21) leads to
F? < F? F?
t 2] — t _
L (0) = 37z [N + QL] = g0, IO = 30k vk, (329
and
F2 t \t 1

Here we have denoted with My the effective mass of the composite state(s) mixing with
the top quark (the so-called ‘top partners’), while y; denotes the SM-like Yukawa coupling
(v = V2my/v ~ 1).

To compute the one-loop potential, we need to resum the series of one-loop diagrams
involving arbitrary number of insertions of form factors, as indicated schematically in figure 3.

The result thus obtained is
d*pp Iz h IR h
A = —9N,. | ——{log |1 L '2< ) 1——— 2( )
V(h)s / (@) { og [1+ e sin” | 5 Tt sin Yo
| M|? sin? (2}}) cos? (;})

1+p%(HqL+H Sm( )) (HqR 1197 sin? (2,}))]} (3.30)

where the pre-factor is determined by the number of colors and the two spin degrees of

+ log

+ log

freedom of the fermion fields. The explicit evaluation of the integral, which requires one to
choose a functional dependence for the form factors at p? # 0, is discussed in section 3.4.
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3.3 Coupling to gauge bosons
3.3.1 Chiral structure

In this subsection, the flavour deconstruction of the electroweak gauge group will play a
crucial role when we calculate the impact of gauging on the pNGB Higgs potential.

As for the fermion sector, in order to compute the contribution of the SU(2), x SU(Q)E
gauge fields to the Higgs potential we need to determine the two-point function of two gauge
fields and an arbitrary number of Higgs fields. The mass term can be derived directly from
the chiral Lagrangian, where the symmetry breaking pattern Sp(4) — SU(2)p x SU(Z)E
implies that only one specific combination of Aﬁ and Aff appears. This can be easily seen
by expanding the covariant derivative acting on U from (3.10). In the unitary gauge, the

leading and universal term quadratic in Aﬁ and Aﬁ is:

2 2
Eg) unit.—gauge, A2 - % (gLA%’/’L B gRA%’”) sin2 (;) ' (331)
This term accounts for the SM relation between the W-boson mass and the Higgs VEV
by considering the limit h = v.

In principle, additional terms can be constructed by considering non-minimal operators
in the chiral Lagrangian, obtained with appropriate insertions of the A matrices. In this
context (namely, of encoding the effects of gauging a non-trivial subgroup), the A matrices
can be thought of as arising from tracing over a quadratic form built from a fundamental
spurion field that transforms in the adjoint representation of G = Sp(4), with non-vanishing
components only in directions that pick out the unbroken H generators. For example, the
non-minimal term

£ = 6:F Ty [ADUT)AUTD D) (3.32)
leads to
2
(') _ a W \2ooaf b
[:U unit.—gauge, A2 = 0n 2 (gLAL:M gRAR,M) Sin (2F> . (3.33)

Again, the same relative sign between SU(2); and SU(2)[I§] gauge bosons appears, but now

with a different trigonometric dependence on h/2F. The required insertion of the spurions in
[,g) implies this interaction term is suppressed compared to Eg) (i.e. we expect |0 < 1).
Hence higher powers of trigonometric functions in the two-point function of the gauge fields
are expected to be suppressed, even though both terms (3.31) and (3.33) are formally the same

order (i.e. quadratic) in the gauge couplings g;, /r Which here act as the spurion couplings.®

8The fact that there are two independent functions sin®(h/2F) and sin* (h/2F) that appear in the Lagrangian
at leading (quadratic) order in the gauge couplings corresponds to the group-theoretic fact that there are
two independent quadratic Casimir elements in the unbroken subgroup. This counting, as described in
ref. [49], corresponds to the pair of real irreps (3,1) and (1,3) of H = SU(2)1 x SU(Q)E] that appear in the
decomposition of the adjoint of Sp(4) to H (after discarding the adjoint of H itself).
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3.3.2 Gauge boson contribution to the Higgs potential

Taking into account also the kinetic terms of Aﬁ and Aﬁ, the complete two-point function
written in terms of form factors for arbitrary momenta of the gauge fields assumes the form

cly) = ;(PT)“”{HO (q2) [ ALy + ARy ‘}z,y} (3.34)

| () sin® (7 )+ () sin (51 )| (9045, — o) (9045, — 9, } ,

where the transverse projector is (Pr)"” = n,, — q.qv/q*. Matching to the usual Yang-Mills
Lagrangian, we identify IIy(¢?) = —¢?, up to (irrelevant) higher order terms in powers ¢°.
From (3.31) and (3.33), we deduce the normalization conditions for II; and I3 in the low
momentum limit:

I (0) = F2,  TIy(0) = 6, F2. (3.35)

In the case of the right-handed fields an additional contribution to the two-point function
is generated by the kinetic Lagrangian of ¥ r: when this link field acquires a VEV, a mass
term for the A‘fg, " field is generated. In the limit where we neglect the U(l)g}z} gauge coupling

(see section 4.2), this effect is described by
A2 1
AﬁiﬁR) = Z(PT)WQ%U% BuARy - (3.36)

This term does not contain any coupling to the Higgs field; however, it affects the calculation
of the Higgs potential since it modifies the propagator of the right-handed gauge fields. In
analogy with (3.34), it turns out to be convenient to define ITy, = v&/2.

Similarly to the fermion sector, to compute the Coleman-Weinberg potential we need
to sum all the one-loop bubbles of gauge fields with arbitrary insertions of the form factors
(see figure 3). The contribution to the potential thus obtained is:

9 ITy (¢%) sin? (4% ) + Iz (¢%) sin* ( 5%
AV (h)4 = +§/dq4E log [ 1+¢2 ( H)L o (2r) (3.37)
0 \9E
+log | 1+ g7 M1 (gp) sin” (%) + 12 (g5) sin® (%) +1Is
R R (2
11§ (a7)
2
o 1 4 <H1 (¢%) sin? (%) + 115 (¢%,) sin? (%))
og 9gLgr = )
113 (1, a7
where
= . h ) h
Iy (h, q2> =1l (q2) + 1y (qQ) sin? <2F> + 11 (qz) sin? <2F> . (3.38)

The numerical pre-factor of % originates from the fact that there are three Lorentz polarizations
for the vector field, that there are three SU(2)r, r degrees of freedom, and there is a relative
factor of % with respect to the fermion contribution due to the fact that the gauge bosons
are real and not complex.
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3.4 The Higgs potential

We can now compute explicitly the radiatively induced Higgs potential, combining both the
fermion and gauge contributions that we have just discussed.

In both cases, the UV behaviour of the relevant form factors should be modelled to ensure
a convergence of the corresponding integrals, such that the logarithms in (3.30) and (3.37) are
well approximated by their expansion to the first or second order (according to the parametric
dependence on the couplings). This implies a general decomposition of the type

h h
V(h) = AV(h) + AVa(h) = co — ¢ sin® (2}7) + cosin? (QF) . (3.39)

Higher-power trigonometric functions, such as sin®(h/2F), can be safely neglected.” Before
proceeding with the calculation of the fermion and gauge contributions to c; 2, note that
najve dimensional analysis implies ¢;2 = O(1) x F4, while the physical conditions to be
imposed in order to recover the SM potential at leading order are

a2 g 2] 2 o (3.40)
F4 phys.

Hence ¢z has a natural value. On the other hand, the experimental bounds on F (see
section 4.1.1 and section 4.1.2) require m3 /F? < 0.03, which necessarily implies a sizable
tuning in c;.

To obtain explicit expressions for cj 2 in terms of the model parameters, we assume the
following simple functional form for the fermion form factors

M7

M) = M) 3

(3.41)

and
M- (¢?) TE-(0) _ TIR(¢%) TIg7(0) _  MF My

mE(0) TEH(¢?) TR (0) Tg°(e?)  MF—@? M7 —¢°

(3.42)

The dependence on My follows from the assumption of a single top-partner (of mass Mr)
dominating the diagram in figure 2 at small ¢?>. On the other hand, we let M ;S 4 fac
denote the mass of generic heavy spin-1/2 resonances, which acts to cut-off the quadratically
divergent loop integrals in (3.30). Similarly, in the gauge sector we assume
M2
2

H1(2)(q )= H1(2) (O)W—pq?’ (3.43)
where M, < 47 firc denotes the mass of the spin-1 resonances which tame the quadratically
divergent integrals in (3.37). Residual logarithmic divergences in the integrals proportional
to MJ% and M 3 are reabsorbed via an O(1) redefinition of these masses.

9We remark that it has recently been observed that generating the Higgs potential at higher-order, which
is radiatively stable if the symmetry breaking spurion is in a large representation, can offer an alternative
route to avoiding the v/F tuning [50, 51].
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Under these assumptions, we find the following expressions for the coefficient of the
sin?(h/2F) term,

f—quad min
C1 C1 Ccl
i <F4> * (1:4) ) (3.44)
f—quad M2
‘1 _ Ne iyt ty2,.t] 2
(F‘Zl) - 87T2 |:(AR) Kp — (AL) HLi| ﬁ ) (345)
e \™ Ny M2 9g12% g%v% ]\Jp2 )
F1) T ae Fr 1- -5 10 3.46
(F4> 472 F?2  32r2 2M2 ) F2 +O(9L9r, 91.) » (3.46)

and of the sin(h/2F) term,

2
c2  Ney? M2 9g% < 9%@%) M7 9g%

Fi~ e P23\ 2

F2 6472

M2
g (Mgp > +O(gLgr.97) . (3.47)
Wr
Let’s start by analysing the result for ¢y. The physical condition in (3.40) can be matched by
keeping the fermion contribution only, which is expected to be parametrically larger than
the gauge contributions here, in the limit of a light M7. Note that this contribution is finite,
hence it is largely insensitive to the details of the composite model but for the key assumption
of light top partners. More precisely, assuming ¢, < 1 one needs My = 2.5F, which is
perfectly consistent with present bounds (see section 4). Higher My values can be obtained at
the expense of a modest tuning of . The term proportional to gﬁl% can be neglected if gp < 2.
Concerning ¢1, the tuning needed to satisfy the physical condition in (3.40) requires
two main ingredients. First, a cancellation of the leading (quadratically divergent) fermion
contribution in (3.45). This can be achieved imposing additional symmetries in the fermion
mass terms forcing a cancellation between left-handed and right-handed contributions.!°
Doing so, one is left with explaining the minimal tuning [52] related to the term in (3.46),
where the fermion contribution is the same as in ¢y (i.e. the model-independent contribution
associated to the top-quark Yukawa coupling). In our setup, a natural ingredient to achieve
this tuning is a cancellation between the fermion and gauge contributions, which are predicted
to have opposite sign. This cancellation does not happen with a flavour-universal gauge
group since, in that case, the gauge coupling is too small. In order for the cancellation to
take place in our setup, the following two conditions need to be satisfied

o A relatively large gr = gr3, still within the perturbative regime, such that the
gauge contribution reaches the same size as the fermion one. More precisely, we need
g% ¥ ]\43/(6}7)2 > 1, that for natural values of M, implies g3 = O(1) > gr12 ~ gi™.

o A relatively light M?2 .+ SO as not to suppress (or even change the sign of) the gauge
contribution. As can be inferred from (3.46), the condition required is

1
MI%VR = —ghvd < ng, (3.48)

where the first equality will be derived explicitly in section 4.2.1. Note that to see the
need for this second condition required carefully expanding the logarithm appearing in

0 xtensive discussions of fermion representations and related symmetries that can be used to achieve this
goal can be found in refs. [52, 53].
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the Coleman-Weinberg potential to formally higher order before integrating, and relies
on the fact that the terms proportional to g% V8. gj% in (3.47) have strictly opposite
sign.

4 Phenomenology

The phenomenological implications of the model can be divided into two main categories:
those related to the strong dynamics (such as modified Higgs-boson couplings, dynamics of
the top partners and heavy resonances, etc.) and those related to the flavoured gauge bosons.
The former category does not differ significantly from what is discussed in the composite
Higgs model literature, hence we shall discuss this category of bounds rather briefly.

On the other hand, we present in more detail the phenomenology of the flavoured gauge
bosons, which are specific to the flavour-deconstructed model. As we have shown in the
previous section, these exotic fields are predicted to be lighter than all composite states but
for the Higgs boson and the top partners.

4.1 Constraints from the strong dynamics
4.1.1 Bounds on F from Higgs couplings

We derive here the bound on the scale F' coming from modifications of the Higgs couplings
to gauge bosons due to the strong dynamics. The SM Higgs Lagrangian has the form

. e Oap .
LM = (D, H)" (D*H) — Vam(H) Dy =0y~ ZgLAL,uTL —igyBuY . (41)

Here H denotes the Higgs field in the doublet notation, such that

1 0
H it = — 4.2
unit.—gauge \/E (hghMys(x) +UEW> ) ( )

where vgw = (V2Gr)~'/2 ~ 246 GeV. From the kinetic term, the couplings of the physical
Higgs boson to the SU(2); SM gauge fields read

2
SM VEW SM g
9vvh = Q%T ) 9VVhh = @L . (4-3>

In our composite model, the kinetic part of the Higgs Lagrangian is given in (3.10). Expanding
this Lagrangian in powers of h(x) around its VEV determined by the potential (3.39) leads to

Ly D 2F—2 sin? <U>+sin(v> (h)+cos<v> <h>2+-~
h =917 2F F)\oF F)\oF

From the SM relation my = ig%v%w, we deduce

(A;)2 L (449)

vEw = 4F%sin® % . (4.5)

Note that, consistently with the discussion in section 3.1.1, we recover v — vgw in the limit
F — o0o. Expressing v in terms of vgw we can relate the Higgs-gauge-boson couplings of
the composite model to the SM ones, obtaining

gvvh = GVl —€, Gvvhh = Gean (1 — 26) (4.6)
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where, following [54], we have defined

2 2
_ YEw _ YEwW
§_4 2:f1%c' (4.7)

As expected, these results are perfectly consistent with those originally derived in [5] for
the so-called minimal composite Higgs model.

Up-to-date bounds from the LHC on the Higgs couplings can be found in [55, 56].
Combining ATLAS and CMS data leads to gyy/ g‘s/l\{}h > 0.97 (95% CL), which implies

£€<0.06 (95%CL)  or  fuc > 1.0 TeV (95% CL). (4.8)

4.1.2 Top partners and heavier resonances

Light top partners are a general prediction of composite Higgs models and extensive searches
have been performed at the LHC for them. A selection of recent results can be found
in [57-60]. The bounds based on pair production, which are the most stringent except in
a few specific model-dependent constructions, imply

My > 1.5 TeV. (4.9)

In order to fulfil the relation My =~ 2.5F from the Higgs potential (see section 3.4), this
implies fruc 2 1.2 TeV, delivering a slightly stronger limit than the one set by the Higgs
couplings in (4.8).

As far as the direct searches for heavy resonances are concerned, specifically on the
vector resonances which are expected to be the lightest ones, present LHC limits on W’ and
Z' bosons [61, 62] imply M, 2 5TeV. More stringent constraints are derived from indirect
searches via electroweak observables. The leading (tree-level) effects of heavy composite
resonances in EW precision observables (such as the S parameter or the my /my ratio)
are of the order of

Sew = g7 v —ﬁﬁ (4.10)
=9LR7 9 = ) .
Mz " g

where we have defined g, = M,/ fuc. Present bounds are satisfied for dgw < 1073, which can

be obtained for a large enough g,, well within the upper bound g*

X ~~ 47 set by perturbativity.
Aiming at the lowest possible value of fyg in order to minimize the tuning in the Higgs

potential, a reference benchmark point/region for the composite sector is provided by!!
fuc =~ 1.5 TeV, Mp ~ 1.8 +2.0 TeV, gy~ 5+6 (4.11)

This choice implies a 3% tuning in the Higgs potential (£ ~ 0.03) with O(1%) corrections
to the Higgs couplings. Corrections to the EW precision observables are slightly below the
per-mille level, and M, ~ 8 + 10TeV.

"The benchmark range for g, closely replicates a QCD-like spectrum.
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4.2 Flavoured gauge bosons

We now turn to the phenomenology associated with the flavour deconstruction, which gives
rise to heavy gauge bosons. As described above, the flavour structure is generated thanks
to the minimal symmetry breaking pattern

U x umE, xsu@)il - u)y, (4.12)
triggered by two link fields getting VEVs: ¥ ~ (%, 0, 2), which gets the VEV () = %(0 vs) T,
and Qg ~ (%, —%, 1), which acquires the VEV () = %UQ.IQ
4.2.1 Gauge boson masses

To obtain the spectrum of the heavy gauge bosons, the relevant Lagrangian is

LD +

I

s

0,3 + 93 il 902 phalg ) :
I t 2 ap t 2 12

.gy,12 .93,B—L
0ufq + 177 BUZ]Qq—zTXBqu

which contains the following mass terms after subbing in the VEVs:

1
L£> g”% [912%,3(W1[3]2 + W2[3] 2) + (9}4123[12] - 9R73W3E3])2}
1
+ ——vg(gv12BM — gp_p s X1)? (4.13)

72

The three neutral gauge bosons all mix. The mass mixing matrix is

T g%m(v% + %v%)z —%gly,;ng—Lz,s’U% —gv,129R,3V% B[;]
LD g(B X W3) | —59viae9B-L3vG 598136 0 X

—gy.120R 3V% 0 9%«2,3”% W:s[g]
(4.14)
This matrix has zero determinant, so there remains a massless neutral gauge boson, cor-
responding to the unbroken SM U(1)y subgroup. This massless field corresponds to the

linear combination
Bo —Lpmay 1 x@ iwﬁ . mp=0, (4.15)
gv,12 9B-L3 9R;3

which, sure enough, has flavour-universal couplings to the SM fermions (see below).
The masses of the two heavy neutral gauge bosons are quite complicated expressions of
the couplings and the VEVs, in general. However, motivated by our considerations of the

Higgs potential (plus collider phenomenology), we are most interested in the régime

9y, 12 < 9R35 YB—L3 (4.16)

i.e. with smaller gauge couplings to the light generations than to the third one. In this limit,
the off-diagonal terms responsible for mixing are all suppressed, and one can determine the
two heavy mass eigenvalues perturbatively in the small ratio of couplings:

1 1
M%V ~ %(QE—LB + 9%/,12)”?2 + O(g§,’12) ) M%R ~ 1(9%2,3 + 9}2@2)7)% + 0(9%,12) - (4.17)

12For simplicity, unless otherwise stated, in this section we disregard the possibility of the additional link
field Q¢ ~ (-3, 3,1).

R
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Finally, looking back to (4.13), there are massive eigenstates of the unbroken U(1)y
with charge £1 (which can be read off from the non-abelian SU(2)g algebra, specifically
the non-zero commutator between the unbroken og direction and the combinations oy F 109
corresponding to W¥):

1 - < 1
Wi = — (W, FiW: M3, = —g% 303, 4.18
R \/Q( 1 F i), Wi = 19R3US (4.18)
To leading order, the mass ratio for the Zr and Wg is
My \% 9ks+0;
( ZR> _ 9rg3 ! 9y,12 >, (4.19)
My, IRr3

mirroring the formulae for the Z to W mass ratio in the SM.

4.2.2 Gauge boson couplings to SM fields

We now turn to the couplings of the mass eigenstate gauge bosons. We first derive the
couplings to SM fermions, then to the Higgs.

Couplings to fermions.

Firstly, the massless gauge field B couples to the flavour-universal SM hypercharge, ¥ =
Y2l (B-L)B + Tg’;, that is left unbroken by this symmetry breaking pattern irrespective
of the values of the VEVs or the gauge couplings.!® The corresponding gauge coupling ¢’
then satisfies the following matching condition

1 1 1 1

— = + + . (4.20)
g? 932/,12 91237L,3 9?«2,3
One can enforce this condition by parametrizing the UV gauge couplings via
g = gyi2c080 = gp_r 3sinfcosd = grssinfsing. (4.21)

This let us trade the three couplings {gy12,9B-13,9r,3} for two polar angles {0, ¢}. The
inverse coordinate transformation is

§ = arctan | — 912 9% 13+ 9% ¢ = arctan 9B-L3 ) (4.22)
9B-L,39R,3 ' ’ 9R;3

Other useful relations are:

Y12 _ o 0sin b, I tanfcos b, (4.23)
QR,S ngL,?)

In these coordinates, the limit gy12 < gr3, gB—1,3 that we are interested in translates to
the small angle limit

0 <1, p~1. (4.24)

13This reflects a general group theory statement that one only ever breaks to the diagonal subgroup, under
certain conditions that are here satisfied — see refs. [31, 36].
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The two heavy mass eigenstates coincide with the gauge eigenstates up to small corrections:
~ gy, 3 ~ i3 _ 9y
we have Zy ~ X B — 252 g2 0(g2 WP and Zp ~ WY — 222 B2 1 0(g2) XB). The
notation Zy and Zr reminds us that the former neutral boson couples nearly vector-like
to fermions, while the latter is nearly right-handed. To deduce the couplings to SM fields,
we invert these relations:

B[12} ~ B — t96¢ZV — th¢ZR, (4.25)
XBl x Zy + tgcy B, (4.26)
Wi x Zg + tgsyB, (4.27)

where sg := sin # etc. We can thence deduce the couplings of both Z’ bosons to SM fermions,
which take the form

where the relevant fermionic currents are found to be

2 /
9y12 12 g 3] 2 2 7[12]pn
JE = gp_paJi T2 gAw T (g8l 4202 g , 4.29
Ve = 9B-L3Jp_[ 9513 Y SGCqS( B-L 0CoYYy ) ( )
2 /
9v,12 ,[12] g 3] 2 2 712
JE = gl _ YAz g2 9 (gBle 4202 5 . 4.30
Ry = 9R3JR IR Y 86%( R 056y ) ( )

We notice from these formulae that one cannot take the coupling to light generations to
zero (6 — 0) without the coupling to the third family simultaneously diverging.!* This is
the case for any flavour deconstruction setup: one cannot totally decouple the heavy gauge
bosons from the light SM generations.

Finally, there is the coupling of the charged current gauge bosons Wj%t that come from
breaking the off-diagonal generators in SU(2)[R§]. This gives a charged current interaction
with third generation right-handed quarks:

1 _ =3 3
LD —EgRﬁWRudR’}/NUR -+ h.c. (431)
There is no leptonic coupling because, even if there are right-handed neutrinos, they are
assumed heavy and already integrated out. Note this also decouples the high-pr bound
because we have no semi-leptonic operators coming from integrating out the W that modify
¢ or fv final states.

Couplings to the Higgs.

The massive gauge bosons generated by the SU(2)[R§] breaking couple also to the Higgs fields.

To derive these couplings, it is convenient to use the bi-doublet notation ® for the Higgs

YT here is also, in principle, a small deviation in the light family couplings due to the mixing between SM
fermions and the heavy vector-like fermions F}%’ ;, that are integrated out at the high scale to generate the
Yukawa hierarchies. The effects of such mixing has been taken into account in previous phenomenological
studies of flavour deconstruction e.g. [63], but for our purposes it is good enough to ignore these small mixing
effects. Their inclusion would change the high-pr bounds derived below by a small amount.

— 23 —



field that we introduced above in eq. (3.5). This is related to the Higgs SU(2); complex
doublet H via

®=(H°H), H =ioH". (4.32)

The covariant derivative acting on ® was given above in eq. (3.15), by which SU(2), (SU(Q)E)
gauge bosons act straightforwardly by left (right) matrix multiplication.

To obtain the linear couplings of the heavy gauge fields to the Higgs doublet H (which is
all we need for tree-level matching to the SMEFT at dimension-6), we expand the kinetic
part of the action £ = iTr [D#CI)TD#CD}, and isolate the piece that is linear in the Ar gauge
field. This current is

1 . o’ . , o .
Lo T [zgR,gauqﬂ (@.2AR#) —igRr3 (ZARu'q)T) aucb} . (4.33)

After the symmetry breaking described above, we can deduce the couplings to the heavy
charged current bosons by rotating to the (Wg,ZR ~ A%) basis. The charged-current
interaction then assumes the form

9dRrR3

LD
2v2

Wry [ — 010,04 + 020,03 — 30,92 + ¢40,,$1 (4.34)

+i(P10u¢3 + $20,¢4 — $30u¢1 — P40ud2)| + h.c.

dRr,3

=5

while the neutral-current coupling is

W, iDuH iogH + h.c. (4.35)

1
L> 59R,3Zﬁ (010,02 — 20,01 — $30,04 + P40,,03) (4.36)
= gljl—f’zg(z‘HTDMH the) = Z8Tru,, (4.37)

where the last equality defines Jﬁ, -

4.2.3 Matching to the SMEFT

Having derived the couplings of the heavy vector bosons, we can now integrate out at tree-level
and match to the dimension-6 SMEFT to estimate the most important phenomenological
consequences. We do so using the tree-level matching dictionary of ref. [64].

When the two neutral gauge bosons are integrated out, we can write down the SMEFT
Lagrangian that results in terms of the currents derived above:

Telven  IreIren  IReIrie  TRuI R
2M?2 2M?2 M2 2M?2
v R R R

LD (4.38)

The first term comes from the Zy boson, which couples only to fermions and hence produces
only 4-fermion operators. The latter three terms come from integrating out the Zr boson,
containing 4-fermion operators with various chiral structures (second term), mixed fermion-
boson operators of the form Ogy ~ (H TiﬁuH )(fy*f) (third term), and pure bosonic
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operators Opp ~ (HTD,H)? and Oyn ~ |H|?0|H|? (fourth term). This accounts for all
tree-level dimension-6 operators produced by integrating out the two heavy neutral gauge
bosons. All these operators will lead to important experimental constraints, which we discuss
in the following subsections.

Integrating out the charged current Wg bosons gives additional operators. Starting with
four-fermion operators, only the SMEFT operators Oq(jj) and OSZ) are generated given the
coupling (4.31), with suppression factors for all light-family flavour components. These are
subject only to very weak experimental bounds, and will play no role in the phenomenological
analysis that follows. Concerning mixed fermion-boson operators, different structures are
generated by the charged current (compared to neutral one). Firstly, we get modified
Yukawa operators O ~ |H|*[He, Ogrr and Oy (defined similarly). These operators are
generated only via the Higgs interaction, and so their Wilson coefficients are suppressed
by SM Yukawa couplings:

2
9R3

e 4.39
16 Mg, (4.39)

CeH,dH, uH ~ Yr,b,t

These operators modify the H — 77 and H — bb signal strengths; however, the suppression
by yr (yp) in (4.39) implies the corresponding bounds are weak. Integrating out the Wg
also generates the operator (’)gud ~ (H Tz’DuH )U‘Ry“dj , with unsuppressed Wilson coefficient
for the i = j = 3 component: this operator has a significant impact in flavour physics (see
section 4.2.4). Lastly, the Wg also gives contributions to pure bosonic operators, in particular
an additional contribution to O p, which modifies the SM prediction for my (section 4.2.5).
Both these effects are discussed in detail below.

4.2.4 Flavour observables

The heavy gauge bosons in this theory have flavour non-universal couplings to the SM fermions,
but respect an accidental U(2)5 global flavour symmetries acting on the light families, with a
minimal breaking structure linked to the subleading entries in the Yukawa couplings. This
symmetry allow them to be close to the TeV scale without contravening the tight flavour
bounds for flavour-changing processes in the 1-2 sector (such as those from kaon mixing).

Nonetheless, there are important bounds coming from flavour-changing processes involving
bottom quarks, which we here survey:

e Bound on Wi mass from B — X,v. As anticipated, the W boson generates a
tree-level contribution to Opyg ~ (H Tz’DuH Yury*dpR, with unsuppressed coupling for
third generation quarks,

H _brir
IwrIw 1
Cip = ——BE — 4.40
T A (40

This operator is severely constrained by its one-loop contribution to B — X¢v. Using
the results of [3], we deduce
vy > 3.2 TeV. (4.41)

Note that this effect is independent of the flavour orientation of the Yukawa couplings,
since the flavour mixing come from the CKM matrix (or the flavour-off-diagonal left-
handed coupling of the W field in the mass-eigenstate basis). The diagonalization of the
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Yukawa couplings induce, in principle, also non-vanishing contributions to the Opy,q
operator with light quarks. However, the corresponding couplings are very suppressed
by the negligible amount of flavour mixing in the right-handed sector, hence can be
safely neglected.

e Bounds on Z’' masses from FCNC processes. The smallness of flavour mixing
in the right-handed sector implies the Zr boson is weakly constrained from FCNC
processes. The situation is different for the Zy boson, where left-handed flavour mixing
(from the diagonalisation of the Yukawa couplings) can induce sizeable FCNC couplings.
The corresponding bounds on v, dominated by Bs-mixing, can be deduced from the
recent analysis in ref. [6]. They reach

vo 2 2.7 TeV (4.42)

in the case of pure up-alignment, but could be reduced with respect to this value by
assuming some degree of down-alignment.

¢ Flavour constraints on the composite states. On general grounds, the composite
states (top-partners, vector resonances, and higher-mass states) also mediate flavour-
changing interactions. First, it is worth noting that the minimal breaking of the flavour
symmetry prevents tree-level contributions to FCNCs suppressed only by the light top
partner mass. As far as other effects are concerned, an extensive analysis in various
classes of composite models has been presented recently in ref. [9]. The case there
denoted ‘partial Right Universality’ (pRU) is quite close to our framework in this
respect, since our deconstructed gauge symmetry structure enshrines the pRU global
symmetry pattern as accidental. From the analysis of ref. [9] we deduce that the bounds
from flavour observables are all satisfied if g, is large enough to satisfy the EW bounds
(see section 4.1.2).

4.2.5 Higgs and electroweak observables

The heavy gauge bosons coming from the SU(Q)E breaking couple to the Higgs, giving rise

to mixed fermion-Higgs operators and pure Higgs operators at tree-level (see section 4.2.3).
These operators give sizeable effects in electroweak precision observables (EWPO), principally
the Z-pole measurements made at LEP-II as well as measurements of the W mass. We here
pinpoint the most important observables and estimate the strength of constraints to guide
future studies. We do not undertake a comprehensive fit to data in this work.

W -boson mass.

The heavy Wi and Zg bosons leads to a shift (§myy) in the prediction for the W mass. The

leading effect is related to their tree-level contribution to the Wilson coefficient Cgp:*?
g 1?2095 17\ ghs [ 1 1
Cup = YR =<\ 1= | (4.43)
Wr ZR Wr ZRr

15Tn principle, there is also a contribution from the four-lepton operator C};??!, induced by integrating
out the Z’ bosons, which arises because this operator modifies the extraction of G from the muon decay.
However, this operator is lepton-flavour-violating and is induced by a rotation in the lepton 1-2 sector that
must be sufficiently small to satisfy other constraints from p — 3e and p — ey. As a result, this contribution
to dmw turns out to be safely negligible.
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Notice that (4.43) vanishes in the ‘custodial’ limit My, = My,. This would occur in principle
for pure SU(2)[R§] — {0} breaking, i.e. without the linking which results in the Zx mixing with
the light-family-hypercharge boson (that shifts My, without affecting My, ). Accounting

for this mixing, we have the following non-zero Cgp at tree-level

1 9 1g
Crp == [1—[1+52 S (4.44)
2vg, 9Rr,3 2v5, 9R.3
To a good accuracy, the shift in the W-mass is given by [65] dm, /m3, ~ %C‘H[)v2 /2,

where dm?, := (m3,)sm — (M3, )smerr and s, is the sine of the Weinberg angle. Using
also dm¥, /m¥, ~ 20mw /mw, we find

1-— 82w UI%]W 912/712 (9 TeV 2 912/712
mw = 2

10 MeV). 4.45
1— 252, 803 g% 3 vy X V) (4.45)

5mW ~
9R3

As expected, the shift in the W mass vanishes in the limit § — 0 (due to the custodial
protection). Hence the effect is small in the limit where the exotic gauge bosons couple
dominantly to the third family — the same limit that is also strongly favoured by collider
searches (see below), as well as by our independent consideration of tuning in the Higgs
potential. Importantly, the shift in the W mass is necessarily positive (with respect to
the SM prediction), going in the same direction as a current small deviation in combined
measurements of the W mass [66]. The size of this deviation (roughly the same size as the
current uncertainty on the measurement) is a few tens of MeV. From (4.45) we see that,
taking as a benchmark vy, = 3 TeV, one has dmy ~ 10MeV for gy12 = gr3/3 = gr3 ~ 1,
exactly in the region favoured by our considerations on the Higgs potential in section 3.4.

We remind the reader that we have in mind a region of parameter space in which the
effects of the composite sector on EWPOs are at the per-mille level (see section 4.1.2),
giving just small corrections to the leading-order effects from the (lighter) Zr and Wg gauge
bosons that we consider here.

Z-pole observables.

Other EWPOs involve modifications to the electroweak gauge boson couplings to SM fermions,
induced from integrating out the Zp gauge boson (that mixes with the Z). Here the leading
effects are due to the mixed fermion-Higgs operators Opy.

Because of the right-handed chiral structure of the coupling to third generation fermions,
we have O35 = C’gg 3 — 0. Wilson coefficients involving light-generation fermion currents
(which are proportional to the hypercharge of the fermion field involved) are suppressed
by the small mixing parameter sin §:'6

2.2
11,22 ~11,22 ~(1)11,22 11,22 ~11,22 595

{CHl 7CH€ ,C}{é ’CHu 7CHd } ~ #{_37 _6, +]., +47 _2} (4..46)
)

“Note that we can further reduce EWPO effects involving light leptons and quarks by considering the
¢ <1 (i.e gr3s < gB—r,3) limit.
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The largest effects, however, involve the right-handed third family fermion fields. These come
from the unsuppressed Higgs-bifermion operators:

O~ —C, ~ Oy~ — (4.47)
2v5,
We can estimate the strength of the bound from EWPOs by taking the one-at-a-time
constraints on these three coefficients. The analysis of ref. [3] suggests the strongest of
such bound comes from the modified Z coupling to right-handed taus, thanks to the LEP
measurement of R, = I'(Z — 7t77)/T'(Z — qq). From the anlsysis of ref. [3] we deduce

vy 2 2.7 TeV, (4.48)

which is comparable to the B — X¢v bound discussed in section 4.2.4. We therefore identify
these kind of precision flavour and electroweak observables involving third generation fermions
(taus and bottoms) as particularly promising probes of a flavour deconstructed composite
Higgs scenario.

4.2.6 LHC bounds from Drell-Yan data

Lastly, bounds on the Z’ bosons masses can be derived from pp collisions at the LHC. We
present here an EFT estimate of such bounds, as derived from high-py Drell-Yan production
of di-lepton pairs, measured by ATLAS [67] and CMS [68]. These analyses use a total
integrated luminosity of 139fb=! (140fb~!) respectively.

While a light enough Z’ in the s-channel would generate a peak in the my, distribution,
we here approximate the impact of heavy Z’ bosons by the four-fermion contact interaction
they induce. As pointed out in various studies (see e.g. [69]), the inclusion of four-fermion
operators lifts the tail of the my, distribution allowing to derive stringent bounds also for Z’
masses well above the kinematical threshold. We use the HighPT package [70, 71] in ‘EFT
mode’ to approximate a x? likelihood function for our model, turning on all dimension-6
semi-leptonic operators obtained by tree-level matching of the two heavy Z’ bosons to the
SMEFT. We include both light lepton and tau channels.

The results are shown in figure 4. We present the constraints in terms of the relevant
VEV vy, (vq), vs. the ratio of the gy,12 to gr3 (95-1,3) gauge coupling, which is assumed to
be small. As can be seen, the high-pr constraints on the Zr boson even permits vy = 1 TeV,
in the limit gy,12 < gr3 (# < 1), when gr 3 approaches 4r. For more realistic gr 3 values,
namely for grs S 1.5, we get

~

vy > 2.0 TeV . (4.49)

It is the pp — 77 search that sets the most stringent limits in the small 8 region. Looking at
figure 4, one can see that the régime of light vy, (compared to the mass M, of the lightest
spin-1 composite resonance) favoured by our considerations of the Higgs potential is, for now,
completely consistent with high-pr LHC data. Once more, this is because of the flavour
non-universal structure of the Zr couplings, with suppressed interactions with the light
quarks. From our previous considerations, we expect the indirect tests (from both flavour, in
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Figure 4. Constraints from high-pr Drell-Yan data at the LHC on the two Z’ bosons arising
from the flavour deconstruction in our model. In the region of parameter space plotted, for which
gv,12 < gR,3, §B—1L,3, the constraint from pp — 77 is the strongest.

particular B — X7, and electroweak, in particular the R, ratio) to be slightly more relevant
than high-pr bounds at present; which may of course change as the LHC program advances.

The second Zy boson, that couples mostly to the J g’]_ ;, fermion current, has a seemingly
stronger bound on its VEV, vg 2 3 + 6 TeV or so depending on the desired upper limit for
the coupling. This factor of roughly 3 difference in the bounds just comes from the fact
that the gauge boson mass is related to the VEV as Mz, ~ %gB_L,ng, vs. Mz, = %gR’gvg,
in units where the fermion charges are comparable. Actually, the relation between My,
and vg changes to Mz, ~ %gB_ 1,3vq if the extra link field €, (see table 1) is taken into
consideration. In that case the bounds on v and vx;, turn out to be very comparable.

We further recall that the scale v plays no role in the Higgs potential because the Higgs
does not couple to this (dominantly vector-like) gauge boson; thus, the constraint on vg
does not have implications for naturalness, in contrast to vy which is crucially tied to the
generation of the electroweak scale within our model.

5 Conclusions and outlook

In this paper we have explored a model for addressing the origin of flavour and the stability
of the electroweak scale, by combining the idea of flavour non-universality with Higgs
compositeness. In the UV, flavour non-universal gauge interactions encode the 2 + 1 family
structure, motivated by the observed pattern in the Yukawa couplings and the smallness
of flavor-violating effects involving the light families. On the other hand, the Higgs mass
is protected from quantum corrections induced by heavier degrees of freedom thanks to its
compositeness. The Higgs emerges as a light pNGB of a spontaneously broken symmetry
and is unaffected by dynamics above the compositeness scale — in particular, it is insensitive
to the mass scale of the heavy fermion which is responsible for generating the hierarchical
flavour structure needed to solve the flavour puzzle.

The Higgs potential is generated at one-loop by explicit symmetry-breaking terms in
the fermion sector and by the gauging of a subgroup of the strong symmetry. We have
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quantified the fermionic, scalar, and gauge contributions to the Higgs mass. We found that
the flavour non-universal gauge structure of our model combined with a close-by symmetry
breaking scale allows for a cancellation between fermionic and gauge contributions in the Higgs
potential, thereby justifying a posteriori the observed little hierarchy between v and fgc.
This important feature is connected to the possibility of having a large enough gauge coupling
gr3 = O(1) > gri2 ~ gy, together with relatively light massive flavoured gauge bosons,
My, ~ few TeV. It is important to stress that this finding is reasonably general and would
hold also in variations of the model, especially as far as the UV gauge group is concerned. The
key observation is that combining partial compositeness with flavour deconstruction results
in a more predictive framework than when each hypothesis is considered independently.

The interesting interplay between the scale of flavour deconstruction and the tuning in
the Higgs potential motivated us to perform a study of the phenomenological implications
of the model, focusing in particular to the non-standard effects induced by the flavoured
gauge bosons. The masses and couplings of the latter turn out to be mostly constrained
by B — X,v and Z-pole observables and, to a lesser extent (at least at present), by LHC
measurements of o(pp — 7777). Present data allow these bosons to have masses in the
vicinity of the TeV scale, as required by the consistency of the model. Interestingly enough,
signals of their presence could appear via a modified high-p; behaviour of pp — 777~ in
the high-luminosity phase of the LHC.

The non-standard effects induced by the flavoured gauge bosons are a distinct feature of
the flavour-deconstruction hypotheses and, to large extent, are independent of the strong
dynamics originating the Higgs boson. These effects should be accompanied by other non-
standard phenomena, such as modified Higgs-boson couplings and the presence of light
top partners, which are related to the strong dynamics. The manifestation of both sets of
phenomena is what could allow a clear experimental identification of the proposed model.
The whole ‘natural’ parameter space of the model could be probed via flavour and electroweak
observables, and modified Higgs couplings, at a future ete™ collider running both at the
Z pole and above the Zh threshold.!”

On the theory side, one direction forward is to further speculate regarding the next
layer of UV physics underlying the framework we have presented. Quite conspicuously, the
model we sketched features fundamental scalar link fields X and € which would themselves
introduce (large) hierarchy problems. One approach is to realise the scalar link fields also as
composite particles of an enlarged strong sector. For instance, one can embed Y i alongside
the Higgs as composite pNGBs arising from a strong sector with global symmetry breaking

Sp(6)giobal —> SU(2)1, x SU2)E! x sU(2) . (5.1)

This delivers pNGBs transforming in bi-fundamentals of each pair of SU(2)s, corresponding
to the Higgs pNGB, the X g, plus an extra bidoublet charged under SU(2)y, x SU(2)%2} (which
would need to have a vanishing VEV). The natural mass scale for these pNGBs is around
fuc ~ TeV ~ vy, so the X i state is completely naturally described as a composite pNGB;

17Studies of the FCC-ee potential for the electroweak observables, and corresponding physics reach for (part
of) the flavoured gauge bosons, can be found in ref. [3, 35, 36, 72].
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it is only the pNGB corresponding to the SM Higgs that must end up anomalously light
due to fine-tuning in the loop-generated potential.
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A Further details on the CCWZ formalism

The decomposition of U TO#U in (3.12) can be ordered in terms of the number of ¢-insertions.
The LO and NLO terms in I'j; and uj, are given by:

1 1
Ty = —5080uc cha 4 R fode phea 4 (A1)
1 1
ujy = Ouda — SO0 F+ condeduda- (FEIE — FESfE) + .. (A2

where the commutation relations among unbroken generators 717} and broken generators
T5 are given by:

(T8, Th| = ifg - T +ifgh - Tg (A.3)
|75, 1] = ifehs - 15 (A.4)

Notice that the LO contribution to I'j starts at second order in the ¢,, and hence plays no
(2)

role in the expansion of £’ up to quadratic terms in H.
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