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1 Introduction

The first years of physics runs at the LHC confirmed that the Standard Model (SM)
describes the physics at the electroweak (EW) scale very well. The experimental ATLAS
and CMS collaborations found a Higgs-like! particle [3, 4] with couplings close to the SM
Higgs expectations, seemingly completing the SM, while direct searches for new physics
beyond the SM (BSM) yielded only negative results so far. The lack of new states indicates
the presence of a mass gap between the electroweak scale and the scale of new physics.
This separation of scales enables us to use bottom-up effective field theories (EFTSs) to
study the low-energy effects of heavy new physics in a systematic way.

In EFTs, the information about the ultraviolet (UV) and the infrared (IR) are sepa-
rated: the UV information is entirely contained in the Wilson coefficients (or low-energy
constants, LECs), and the IR information is described by the local operators. When all
LECs at a given order are kept as free parameters, the approach is model-independent
within a small and well-justified set of assumptions. These assumptions are usually mo-
tivated by experimental results and concern the low-energy particle content and the sym-
metries. When constructing an EFT for the SM, there is usually no debate about the
particle content. However, the newly-discovered Higgs can be treated in two different
ways. We either assume that it forms an IR doublet structure, together with the three
Nambu-Goldstone bosons of the electroweak symmetry breaking, or we do not assume any
specific relation between the Higgs and the Nambu-Goldstone bosons. In the latter case,
the Higgs can be parametrized by a scalar singlet with independent couplings. These two
cases lead to two different EFTs, with different power counting and therefore conceptually
different effective expansions.

In the first case, with an SU(2);, doublet structure at the electroweak scale, the re-
sulting EFT is an expansion in canonical dimensions that is called SM effective theory
(SMEFT). It usually describes weakly coupled new physics that decouples from the SM in
a certain limit. Since the doublet containing the Higgs and the EW Goldstones transforms
linearly under gauge transformations, the SMEFT is also called “linear” EFT.

The second case, called EW effective theory (EWET), EW chiral Lagrangian (EWChL)
or Higgs effective theory (HEFT), is a more general (non-linear) realization of the EW
symmetry breaking, which includes the SMEFT as a particular case. It allows for rather
large deviations from the Standard Model in the Higgs sector compared to the well-tested
gauge-fermion sector. Such effects are usually induced by strongly-coupled physics in the
UV. However, the choice of an appropriate EFT for a given UV model depends on more
model-dependent details. For example, a simple extension of the SM scalar sector with
an additional (heavy) singlet scalar induces at low energies the linear EFT with a Higgs
doublet and an expansion in canonical dimensions as the natural EFT in most of the
parameter space. In other regions of parameter space, however, the truly non-linear EF'T
is induced and the low-energy expansion is not given by canonical dimensions [5].

When working with EFTs, we can pursue two different strategies. First, in a bottom-up
approach, we can fit the LECs to experimental data and look for deviations from the SM.

'We refer to this particle as “Higgs”, even though it might not be the SM Higgs boson.
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Figure 1. Schematic view of the energy regimes of the different (effective) theories. A possible UV
completion of the SM electroweak sector could behave somehow similarly to QCD.

Second, we can look at certain (classes of) UV models and analyze them in a top-down
manner to study the pattern of LECs they generate. Once a deviation from the SM is
observed in the data, the intuition gained in the top-down approach helps to find what
type of UV model is causing it.

An interesting class of new-physics models are strongly-coupled UV completions. In
this type of scenarios the electroweak scale is generated dynamically, as it happens in
Quantum Chromodynamics (QCD). The lightest states are the (pseudo-)Nambu-Goldstone
bosons associated with the EW symmetry breaking, possibly including the Higgs boson.
At higher energies, the resonances of the strongly-coupled interaction are excited. Since
the resonance masses set the cut-off of the low-energy EFT, they cannot be described
within this framework. However, as it is long known for QCD [6, 7], their dynamical
effects on the low-energy physics are incorporated through the LECs that carry all relevant
short-distance information.

The resonance states can be described within an effective Resonance Theory, where
they are included via a phenomenological Lagrangian that interpolates between the UV
and IR theories. In this paper, we construct an effective Lagrangian, containing the SM
states and the heavier fields, based on the symmetry group G = SU(3)¢ ® SU(2), ®
SU2)r ® U(1)x, with X = (B — L)/2, dynamically (or spontaneously) broken to H =
SU3)c ®SU(2)+r ® U(1)x. Thus, our main assumption is the successful pattern of EW
symmetry breaking implemented in the SM. Integrating out the heavy resonance fields,
one recovers the low-energy EFT with explicit values for the LECs in terms of resonance
parameters. Figure 1 illustrates the plausible analogy between UV completions of the SM
and the well-known QCD case.

Previously [1, 2], we analyzed the impact of colorless bosonic resonances on the low-
energy electroweak effective theory. Here, we will continue to explore this direction and
study the contributions to the LECs from colored resonances, both of bosonic and fermionic
type.? We consider bosonic heavy states with quantum numbers J* = 0% and J© = 1%,
which are in singlet or triplet representations of the electroweak group and in singlet or
octet representations of the SU(3)¢ group. At the lowest non-trivial order in inverse powers

2Some preliminary results have been already presented in ref. [8].



of the heavy masses, the only relevant fermionic resonances are states with J = % that are
in a doublet representation of the electroweak group. We will discuss in some detail the new
technical aspects associated with fermionic resonances, since they were not considered at all
in refs. [1, 2]. The incorporation of the color degree of freedom requires an enlargement of
the operator basis defined in ref. [1], including also gluonic operators. This implies a larger
number of unknown LECs. Nevertheless, the LHC data are obviously more constraining
on QCD-sensitive operators. We will show, in particular, the implications of current dijet,
dilepton and diboson production data on the resonance mass scale.

The structure of this paper is as follows. In section 2, we review the construction of the
low-energy effective theory, introduce our notation, and discuss how colored fields can be
incorporated. We include the resonances in section 3 and derive their contributions to the
LECs in section 4. Section 5 discusses the current phenomenological status and illustrates
how our generic EFT framework can be easily particularized to specific (classes of) UV
completions and experimental searches. We conclude in section 6. Some technical aspects
are compiled in various appendices. A detailed comparison between our basis of effective
operators and the basis adopted in ref. [9] is given in appendix A, which proves their
equivalence and provides a complete dictionary to translate the results obtained in the two
bases. Some useful algebraic identities are listed in appendix B. Appendix C analyzes the
special case of a Higgsed heavy scalar resonance with enhanced couplings proportional to
its mass, and appendix D discusses the diagonalization of the quadratic fermion Lagrangian
through a redefinition of the (light and heavy) fermionic fields.

2 The low-energy effective theory

2.1 Constructing the effective theory

We make use of the non-linear EWET Lagrangian to describe the physics at the electroweak
scale [1, 2, 8-27]. This is a conservative choice, as the EWET is the most general electroweak
EFT, also allowing for (but not restricted to) a strongly-coupled UV completion. This is
further supported by the current knowledge about the Higgs couplings, which have still
rather large experimental uncertainties of at best O(10%) [28].> The systematics of the
construction is analogous to [1, 26]. However, for completeness and readability we repeat
the main steps here again. In addition, we will discuss how colored fermions together with
the gluons of QCD are included. We construct the EFT with the following assumptions:

e Particle content. We assume the particle content of the SM, including the Higgs
h and the three EW Goldstone bosons ¢, the four EW gauge bosons (W¥, Z, A)
and the eight gluon fields (G*). However, for simplicity, we will only consider a
single generation of colored fermions. Occasionally, we will comment on using leptons

3More precise constraints of some Higgs couplings have been obtained in simplified one-loop analyses [29]
of the oblique S and T parameters, by including further assumptions like, e.g., neglecting all the O(p*)
couplings and keeping only the (renormalized) one-loop contributions. A proper EFT study of these oblique
parameters at NLO shows that the AW W coupling can indeed be constrained to deviate no more than 6%
(95% C.L.) from its SM value in some dynamical scenarios, but O(10%) corrections remain allowed in more
general settings [30, 31].



instead of quarks, but the study of the fermion flavor structure is beyond the scope
of this article. We do not assume that the Higgs forms a doublet together with the
three Goldstone bosons of the electroweak symmetry breaking, i.e., we include the
Higgs as a scalar singlet with mp = 125 GeV.

Symmetries. Although the SM possesses an SU(2); ® U(1)y gauge symmetry, its
scalar sector has an enhanced global chiral symmetry G = SU(2); ® SU(2) i that gets
spontaneously broken down to the subgroup H = SU(2)1+r. The three electroweak
Goldstone bosons parametrize the coset G/H through a unitary 2 x 2 matrix U(yp).
This pattern of electroweak symmetry breaking (EWSB) gives rise to the masses
of the gauge bosons W+ and Z and implies the successful mass relation m%v =
m2Z cos? Byy. The main assumption in the construction of the EWET is that the
underlying BSM theory and our EWET also possess this EWSB pattern [1, 2, 8, 9,
16, 17, 23, 24, 26, 32-35]:

g= SU(Q)L &® SU(Q)R — H= SU(Q)L+R . (2.1)

The remaining symmetry H is called “custodial” symmetry [33], because it protects
the ratio of the W and Z masses from receiving large corrections. This ratio is
related to the electroweak T parameter [36, 37]. Given the strong experimental
constraints [29, 38|, we assume that the breakings of custodial symmetry are small.
This assumption has some implications for the power counting that we discuss below.
Further, we restrict our analysis to C'P-even operators and assume conservation of
baryon (B) and lepton (L) numbers. More precisely, the EWET Lagrangian will have
the B — L symmetry of the SM. To incorporate colored states in our EWET, we also
assume a local SU(3)¢ symmetry.

Power counting. The effective Lagrangian is organized as a low-energy expansion in
powers of generalized momenta [1, 9, 23, 25, 26, 39, 40],

Lewer = » LS (2.2)
d>2

where the operators are not ordered according to their canonical dimensions and
one must use instead the chiral dimension d which reflects their infrared behavior at
low momenta [39]. Quantum loops are renormalized order by order [41-43] in this
low-energy expansion. It is interesting to spotlight two features related to this power
counting, which differ from previous works [25, 34, 35]:

1. Assuming that the SM fermions couple weakly to the strong sector, we assign
an O(p?) to fermion bilinears [1]. Note that a naive dimensional analysis would
assign them an O(p) scaling. In practice, the additional suppression will be im-
plicitly carried by the corresponding operator couplings as it occurs, for instance,
with the ) in the Yukawa Lagrangian in eq. (2.17) below.



2. Considering its phenomenological suppression and therefore assuming no strong
breaking of the custodial symmetry, we assign an O(p) to the explicit breaking of
this symmetry through the spurion field 7 [1], contrary to the pioneering papers
studying the Higgsless EWET [34, 35]. This assignment leads to a more effi-
cient ordering of operators, pushing to higher orders structures that are tightly
constrained by the data, and is consistent with the SM sources of custodial
symmetry breaking [14].

Our counting for the effective operators that will be constructed in the next subsec-
tions can be summarized as [1]:

v, ¢ ulp/v), Ulp/v), b, Wi, By, Gi ~ O (p°)

€,6,¢,%, DU, u,, 8y, Dyydy, Vi, Wo, By X0, G,
mpy, mw,mz,my,q,9 .95, T,Y~0O(p),
Wov s By X, Gy frpw, &) T ¢~ O ()

0Oy - - - O, F(hJV) ~ O (p") (2.3)

with the Dirac spinors v, &, 7, ¢, the Dirac matrices I', the masses my, 1,7, of the
corresponding fields, the gauge couplings g,¢’, gs, the EW scale v = (\/QGF)A/2 =

246 GeV, and the constants C%V) defining the Higgs potential V (h/v) below. All the
objects in eq. (2.3) are defined in detail and used in the next subsections to construct
the EWET Lagrangian. Thus, every effective operator will have a well-defined chiral

dimension d (i.e. it will scale as O(p%)), assigned by these rules.

2.2 Bosonic fields

We describe the EW Goldstones in the CCWZ formalism [44, 45] through the G/H coset
representative u(y) = exp{id g/(2v)}, transforming under the chiral symmetry group g =

(91,-9r) €7 as

u(p) —  gpule) g =g, ule)gh,

U(p) =ulp)? — g, U(p) gk, (2.4)

with the compensating transformation g, = g, (v, 9) € SU(2)r+r. Promoting G to a local
symmetry, we introduce the auxiliary SU(2);, and SU(2)z matrix fields, respectively W,
and B;m and their field-strength tensors,

wH gLW“gTL—l—igL@“gz, B gRB“g};—i—igRﬁugL,
Wm/ = 8#W,, — &,VV# —1 [Ww Wy] — g WW 92 )

BMV = auBu - &/Bu —1 [B/u Bu] — dr BMV g;r{ )

P = utWu +u Bt — g, I g;rl. (2.5)



These auxiliary fields provide the connection and covariant derivatives:

1

U =ul(e) (0, =i W) u (9), T =u(e) (9, —iB,)ul(e), Tu=3(TE+TH),

Uy =1 (I‘ﬁ—f‘ﬁ) =iu(D,U)u=—iu' DU ul :uL — ghu#gl,
DU =8,U —iW,U+iUB, — g, (D,U)gh,
VX =0, X + [T X] — g, (VuX) g, (2.6)

with any tensor X transforming like X — gpX g};. The parity and charge-conjugation
properties and the hermitian conjugation of all these bosonic tensors can be found in
appendix A of ref. [1].

The identification [46]

Wi = —g ZWH, Bt =g T B, (2.7)
explicitly breaks the chiral symmetry group G while preserving the SU(2);, ® U(1)y gauge
symmetry, as in the SM.

Combining the previous covariant tensors and taking traces, one can easily build ef-
fective operators that are invariant under G. Taking into account that the Higgs field is
a singlet under SU(2);, ® SU(2)g, we can multiply these invariant operators by arbitrary
analytical functions of h [22]. Then, we can write the bosonic part of the leading order

(LO) effective Lagrangian C(EZ\ZVET as

(2) Bosonic 1 1 9 .9 U2
Lrwer =5 Ouh 0"h — 5 M h* =V (h/v) + T Fu(h/v) (upu)e + Lyrr,  (2-8)

with Ly s the Yang-Mills Lagrangian of the SM gauge bosons,

V(h/v) = v* ;CQ/) <$>n , FulhJv) =1+ ;cw <$>n : (2.9)

and (A)y denoting the SU(k)-trace of a matrix A. One recovers the SM scalar Lagrangian
for cgv) = %mi/vQ, civ) = %m%/vQ, CS;)4 =0, cgu) =2, cgu) =1 and 01(1122 = 0. Although
the symmetry allows us to multiply the kinetic term of the Higgs by an arbitrary function
Fr(h/v), this function can be always reduced to Fj, = 1 through an appropriate Higgs
field redefinition. Two equivalent, but complementary, explicit derivations are given in
appendix B of ref. [1] and appendix A of ref. [9].

We can incorporate the explicit breaking of custodial symmetry by means of a right-

handed spurion:
TR — 9p TR927 T=uTpu' — gth;rl. (2.10)

Making the identification
o
Th=—4 5 (2.11)
one obtains the custodial symmetry breaking operators induced through quantum loops
with internal B, lines. Note that Tg is the only custodial-symmetry-violating spurion

consistent with the SM gauge symmetries [47].



2.3 Fermionic fields

When colored SM fermions are incorporated to the EWET, the symmetry group must be
extended to G = SU(3)c®SU(2),®SU(2)p@U(1)x with X = (B—L)/2, being B and L the
baryon and lepton quantum numbers, respectively [48]. This U(1)x component does not
affect the SM bosons and the expressions in the previous subsection remain unaffected. The
left and right chiralities of the SM quarks form SU(2); and SU(2)g doublets, respectively:

t t
Wz(bL) — go 9x 9L YL, wfc:(bR) — 9o 9x Jr VR,
L R
¢o=ulvr — gogxgnér, ErR=uvr — gogxgnér, (2.12)

with ¢, g = Pr g transforming under (g¢, g1, 9r, 9x) € SU3)c ® SU(2), ® SU(2)r ®
U(1)x, the compensating transformation g, € SU(2)r4r introduced in the previous sub-
section in the CCWZ representation of the EW Goldstones and Pr, g = % (1F7s5). Leptons
are similarly organized except that they are singlets under SU(3)¢. From now on, we will
focus our analysis on the quark doublet. The corresponding covariant derivatives of these
fermion doublets are given by

D£¢L=<3u—i@u—iWu—i$¢Xu)¢L —  gogx gL Divr,
Dipp = (%-iéu—iéu—i%f(u) Yr  —  gogx9r Dfvr,
diéo=u'Diyr,  —  gogxgndién,  di¢r=uDvr —  gogx gn &R,
du =diip+dp — gogx gn dué, (2.13)

where z, is the corresponding U(1)x charge of the fermion ¢. The fields Gu and X "
are introduced to keep the covariance under local SU(3)c and U(1)x transformations,
respectively. These fields and their field-strength tensors transform under G like

~ A~ A~ A~

Gu — gc é!u gTC +igc 8ugTC ) G’;w = auGu - &/Gu —1 [G,u, Gz/] — gc G,uz/ gTC s

Xt — XM 4igy d'gl, X =0,X,—-0,X, — Xu. (214)

The SM gauge interactions are recovered by setting Wu, BM, X u and éu to the values
given in eq. (2.7) in the previous subsection and

~ A~

Gl = g, GO T, X,=—gB,. (2.15)

These assignments explicitly break G while preserving the SM gauge symmetry SU(3)¢c ®
SU(2)L ®U(1)y C G. The QCD gluons G, ensure that the covariant derivatives transform
indeed covariantly under SU(3)c gauge transformations: g, is the strong coupling and
T% = 3% (a =1,..., 8) are the SU(3)¢ generators in the fundamental representation,
with normalization (7%T%)3 = §°/2. Further details on the QCD algebra are given in
appendix B.1.



The fermion masses are incorporated through the Yukawa Lagrangian that explicitly
breaks the symmetry group G. To account for this type of symmetry breaking one intro-
duces right-handed spurion fields transforming as

Yr — gRyR!]E, Y=uYrul — ghyg}TL. (2.16)

The Yukawa Lagrangian then takes the form

Yukawa

= —Z ('U ELyé-R—i-h.C.) = —Z (?} '&LU«O)waR"i‘h-C-)y (217)
3 P

2
Lower

which is formally invariant under G transformations. The explicit symmetry breaking in
the SM Lagrangian is recovered when the spurion field adopts the value [9, 49, 50]

v

(2.18)

. i 1 i o (h\"
Yr =Yi(h/v) P + Yy(h/v)P-, Py = 3 (Iox03), Yip(h/v)= Z thb) () ;
n=0

where YTEO) = Yqﬁl) = my,/v and }712”22) =0 in the SM.

2.4 Leading-order Lagrangian

After having introduced all the required notation for the bosonic and fermionic fields in
the previous sections, we summarize the LO low-energy Lagrangian as [1, 9, 16, 18-26]

E}(EQ\)NET = Z [2 é_*y“d#f —v ( ELYER+ h.c.)]
13
1
242

1 1
+ 50uh 0"l = S mi 2 =V (h/v) + UZ Fu(h/v) (uuut)s .

1
2g2

. 1 . . A
<WWW“”>2_@<BWB‘”>2— (G G™)s (2.19)

2.5 Next-to-leading-order Lagrangian

In order to construct the next-to-leading-order (NLO) EWET Lagrangian, ES&VET, the

fermionic fields are combined into generic bilinears Jr and Jl§ with well-defined Lorentz
transformation properties, which can be further used to build Lagrangian operators with an
even number of fermion fields. Note that the inclusion of gluons and colored quarks implies
changes in the notation, compared to ref. [1], since different transformation properties under
SU(3)¢ are required:

Color singlet : Jr=§& '¢; oi5,
Color octet : JE = (Jﬁ’a) T = (§T¢; T5) T (2.20)

These bilinears are singlets under U(1)x and transform under SU(2); ® SU(2)g like

(JF)mn = glnréjm 5ij — (gh)m’r (']F)T‘S (g;rl)sna (221)

where I' = {I, i7y5,v*, v"~5, 0"} is the usual basis of Dirac matrices. An analogous expres-
sion is assumed for J1§, being these indices left implicit in the SU(2) trace expressions. In



egs. (2.20) and (2.21),a=1,...,8 and 4,5 = 1,2, 3 are SU(3) indices, while m,n,r,s = 1,2
refer to SU(2) indices.

Obviously, the inclusion of color in the EWET raises the number of operators, com-
pared to ref. [1]. At O(p*), one needs to consider one additional bosonic operator,

O12 = (G’W G")3, (2.22)
and one additional two-fermion operator,

OF = (G T3 Vo3 (2.23)
There are no more new operators of these types due to the fact that color indices must
be closed. The set of O(p*) four-fermion operators, however, grows from 6 independent
operators to 12 when including color. We applied different relations among the operators to
minimize the number of structures. Particularly, using SU(3) relations and Fierz identities
(see appendices B.1 and B.3, respectively), we were able to relate operators involving the
color octet current to operators involving the color singlet current.

The final list of independent P-even and P-odd operators is given in tables 1 and 2,
respectively, and can be summarized in the following NLO Lagrangian:

3
KSWET_Z]: (h/v) O Z (h/v) O; —|—Z}"¢ (h/v) 0¢ +Z]:¢ (h/v) O
=1 i=1 =1 =1
0o ) » »
+> F (hfv) Of +ZF;" (h/v) OF". (2.24)
=1 i=1

In order to crosscheck the completeness of the considered operator basis, we have
compared our results with the NLO basis of ref. [9]. We give the detailed comparison in
terms of a dictionary in the appendix A, together with other useful operator relations in
appendix B. We found agreement in the overall number of operators in both bases.

3 The resonance effective theory

3.1 The power counting

When writing a Lagrangian of resonances interacting with the light fields, we leave the
realms of the low-energy EFT, as the heavy masses are at or above the cutoff. The power
counting we discussed in section 2.1 is therefore not directly applicable. However, we can
still treat this Lagrangian in a consistent phenomenological way, which properly interpo-
lates between the UV and IR regimes, generating the correct low-energy predictions [6, 7.
For that purpose, let us organize the Lagrangian schematically by the number of resonance
fields in each operator [30]:

L= Loonres+ D cixw R+ > dixp RE +--- (3.1)
R, R,R' i



i O; O?Q O;ﬁ

1 %Uﬁ”fﬂw — w2 | (Js)2(uuut ) (JsJs )2

2 %<fiyf+uu+fﬁyf—uu>2 Z'<J¥V[’U,M,uu]>2 <JPJP>

3 &P ] 2 (5 Fiow ) (Js)a(Js )
4 (upuy )2 (ulu” )2 X (TH Yo (Jp)2(Jp )2
5wt (w)s Ol wtgp)y | (e
6 | T Gy | T | (e
7 (%hvg&,h) (ulu? Yo W(bjgh (T )a{ Ty )
s | (Guh) 8%3( LICD (G 7" )23 (Jh)2( Ty, )2
9 (a/{}h) <fﬁl/uy >2 o <J§£VJT/“,>2
10 <TU‘LL>2 <7'uﬂ>2 T <J$V >2<JT;U/>2
11 X, X — —

12 (Guw G* )3 — —

Table 1. CP-invariant and P-even operators of the O(p*) EWET Lagrangian. The left column
shows bosonic, the central two-fermion, and the right column four-fermion operators. All Wilson
coefficients are Higgs-dependent functions.

| o o o
| 5 (2w w])e | (TF f- )2 (T T A )2
2| e | P ) | (a0
3| Gl (g, [ a0, T s —

Table 2. CP-invariant and P-odd operators of the O(p*) EWET Lagrangian. The left column
shows bosonic, the central two-fermion, and the right column four-fermion operators. All Wilson
coefficients are Higgs-dependent functions.

where Lyon-res and the chiral structures X%), X%) R

(dof). At energies below the resonance masses, we can integrate out the resonance fields,

only contain light degrees of freedom

recovering in this way the low-energy EWET.

At tree-level and for bosonic resonances, the Lagrangian (3.1) gives low-energy

equation-of-motion (EoM) solutions of the form

B~

CzXR

+ OW®/ME), (3.2)
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where Mp denotes the resonance mass. Unless ¢; ~ Mf% /v?, which is a special case that we
discuss in appendix C, the contributions from operators with higher number of resonances
are further suppressed by additional powers of v?/M%. At NLO, O(v?/M3), it is therefore
sufficient to consider eq. (3.1) up to operators with a single resonance.

Inserting the expression (3.2) back in eq. (3.1) and keeping terms up to O(v?/M32),
the resonance Lagrangian transforms into a sum of chiral-invariant structures of the form
> ¢ X R ) /M?%. Matching this result with the low-energy EWET Lagrangian discussed in
section 2, we can identify the different c;c; /M3 7 terms with the corresponding pre-factors
Fj of the NLO EWET operators, with their given normalization factors properly taken
into account. In order to pin down all possible contributions to the O(p*) LECs, we only
need to consider tensors XS:? in eq. (3.1) of O(p?) or lower. We discuss the detailed form
of eq. (3.2) below.

For fermion resonances W, the low-energy EoM solution in eq. (3.2) gets modified
into ¥ ~ > ¢ x&f) /My which, when inserted back in (3 1), generates EWET structures
that only contain a single heavy-mass factor: (>, ¢ X\I, ) /My. However, the resulting
fermionic contributions to the LECs, ¢;cj/My, are also of O(p ) because, according to our
power-counting rules, the EWET fermionic operators always come in combination with
weak coupling factors in ¢;c; that provide an additional suppression.

3.2 Colored bosonic resonances

Considering also colored fields in our analysis implies new tree-level interactions with res-
onances and thus additional contributions to the LECs of the EWET. Furthermore, we
consider colorful heavy objects that are in an octet representation of the SU(3)¢ group,
while all the heavy objects considered in ref. [1] correspond to the singlet representation. In
consequence, several types of heavy resonance states can be distinguished and they read as

Rl — Ri, OuR1,

Ré — 9 R}a g;r;, ) VuRé = auRé + [Ty, Ré] )

R} — goRSgl, d,RY = 0,RS +1i[G,, Ry,

RS — gcg, RS9l gk, VRS = 0,RS +i[G,, RS + [T, Ry, (3.3)

where the dimension of the resonance representation is indicated, here and in the following,

U(3)
SU(2)"

possible JP¢ bosonic states with quantum numbers 07+ (S), 0= (P), 17~ (V) and 1+
(A). For instance, P:? refers to a pseudoscalar heavy multiplet that is an SU(2) triplet and

with upper and lower indices in the scheme RS As usual, R stands for any of the four

an SU(3) octet. Equation (3.3) also incorporates the covariant derivatives for the colored
resonances. The normalization used for the n-plets of resonances is

3
1
—2201-1%&, with (R} RY )9 ZR ., n,m=1,8;
8 81
=> T°RY", with <RiR§n>3:Z§R§;“R§“, n,m=1,3, (3.4)
a=1

with (o0, )2 = 20;; and (TT?)3 = §%/2.
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In order to find the imprints of these heavy states in the LECs of the EWET at NLO,
it is enough to analyze the tree-level exchange of resonances. Including only interactions
linear in the resonance fields, the spin-0 Lagrangians read

1
Ly = (0" RE0.RE = M}y (RD?) + Rl

Lpy = VIRV, Ry — Mz%z;) (R3)*)2 + (R3 XR} )2

2<
Lps = (0"RY 9, RY — Mps (RY)® )3 + (BY xps )3,
{

Lps = (VIR VRS — Mps (RS)® )23 + (RS X )23 (3.5)
with R)' = S, P)'*. We have included all tree-level interactions in the different y r tensors.

The O(p?) interacting structures for the scalar and pseudoscalar resonances are:*

Sl Pl

C
Xgllz)\hslvh2+fd<uuuﬂ)2 \/§<JS> xpr = —= (Jp)2,

V2

o,h
XS%:CS%JSy XP;ZCS‘]P+dP(uU)U'LL,
SS CPS
Xs3 = \/§<JS> Xps = \/§<JP>
Xss = ¢ J§, Xps = T (3.6)

For the massive spin-1 fields there is some freedom in the selection of resonance formal-
ism: we can use either the four-vector Proca description R or the rank-2 antisymmetric
tensor R* [6, 7]. By using a change of variables within the path integral formulation, and
once a good short-distance behavior is required, we demonstrated the equivalence of both
formalisms in ref. [1]: they lead to the same predictions for the LECs of the EWET at
NLO. Although both descriptions are fully equivalent, they involve different Lagrangians.
Depending on the particular phenomenological application, one formalism can be more
efficient predicting the LECs than the other, in the sense that direct contributions from
Lyon-res (local operators without resonances) in eq. (3.1) are absent.

The antisymmetric tensor involves interactions of the type Ry x's and Ry, (VFxY, —
V¥x',) while, owing to its different Lorentz structure, the couplings of the Proca field
can be written in two different ways: RMXMR and (V,R, — V,R,) X’;{- There is a one-
to-one correspondence among vertices in both formalisms, although with different chiral
dimensions. The different momentum dependence of the two spin-1 representations is
compensated by different (but related) local Lagrangians Lyon.res that adjust a proper UV
behavior. In ref. [1] we demonstrated the following important result that simplifies the
calculation of the LECs:

The sum of tree-level resonance-exchange contributions from O(p?) X‘é (Proca) and
X'n  (antisymmetric) structures gives the complete (non-redundant and correct) set of
predictions for the O(p*) EWET LECs, without any additional contributions from local
Lnon-res operators.

4Note that we have slightly changed the notation with respect to ref. [1].
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In the following we just take advantage of this useful theorem, referring to ref. [1] for
its detailed proof. The relevant spin-1 Proca resonance Lagrangians are:

1 51 Al A
L= (RWR WM R R 4 RE
1 pv - 1
[’f{é: <R3;UJR : _2M21RéuR3M> <R3/L R1>
8 8
'CR?: <R1,u1/R1MV_2M]2%§R R1M>3+<R1,uXR8>
8 A8 P8
Lps = <R3W RS — 2M12%§ RS, RS" oz + <Rgu><*]f%§ Y2.3, (3.7)
where RZ’; = Vnm flm and RW stands for the corresponding resonance strength tensor (e.g.,
ng =V,.RS, —V R3u) The XR chiral structures take the form:
= (T b e (et o ()
= w 2+ —F + — 2,
lel T \/é 14 \/§ A
" m M 0 Al 1
Xt =cr(u T>2+E<JA>2+E<JV>27
Xe, = @ X, = Nk e
VS 78 AS 8
S . AV .17 _ L gu
XV8 \/>< \% >2+\/><JA >2’ XAS \/>< >2+\/><JV >27
Xl‘f/ss — JXS/“ v j“, ng = A5 J8H 3 J‘S/“. (3.8)

The antisymmetric Lagrangians read:
1 A pl low 1 2 1 1pv 1 77
‘CR% :—5 0 RuuaaRl —iMR% Rl,ul/Rl ‘I‘Rl}“,XR%,

o 1 v v
‘CR%) :—*<V/\R3/\#V Rl 'u_iMQlRSuVRlM >2+<R‘}),uz/xl;{§ >27

o 1 v
‘CRS <6AR1)\;18R§ M_§M28R1/LVR8# >3+<R1;J,VXR8>

1

Loy = (T RS, Vo B = M2 B B o o (RS X}, (39)
with R =V, A" and the tensor structures:
R Vi o 514%
Xyg = Fx X (I )e Xap = Fx X4 s (J7)2,
w _ B o 1GY o th I YR ut Vi .
X = S I T ) 2\ff Lo - @ nyw)+ i g
i = e M oy - o u“]+2F; v DA )+ G
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% ~AS
— & Co

v 8 v Ay wo_ 8 v L Gy
les \/§<JT >2-|—CGG , XAEI‘ \/§<JT >2-|—CGG ,
v ~ A8
s = Co® g, X = Co® g (3.10)

3.3 Fermionic doublet resonances

We are going to construct the interactions between the SM fields and one fermionic res-
onance W. The resonance has to be an electroweak doublet, as with other representa-
tions it is not possible to construct invariant operators with just a single ¥ field and the
low-energy SM fermions at the order we consider. Under the complete symmetry group,
G =SU(3)c®SU(2),®SU(2)g@U(1) x with X = (B — L)/2, the resonance V¥ transforms as

v — gogxgnV¥, (3.11)

with go and gx the appropriate color and U(1)yx transformations for the corresponding
representation of W.

After performing several simplifications, the most compact and diagonalized form of
the fermionic resonance Lagrangian reads

Lo =YD — M)V + (xe +Xg?¥) , (3.12)

with the O(p?) fermionic chiral tensors

<~ 8k - -
v = up Y (A1ys + A€ — Z(’;) (A2 + A2v5)€ + (Ao + Aovs)TE

_ - _ - (0uh) - -
Xo = EV (A1 + An)uy +i69H (A2 + A2ys) (“v) +ET (Mo — Aos) - (3.13)

Notice that the resonance Lagrangian in eq. (3.12) is only invariant if £ and ¥ have the
same color and B — L quantum numbers. This means that if ¥ is a quark-type doublet
(triplet in color and B — L = 1/3) then it will only couple to quarks and only the EWET
LECs ]-";/’2 and ]?;/’2 with 92 ~ gq will receive contributions. If ¥ is a lepton-type doublet
(singlet in color and B — L = —1), it will only couple to (neutral or charged) leptons and
only the EWET LECs f;pz and ]-z;.pQ with 12 ~ €¢ will arise at low energies. Any other
SU(3)c ® U(1)x representation of ¥ will not generate contributions to the low-energy
theory at the order we study.

Since the inclusion of fermionic resonances in the EWET was not discussed in previous
references, we detail in the appendix D the bare unsimplified fermionic doublet resonance
Lagrangian and how to obtain its final version in eq. (3.12).

4 TImprints of the heavy states in the EWET

Since there is no direct experimental evidence of the presence of heavy resonances, one can
only glimpse their effects through the imprints they leave in the LECs of the EWET, at
energies lower than the resonance masses. The resonance contributions to the LECs lead
to specific deviations in observables with respect to the SM expectations. The presence of
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some interacting heavy states might be then inferred from the precise pattern of deviations
they induce.

Once the resonance Lagrangian is set, the heavy states are integrated out from the
action and the outcome can be organized in powers of momenta over the resonance masses.
This procedure is standard in the context of EFTs and more details can be found for
example in refs. [1, 51].

4.1 Bosonic resonances

Replacing the resonance fields in the interaction Lagrangians (3.5), (3.7) and (3.9) by their
classical EoM solutions, truncated at leading order, one obtains the tree-level resonance-
exchange contributions to the O(p*) EWET Lagrangian. The scalar singlet resonance S}
also induces contributions that renormalize parameters of the LO Lagrangian E%VET in
eq. (2.19). These additional singlet contributions have been already discussed in ref. [1], as
colored bosonic resonances do not induce operators of ['](5:2\2VET' Therefore, we do not repeat
here the discussion again, although some additional details can be found in appendix C.
The resulting O(p*) low-energy Lagrangians from spin-0 scalar and pseudoscalar res-

onance exchanges are:

opt 1 2
ALp" = i, (Xr1)",
opty _ 1 1
S = i <<><R;) Xy )2 — {xmy )2 Oy >2) ,
oph 1
AER? = 74M12%§ (XRs Xrs )3,
ALOPY = L (e xms Y2s — = O Yo (s )2) (4.1)
Rg - 4Mé§ XR5 XRJ 2,3 9 XR5 2 XRJ 2/3 ) .

with R = S, P and the interaction tensors y g listed in eq. (3.6). Contributions coming
from the product of two separated SU(3) traces are not listed since they vanish at O(p?)
(closed color indices imply that these traces are proportional to (7% )3(T®)3 = 0).

For the spin-1 resonances, we combine results from the Proca and antisymmetric for-
malisms together, as indicated before, which ensures the completeness of the obtained set
of LECs. Through the exchange of Proca fields, the X%Ru interactions in eq. (3.7) generate
at low energies the following O(p*) Lagrangians:

1
Ry 2Mp,
1

ophy _ 1 noo ooy L i
26 = (05 g2 = 50 o (a2 )

1
ALOW) — 2y
A AMZ, (g Xy 2
oph _ 1 TR LY R
ae =z (g xigoa = 500 Caagdada )« (42)

~15 —



i AF, AF; i AT
= p — — " =
| _B-R PR | ey mGs | 4| & WA NV
AMy, AM, 2My,  2M, 2Mp, M3, My,
9 R+ Fy Fi+FR | FyBy  FuRy 8 0
8M;, 8M7, AM,  4AM3,
3 3 3 3
3 _FV%'V B ﬁA(zA _FVX;va B ﬁAAgAU 9 _FA)\E’AU B ﬁVX;fVu
2M7,  2M3, My, M}, M3, My,
~ ~2 2
4 G%g + G% — 10 L S
AMy, — AM, 2My,  2My,
5| _c G, G 1 F:  F%
2 2 2 o - 2 2
AMgy  AMy,  4Mj, Mg, M,
6 _X?VQQUZ B )\illA22v2 - 12 _(CG2)2 B (5G2)2
MV31 MA;; 2MV18 2MA515

Table 3. Contributions to the bosonic O(p*) LECs from heavy scalar, pseudoscalar, vector, and

axial-vector exchanges.

with an = VTZ”, /LT and Xl}fz the tensor structures in eq. (3.8). The X%VRW interactions
in eq. (3.9) give rise, through the exchange of antisymmetric tensor fields, to the O(p*)

Lagrangians:

ALOw — Ly
R{ Mf{% R/

AL (Y= S ) (X )2
R} Mlz?.% RIARLpv 9 VARL Ripv ’
ophy _ 1, w

AL py 2Ms Xy Xy a3

AL — (s Yas— (X (g )2 )8 (4.3)
RS 2M12{’§ RS MRS v 14 2 RS RS pv ’

where X/, refer to the tensor structures of eq. (3.10).

Projecting these expressions into the O(p*) operator basis, one gets the corresponding
contributions to the EWET LECs. They are compiled in tables 3, 4, 5, and 6 together
with the results from fermionic resonance exchanges. Table 3 shows the LECs of bosonic
operators, table 4 the P-even two-fermion LECs, table 5 the P-even four-fermion ones, and
table 6 the LECS of P-odd fermion operators. We have applied several Fierz identities to
express the resulting four-fermion operators in terms of our operator basis. Interestingly,
the spin-0 resonances only contribute to P-even operators.
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i AFY i AFY
. gl N =\ . dpchs L 200 - A2)
2M2,  2My M2, My
1 3
V31 =~ "'Aé T2 2 ~ 1 Al ~ ~
9 _Gvco B GACO B Al — Al 6| cre’t  crctt ()\0)\1 + )\0)\1)
\/EM‘2/1 \/§Mi1 2My \/§M‘2/1 \/iMil My
3 3 1 1
; FyCY FAC : 22— N2
\/iM‘zﬂ \/iMil M\I/
3 3
1 ~ ~ 2l 8 ~ ~ A8
L _VEEXG) VREXCY! . CCeCt eyt
M, M3, V2MZs  V2Ms
1 1 1 1

Table 4. Contributions to the O(p*) LECs of two-fermion P-even operators from heavy scalar,
pseudoscalar, vector, axial-vector and fermionic exchanges.

4.2 Fermionic resonances

Similarly, we solve the EoM for the fermionic resonance ¥ and expand it for p < My, up
to O(p?). We obtain
1 TOm?) L _
yow) — - T = v . 4.4
Ny XY Vg (4.4)
Substituting this EoM solution in the resonance Lagrangian (3.12), we get the contribution
from the ¥ exchanges to the low-energy EWET at (’)(p4)z

4 1
ALY = S X x
My
12712 N2
ge(A5—Ag) = 2 2 a2 <2
= (4]?4 0 g 1 S AFTOY + Y AFUOY (4.5)
v J=125.6,7 =23

which expressed in terms of the previously developed EFT basis yields the correspond-
ing LECs. The remaining NLO operators do not receive contributions from the doublet
fermionic resonance V. The results are shown in detail in tables 4 and 6.

The first term in the second line of (4.5) has the form of a SM fermion mass Lagrangian.
From pure naive dimensional analysis, the fermion bilinear would scale in the low-energy
counting as O(p) while the factor ¢g’2, coming from the custodial breaking tensor 7 in
the interaction vertex (3.13), scales like O(p?). In addition, our assumption that the SM
fermions carry an additional weak coupling suppression (encoded in the operator coupling)
implies that A3 and X% scale like O(p). Hence, this contribution is formally of O(p*)
although, at the practical level, it adds up to the Yukawa mass terms in the LO Lagrangian
and will not be discussed separately any more.

We would like to make one final remark on the distinction between fermionic resonances
with quark (Vquark) and lepton (Wiepton) quantum numbers, when they are considered at the

17 -



AFY

()2

8 (cvls

)2

(@1)?

(52

(&15)?

- 32M,

(A2 @)

L

2
c)
_l’_
32Ms

302

3(

2 2
32Mys  32Mys

oy

32M s
3(Co")?

3(

- 32M3,
A

Col)?

(c*)?

+

+

+

- 2 2
32Mjs  32Mjs
L
128

[

16 My

5(0538’)2 B

16 My

GO

16M 3

(c!%)?

163

(c!T)?

2
3MZ,

JVE
5§

M?
Py

)

2
M2,

2Mg,

()2

(EVgs ) 2

(c"T)?

(@12

()2

(412

- 32M,

N (CAg)Q (EAg)Q

32Ms

3(CP)?

3(Cy7 )

2 2 2
32Mys  32Mps  32Mj

3(C5)?

3(

2
82M 3
A}

~ATN2
Gy,

(c%)?

2 2
32M3,  32Mj,

L1
128

16Mys

(c%)?

()2

16Mys

5(CP§)2

16M 3

(c!T)?

2
161073

(

S
5

M2
¥

3Mps

)

2
M2,

2M

(5‘738 ) 2

()

3(C7 )2

3(C05)?

()2
2
16 My

(c%)?

16Mys

(c™5)?
16M 3

1

SHy2
(), 1

- AMG,

2
4Mg 64

<_

16M s

(c%)?

+ 2
BMZ

2(CS§)2

_l’_

(c!%)?

8M s

3M s

3M s

)

M?
Py

(CV38 )2

(@52

(c13)?

&)

3G

3(C05)?

16M7s  16M7s  16M7

160 3

8Mys

8M s

(c%)?

(P2 1

AME,

+

AMp, 64

(c%5)?

(%

)2

2(CP18)2

[

2 2
Msg 3MP§

2
3Mps

)

1

(c%)?

(c5F)?

(c!%)?

B (CP18)2

()2

()2

[

128 \ Mz
3

1

7\7382 "’\7382
L1 (T @)

M2
St

GO

M?
Py

GEo%

Ll

)

A§)2

2My,

7(514%)2 B

(cAh)?

(412

64

[

2 2
8Mps My

3M s

M2
A}

2
M7s

)

(&%)?

(12

1

(c%)?

()

(")’

()2

- 2My,

1 (CVSS )2

2M3,

7(3V5)?

128

2
Mg

()2

(@1)?

M2
e

M2
¢

M?
Py

(¢45)2

2
M2,

- (CA§)2

)

(&4)?

+ 2
64 < MV38

M2
Ve

M2
1%

3M s

2
A

2
A}

)

2
Mys

Table 5. Contributions to the O(p*) LECs of four-fermion P-even operators from heavy scalar,
pseudoscalar, vector and axial-vector exchanges.
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Table 5. (continued) Contributions to the O(p*) LECs of four-fermion P-even operators from
heavy scalar, pseudoscalar, vector and axial-vector exchanges.

i AFY AF
~ 1 ~ Al N N N N
1 N FVCS/S N FAC(;AS - CV31§V31 - cAégAé
2 2
ﬁMV; VoM b Mg, M7,

5cVs Vs _ VP +
A8M?Zs  16M;
1% VE

pedicAs AT
2 2
48 M e 16M A8

~ 1 ~ Al ~ ~ ~ ~ ~ ~ ~ ~
o _2v2 m;fVcOVS 22 1)/\2}1“40643 P R Ml A
My, M3, 2M7,  2My, | 2My,  2Mj,
2(M A2 — A )2) 7B EE WA 7 A | AT
My A8M7s  48Mys  48M3is  48M7s
3 1 3 1
3| g et | (odi+ dod) -
VoM, V2MY, My
1 1

Table 6. Contributions to the O(p?) LECs of two- and four-fermion P-odd operators from heavy
scalar, pseudoscalar, vector, axial-vector and fermionic exchanges.
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same time. Unless Wqyak and Wiepton belong to a common multiplet of some unified group
(e.g. the SU(4) Pati-Salam group [52]), one must distinguish between quark and leptonic
EFT operators, being the effective couplings of these two sectors independent parameters.

5 Phenomenology

In this section we discuss some phenomenological signatures of the electroweak resonances,
at energies lower than their mass scale. The more generic (model-independent) aspects
are analyzed first. Afterwards, we connect our general approach to three specific examples
with very contrasting initial assumptions, encompassing both weakly and strongly coupled
models. This reflects the great power and versatility of the EWET, being able to properly
describe any high-energy scenario provided the assumed pattern of EWSB is satisfied. Note
that for some of the models, where the Higgs boson is embedded in an electroweak doublet,
the SMEFT also gives a convenient description.

5.1 Current EWET phenomenology

We have seen in section 4 that most of the resonances contribute only to the NLO (and
higher-order) LECs of the EWET. The scalar singlet S{ and the fermionic doublet ¥
are the only exceptions that also contribute to LO structures. However, all resonance
contributions are of O(p*) and suppressed by inverse powers of the resonance mass scale
(1/M% for bosonic resonances and 1/Mp for fermionic ones), also the contributions to LO
operators. Thus, even though the S| state could manifest in current measurements of the
Higgs couplings, its effects are expected to be suppressed. This is consistent with the recent
fit to LHC data [28], which does not see any deviation from the SM predictions. However,
the present uncertainties are still sizable, of O(10%).

Another possibility to access the LO couplings is double-Higgs production, which is
sensitive to the triple Higgs coupling [53]. If a discrepancy with the SM would be identi-
fied in a LO coupling, the mass scale of some of the resonances could also be estimated
using unitarization techniques [27, 54-60], albeit with some degree of model dependence
originating in the resonance couplings neglected in those analyses.

The fermion resonance doublet ¥ also contributes to the LO EWET Lagrangian: a
similar shift Am, = g/Q(X% — A)/My is generated for the mass of both the t and b
components of the SM doublet 1. If Am, was of the order of the top mass, it seems
unlikely that the rest of SM fermion masses would remain much smaller than m;. Thus,
one expects a very suppressed correction |Am,| < my, in agreement with our assumptions,
which classify these fermion contributions as NLO in the EWET.

The oblique S and T parameters are sensitive to vector and axial-vector triplet reso-
nances that contribute to S already at LO [36, 37]. Their effects were studied in refs. [30,
31, 46], including NLO corrections. Current experimental bounds [29, 38] on these parame-
ters and the requirement of a good high-energy behavior of the UV theory push the masses
of the vector and axial-vector resonances to the TeV range [2, 30]. Scalar and fermion res-
onances can generate additional NLO corrections to the gauge-boson self-energies, which
have not been studied yet.
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Apart from modifications of the SM-like couplings, one expects new interaction vertices
not present in the SM Lagrangian. An important class of these novel contributions are four-
fermion operators. Standard dijet and dilepton studies at LHC [61-64] and LEP [65] have
looked for four-fermion operators containing light leptons and/or quarks. Their theoretical
interpretation depends on whether one considers a diagonal flavor structure of the theory,
with similar couplings and LECs for all generations, or a particular suppression of BSM
interactions in the first and second families. In these experimental searches, it has been
customary to express the four-fermion LECs in terms of a suppression scale A defined
through \Ffﬂ = 27 /A% Currently, the tightest (95% CL) lower limits on these contact

interactions are:®

1. From dijet production:

— A >21.8TeV from ATLAS [61],
— A > 18.6 TeV from CMS [62],
— A >16.2TeV from LEP [65].

2. From dilepton production:

— A >26.3TeV from ATLAS [63],
— A >19.0TeV from CMS [64],
~ A >24.6TeV from LEP [65].

Since typically these analyses check the contact four-fermion operators one by one,
setting the remaining NLO vertices to zero, the exact constraints vary from operator to
operator and between production channels. Nonetheless, they all lead in general to bounds
of the order A 2 O(10TeV). For further limits on leptonic four-fermion operators see
also ref. [66].

The lower bounds above refer to first and second generation four-fermion operators.
Nevertheless, in recent years there have been also some studies on four-fermion operators
including top and bottom quarks (see ref. [67] for a wider review of these results):®

1. From high-energy collider studies:

— A > 1.5TeV from multi-top production at LHC and Tevatron [6§],
— A >23TeV from t and ¢t production at LHC and Tevatron [69],
— A > 4.7TeV from dilepton production at LHC [70].

®We note that refs. [63, 65] consider a different LEC normalization (|]:;-p4\ = 47/ A?) for some analyses.
Nevertheless, as we are just interested in showing the order of magnitude of the current lower bounds on
the new-physics scale, the values of A quoted in the present article are simply those given in refs. [63, 65],
without any modification.

SFor illustration, we have taken the most stringent bounds in every case. In order to ease the compar-
ison, the four-fermion couplings ¢; given in refs. [67—72] are related to the scale A presented here through
lej| = 27 /A2
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2. From low-energy studies:

— A >14.5TeV from Bs — B, mixing [71],
— A > 3.3TeV from semileptonic B decays [72].

Thus, although pure naive dimensional analysis would assign them a chiral dimension
d= 2, dilepton and dijet studies suggest a stronger suppression of the four-fermion effective
operators. This provides a strong phenomenological confirmation of our fermion power-
counting in the EWET, and the assigned formal scaling £I'n ~ O(p?). An additional weak
coupling is implicitly assumed to be contained in the (non-SM) couplings of the fermionic
interaction Lagrangian, such that the suppression scale is much larger than O(1TeV). In
the next subsection, we will come back to the four-fermion operators within a more specific

theoretical framework: the heavy vector-triplet (simplified) model.

5.2 The heavy vector triplet (simplified) model

LHC diboson (WW,WZ, ZZ, Wh and Zh) production analyses [73-86] confront the search
for new physics from a different perspective. Instead of looking for a smooth increase of
the signal over the SM background, these studies look for narrow bumps in the diboson
invariant mass spectrum. The absence of any positive signals has set lower limits on the
mass of a possible SU(2)-triplet and colorless spin-1 resonance V3' (see [87] and references
therein). Nevertheless, these limits heavily depend on the resonance width and quantum
numbers assumed in the analysis.

Particular models and benchmark points are considered as a common basis to interpret
the experimental data, among them the spin-1 Heavy Vector Triplet model B (HVT-B) as
one of the most popular ones [88]. The HVT-A variant has a coupling to fermions similar
to the HVT-B one, but a much smaller resonance coupling to dibosons [88]. In general,
HVT-A always leads to looser exclusion bounds and, hence, we will focus on the HVT-B
scenario in what follows. In the narrow-width approximation the diboson production cross
section is given by

4871'2’}/1']‘ dLl'j
(QSZ' + 1)(25]' + 1)CZ'Cj ds s=M32 ’

o(pp — V — diboson) = Z

L,JEP

(5.1)

Withi?‘] Ep:{Qaqlame"}7 (1-57}]

spin and color factor of the parton k, respectively, while

the corresponding parton luminosity, Si and Cj the

Iyv_ij
My

Yij = X By dibos (5.2)
incorporates the partial width I'y_,;; into the partons ij, the resonance mass My and its
branching ratio By _qibos into the diboson final state of the particular experimental data at
hand (diboson € {W+W =, Zh} or {W*Z, W*h} for V? and V* production, respectively).
In the HVT-B model, the branching ratios into two weak bosons and into a Higgs and a
gauge boson are roughly 50% each, the branching ratios into fermions being less than 1%.
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It is important to remark that experimental diboson studies implicitly assume that
Drell-Yan (¢¢’ — V — diboson) is the dominant V' production channel. Most works rely
on the HVT benchmark for the interpretation of vector triplet signals [87]. Although the
HVT-B variant has a fermionic branching ratio two orders of magnitude smaller than the
bosonic one, the ¢g’ luminosity is from four to six orders of magnitude larger than the
diboson one, strongly suppressing the vector-boson-fusion production channel even with
an enhanced partial width [88]. Thus, unless the BSM light-quark couplings are extremely
suppressed, B(V — ¢¢') < 1074, Drell-Yan production will dominate:

487T27qé’ dLqq
ANg  d3

o(pp — V — diboson) =~ Z

a,q'

, (5.3)
§=M2
with ¢ and ¢’ summed over the different flavors (u,d, ...). Works relying on vector-boson-
fusion production for a vector triplet lead to much smaller cross sections [89] than those
usually predicted with the HVT benchmark [87, 88].

In the HVT model, the partial decay width of the vector resonance into quarks is given
by I'yvo_,.q/My = (9%gv cr)? x No/(967) with g2 = 4m¥,/v? and cp ~ 1 (for a spin-1
triplet, I'y+_, .7 = 2I'vo_,45) [88]. In the present article, we consider a much more general
fermionic structure where the triplet partial width is related to the resonance couplings
C‘Afsl, V4 and C’(‘)/ 3 through

= (BP+ @RS MU e (s

C PVv0dibos. c

The identities ce = % gQg‘jlcp and (cP9W4)? = 2 X Byro_,gipes. Provide a simple relation

between the two theoretical frameworks. We note that v,; here refers to the neutral
VO production.

The experimental analyses consider benchmark points with constant v,5. In particular,
HVT-B,, —3 studies have v,4 = 1.0 x 10~ (together with cp ~ 1 and By _dibes. =~ 50%).
The V mass is varied and values that yield a larger cross section than the experimentally
observed one become excluded. In general, the HVT-B,,,—3 analyses have excluded masses
My < MPeund at the 95% CL [86]): the most stringent bound, MPo™"d = 4.15 TeV, has
been given by the recent W+W~/W*Z/ZZ production analysis [86], where the diboson
system was reconstructed using large-radius jets. At constant 7,g, lower resonance masses
yield larger production cross sections and are excluded, whereas larger values of v, give
higher cross sections for fixed My and are, therefore, also excluded. This implies the 95%
CL exclusion limit ceg > 20 = 5.0 x 1072, for My < MPod = 4.15 TeV [86], on the
resonance coupling combination provided by eq. (5.4). Note that, for a given value of 7445
(which at the end encodes all the new physics in standard diboson analyses), the limit on
this ceg combination becomes stronger if one assumes a model with particular values for
the diboson branching ratio. E.g., in the HVT-B model, By _qgibos = 50% would actually
imply ceg > \/icsf‘}“nd. These resonance couplings determine the V3! contribution to the
low-energy four-fermion LECs through the relations (see table 5):

4 4
Fi 1 F 2 61Ty0 g
R e e R R A L
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Figure 2. Exclusion regions based on diboson production experimental analyses [73-87] (shaded
gray region). The black dots represent the values (M‘b,"““d, c'e’g““d) obtained in the various HVT-
By, —3 studies, representing the red star the most stringent constraint MPowd = 4.15TeV [86].
The relevant LEC combination is expressed in terms of the scale A defined by F7 + Fg + Fi9/4 =
e /(AMZ) = 2mA~2, with the value for each point given by the color legend on the right-hand
side. More details are given in the text.

Analogous expressions have been derived in the past for O(p*) LECs in Chiral Perturbation
Theory, in terms of the ratio of the vector triplet partial width and its mass [90, 91]. Those
results are based on the same basic assumption we employ: an appropriate behavior of the
amplitudes at high energies, dictated by unitarity (in addition to the standard requirements
of analyticity and crossing of a well-defined field theory).

In order to ease the comparison with four-fermion interaction studies at LHC [61-64]
and LEP [65], it is convenient to rewrite the previous combination of LECs in terms of the
A scale suppression,

4
FY M2
oA 2= Ft e pt T o 2 TV (5.6)
7 8 4 C21Lf

Each particular 7,3 benchmark-point study leads to the exclusion of vector triplet
resonances with ceg > cg’gund if My < M‘}}O‘md. The black dots in figure 2 provide the
values (Mpewnd, cheund) for each HVT-By,, —3 analysis [73-87]. The most stringent exclusion
bound [82] is provided by the red star in figure 2 (MP°d = 4.15 TeV, cbgund = 5.0 x 1072),
with v, = 1074, Tt yields the widest 95% CL exclusion region, shown in figure 2 as the
upper-left shaded gray region. At this red-star point, the LEC scale suppression is found
to be A =410 TeV.
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Thus, these standard diboson searches lead to an important extension of the (My, cer)
exclusion regions listed in the previous section 5.1, derived through effective four-fermion
operator analyses which typically excluded (My, cof) points with A < 10 TeV. These points
would be in the upper-left corner of figure 2, being, indeed, out of the range of the plot
presented here.

Since the spin-1 triplet studies have been mainly focused on just two ~,; benchmark
points (corresponding to HVT-A,,—; and HVT-B, —3), there are still several exclusion
regions unexplored: smaller values of A are still allowed for 1) a light spin-1 resonance
if 74 (or ces) is small enough, and 2) a large resonance parameter g (or ceg) if My is
large enough.

It is remarkable that direct resonance searches — based on specific benchmarks — lead
to the exclusion of (My, cefr) values with a A which is one order of magnitude more stringent
than dedicated four-fermion studies, leading to the shaded gray rectangular exclusion region
in figure 2. However, these diboson searches are not truly exhaustive for A. Four-fermion
analyses at LHC and LEP lead to looser bounds, but an exclusion limit is given by a
constant A that corresponds to a diagonal line in figure 2; all points on the top or left of
this line are excluded. Therefore, although these experimental analyses do not reach such
strong bounds as the diboson ones, they cover ranges of the resonance parameter space
that scape to the latter: bounds from contact interaction studies serve to exclude values of
(My, cefr) that are not tested by diboson searches, providing complementary information.
Thus, a reanalysis of these diboson studies for different values of v, = N¢(cbgund)?/(247)
is advised, as it would definitely enlarge the exclusion range shown in figure 2.

The study in this subsection only refers to the available diboson analyses performed
by other groups, which considered a narrow width approximation. In order to extract
information on our LECs from those works [73-88], we followed the approximations used
therein. These assumptions agree with those in the present work, as we are neglecting one-
loop corrections and, in particular, the impact from resonance widths in the intermediate
propagators. In the range of resonance couplings discussed in [73-88], resonance widths
are small enough to safely use the narrow-width approximation. If (much) larger resonance
couplings than those depicted in figure 2 are studied in future collider analyses, finite-width
corrections should be properly accounted and loop effects must be properly incorporated.

5.3 Composite Higgs models

Composite Higgs models (CHMs) [92-106] are appealing UV completions, able to accom-
modate a light Higgs particle. The Higgs arises as a pseudo-Nambu-Goldstone boson
(pNGB) (similarly to the QCD pions) and is, therefore, naturally lighter than the other
new-physics states. The spectrum of the heavier resonances, however, is model dependent.
Nevertheless, a broad class of these models can be described by the electroweak resonance
theory and the EWET, as we outline below. Subsets of resonance states have been ana-
lyzed previously in the context of CHMs [99, 104, 107-111], as well as compositeness of
the electroweak gauge bosons [106]. There are also lattice studies [112-116] that bring a
deeper understanding on this type of scenarios.
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The minimal incarnation of the CHMs is the Minimal Composite Higgs Model
(MCHM) [97, 98, 117]. It is based on the coset SO(5)/SO(4) and therefore implies four
real Goldstone Bosons. Even though they transform as a fundamental representation
of the SO(4), i.e., there is a SU(2);, Higgs doublet ® in the spectrum, it is better de-
scribed by the EWET. The reason is that this coset construction, reflecting the strongly-
coupled UV completion, induces in the leading Lagrangian (2.19) a function of the form
Fu = f2/v?sin? (0 + (h/f)), with f the SO(5)/SO(4) spontaneous symmetry breaking scale
and 6 = arcsin (v/f) the misalignment angle [109].

As pointed out by [118, 119], sometimes a non-linearly realized EWET can be rewritten
in terms of a linear SMEFT realization. This is the case of the MCHM [97, 109, 118, 119]:
the non-linear transformation h/f = arcsin(v2®1®/f) — 6 yields an equivalent SMEFT
scalar Lagrangian AL = D, ®TDF® — <& (®?0|®> — V(|®|) up to NLO in the 1/A? ex-
pansion, with ¢ /A% = 1/(2f?) and the expectation value (®T®) = v2/2 [118-120]. Note,
however, that this SMEFT rearrangement is linked to a v?/f? expansion in the observ-
ables. SMEFT perturbation theory may then eventually break down (or poorly converge)
for small enough values of f, while these potentially large corrections are always well ac-
counted in the EWET approach as far as energies remain below the lightest resonance
mass Mp. In general, this scale f is not the cut-off (the lightest resonance mass) but
rather the decay constant, which can be significantly smaller than Mp. Notice that cur-
rent O(10%) Higgs coupling experimental uncertainties still allow for MCHM values of f
as low as 0.6 TeV based on the relation gnww/gruy = /1 —v2/f2 [28, 117]. The F,
operator of the SO(5)/SO(4) MCHM Lagrangian, as well as other operators, are then best
written in the non-linear EWET (see [47] for an explicit matching of the operators). On
the other hand, when v < f, the SMEFT representation provides a more economic and
efficient approach.

The MCHM has a non-renormalizable holographic (partial) UV-completion in five
spacetime dimensions [117]. There are other CHMs beyond the minimal coset that have
four-dimensional UV completions [105] based on strong dynamics.

This underlying strong dynamics is inspired by QCD, but cannot be a scaled-up ver-
sion of it. A “wishlist” of required properties for phenomenologically-viable models was
compiled in ref. [101]. They should have a simple, asymptotically-free hypercolor gauge
group; a global symmetry group that contains the SM custodial and gauge groups; a pNGB
state that has the quantum numbers of the SM Higgs; as well as fermionic bound states
(“baryons”) with the right quantum numbers to couple to the top quark. The latter, called
top partners, are usually assumed to generate the fermion masses via the partial compos-
iteness paradigm [121]. Within partial compositeness, the top partner couples linearly to
the top quark, generating its mass through mixing effects. This mixing introduces factors
of weak couplings, in complete agreement with our EWET power counting.

Since only the Higgs particle has been observed so far, the other new-physics states
are assumed to have masses above the electroweak scale, and our resonance formalism can
be used to describe them, especially given the strongly-coupled nature of the underlying
theory. There are various effects that contribute to the masses of the pNGBs in these
scenarios [122]: loops of the SM gauge bosons (the SM is a subgroup of the global symmetry
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group), loops of the top quark, and the masses of the hyperfermions. The explicit spectrum
of the resonances is of course model-dependent, however, there are some common features
that are shared by all these models [104, 123].

e Usually, having both, a Higgs candidate and a top partner in the low-energy spectrum,
requires more than one irreducible representation of hyperfermions in the UV [101,
122]. This induces U(1) hyperfermion number symmetries in the UV that give rise
to pseudoscalars singlet Goldstone Bosons at in the low-energy spectrum. One linear
combination of them is anomalous and gets a large mass (similar to the 7’ in QCD),
while an orthogonal linear combination gets its mass from the explicit symmetry
breaking by the underlying hyperfermion masses. Generic couplings of these states
can be described with P! in our notation.

e The need for a top partner generally induces colored pNGBs. Among them, there is
always a real color octet [104]. Its mass comes from the explicit symmetry breaking
of the hyperfermion masses, as well as from QCD effects. It is expected to be slightly
heavier than the singlet pseudoscalar and can be described by Pf.

e The top partners get their masses from the hyperfermion masses as well as the dy-
namical symmetry breaking of the condensate. Their mass would then be around the
mass of the pseudoscalar octet. They correspond to our fermionic resonance V.

e Vector and axial-vector resonances would get their masses from dynamical and ex-
plicit symmetry breaking. Depending on the UV structure, there might also be the
possibility for a UV-symmetry invariant mass term, making them heavier than the
other states. These states can be described by our Vi', Al A and V.

We have already discussed dedicated searches for heavy vector triplets, within composite

Higgs models or from other origins, in the previous subsection.

5.4 Weakly-coupled scenarios

The discussion presented so far is not limited to strongly-coupled UV completions. In
weakly-coupled scenarios, the SMEFT linear realization framework tends to be more eco-
nomic from the practical point of view. Still, the non-linear EWET approach can be also
safely applied, even if it usually leads to longer and more tedious computations in these
cases. Thus, we want to remark that the weakly-coupled models studied in this subsection
are not the main motivation for this work. Their discussion just shows how general the
present approach is: it can be applied without any a priori consideration on the strength of
the underlying interactions, avoiding any unwanted bias in the phenomenological analysis.

There are many renormalizable, weakly-coupled models of new physics with additional
heavy fields that have the same quantum numbers as we consider for the resonances.
Writing a phenomenological Lagrangian, linear in those heavy fields, and integrating them
out to study their low-energy implications [124—129] is completely analogous to our formal
study within the non-linear formalism. The closest analysis to our approach is ref. [129],
which is based on a series of previous works [125-128].
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Obviously, for those UV completions incorporating an SU(2) 7, Higgs doublet, the linear
SMEFT provides a more efficient low-energy description. Nevertheless, any model of this
type can always be written in non-linear notation, using field redefinitions. The simplest
example is provided by the SM itself. Combining the four scalar fields contained in the SM
Higgs doublet @ into the 2 x 2 matrix [32]

s = @, @)= [ * 20} = ot @) U (57)
2)=(2%50)=| o o0 |= 7 v x o(x)), .
makes explicit the invariance of the SM scalar Lagrangian under global SU(2); ® SU(2)r
transformations:

£~ 9, Z0k, grr € SUR)Lr, (5.8)

and its spontaneous breaking to the custodial SU(2) 4 r subgroup [33]. Moreover, writing
the SM Lagrangian in terms of h(z) and the matrix U(y) that parametrizes the elec-
troweak Nambu-Goldstone fields, one trivially obtains the non-linear EWET Lagrangian
with specific values for all its couplings [17, 26]. In particular, 01(1‘94, CS;)Q, }7115"22) and all
LECs of O(p">?) turn out to be identically zero, reflecting the renormalizability of the SM
Lagrangian, implied by the SU(2) doublet structure of the Higgs multiplet.

When studying the effects of massive states, from weakly-coupled UV completions,
on the linear SMEFT, the heavy fields usually transform in a well-defined way under the
symmetry group SU(3)c®SU(2),®@U(1)y (see [130] for a classification in the scalar sector).
Nevertheless, using the coset representative u(y), they can always be rewritten in terms
of fields with definite transformation properties under the custodial subgroup SU(2)r+r,
such as those indicated in eq. (3.3).

Since our analysis only contains terms linear in the heavy fields and operators with
more than one resonance lead to higher-order contributions, only singlets and doublets of
SU(2);, could contribute to the LECs at O(p*). Comparing our EWET results with the
SMEFT approach, one can naively identify the list of generated dimension six operators
and the list of operators with chiral dimension four, when the tensors X%) have canonical
dimension three and chiral dimension two. This is the case for the fermionic bilinears Jr,
but not necessarily for other X%) that involve the Higgs or the Goldstone bosons. This,
however, precisely reflects the consequences of a possible strongly-coupled nature of the
electroweak symmetry breaking. Objects of chiral dimension two, for example (u,u,)2 or
(Ouh)u,, translate to objects with canonical dimension four or more, indicating a further
suppression in the weakly-coupled case.”

As an explicit example, let us consider a simple enlargement of the SM scalar sector
with a color-octet and SU(2) ;-doublet scalar multiplet S of hypercharge Y = . The scalar
field § and its charge conjugate S¢ = i02S* can be combined together into a bidoublet

= = (8%38), transforming as g; = 9127 which allows one to build easily the most general,

"In the same way, some bosonic O(p?) EWET operators like, e.g., (u,u" )2 (u,u” )2, translate into
objects with canonical dimension eight or higher, indicating a similar additional suppression in the case of
weakly-coupled theories.
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renormalizable scalar potential V (X, Z), invariant under global SU(2);, ® SU(2)r trans-
formations [131]. Imposing also custodial symmetry on the fermionic couplings of the
color-octet scalar multiplet (i.e., y, = yq = v), its Yukawa interactions can be written in
the form

L8 = -y (CILSCUR + qrSdRr) + h.c. = —y GLZqr + h.c. = —y ELUTEUQR + h.c., (5.9)

which makes the connection with our S¢ and P fields clear:
1
V2

. . . . . CP —; .
where the new physics interactions are assumed to be invariant under = — =’ in the

= SE+iP}, (5.10)

present EWET construction, leading to the relation y=' = y*=f. Since we are further
considering that the color octet = can be decomposed in a combination of C'P eigenstates,
there are in fact two possible transformations for =: eq. (5.10) provides the case = OF =

E" and implies a real value for 3.8 Note, however, that other works [128, 129, 131] study
the general complex y case and its impact on C'P violation. The Yukawa interaction of
eq. (5.9) contributes to our single-resonance Lagrangian of eq. (3.5), in the following way:

LY = —V2y (SF(J8)2)s — 2y (PSTP)as3, (5.11)

which determines the octet-scalar couplings,

St =cP =gy, (5.12)
Assuming custodial symmetry, the electroweak doublet structure of the J = 0 multiplet
= implies identical couplings for its SU(2)14r triplet and singlet components, as well as
M 58 = M P = Mz=. Inserting these values in table 5, one gets the low-energy structure
generated by = exchange:

y2

~F = sF =sF = 3R = - =R = R o =

(5.13)
where the contributions to the remaining LECs vanish. This result is also in agreement
with those compiled in refs. [128, 129] (S is denoted as ® therein).

The custodial-breaking parts of the Yukawa interactions could be analyzed in a similar
way, in terms of the spurion 7. However, they give rise to higher-order structures, not
included in our analysis, because of the additional power suppression implicitly carried by
T. Owing to the color-octet nature of the = field, the scalar potential does not contain
interactions linear in = and, therefore, cannot contribute either at (’)(p4).

The collider constraints on the scalar-octet S have been critically re-analyzed in
ref. [132], in the context of the Manohar-Wise model [131] that incorporates the three

. ., — CP
8There is a second case, with & = &’

=’ = —E'. The coupling constant y is then purely imaginary and
eq. (5.10) is now modified to uigul = % 8 — S8, We have explicitly checked the complete agreement
between our LEC predictions and the results in refs. [128, 129] for this assignment, although, for illustration,

we just provide the outcomes for the = CR = = +=F case.
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fermion generations with flavor-aligned Yukawa interactions [133]. Although mass limits
around 1TeV are obtained in the most sensitive regions of parameter space, lower scalar
masses cannot be yet excluded with current data. The existence of such additional colored
particles would also alter the running of a, above their mass scale, with different implica-
tions [134]. The CMS collaboration has measured the running up to @ ~ 1.4 TeV [135, 136],
finding consistency within errors with the SM expectations.

6 Conclusions

The EWET is the most general EFT framework incorporating the known particle states and
the SM symmetries. It is based on the successful pattern of electroweak symmetry breaking
SUBB)c®SU((2), ®SU(2)g@U(1)x — SUB)c®@SU((2)p+r®U(1) x, with X = (B—1)/2,
and it does not make any assumption concerning the electroweak transformation properties
of the recently-discovered Higgs particle. The Higgs boson is parametrized as a light
neutral scalar h, singlet under the electroweak group, and a non-linear realization of the
Nambu-Goldstone bosons is adopted without any ‘a priori’ relation with the Higgs field.
The EWET contains all operators allowed by the assumed symmetries and field content,
organized according to their infrared behavior in an expansion in powers of derivatives over
some high-energy scale.

In the absence of any experimental evidence for additional non-SM particles at the
electroweak scale, EFT methods are the appropriate tool to investigate the existence of
hypothetical heavy states above the energies currently explored. Since the scale of new
physics appears to be separated from the electroweak scale by a wide energy gap, the only
accessible information about the heavy fields is encoded in the imprints they leave on the
LECs of the EWET.

In this paper, we have built an effective Lagrangian that couples the light particles to
generic heavy states. We have generalized the formalism developed in refs. [1, 2] in order
to incorporate colored resonances, including also fermionic states that were not considered
in our previous works. Integrating out the heavy scales, we have determined at the lowest
non-trivial order the complete pattern of EWET LECs generated by different types of
resonances. We have considered bosonic states with J© = 0% and J” = 1%, in singlet
or triplet SU(2) 4k representations and in singlet or octet representations of SU(3)¢, and
fermionic resonances with J = % that are electroweak doublets and color triplets or singlets.

Our results, summarized in tables 3, 4, 5 and 6, exhibit a rich set of low-energy signals
with different types of resonances potentially contributing to the same LECs. Experimen-
tal evidence for a non-zero value of some particular coupling would certainly select a set
of possible resonance quantum numbers. However, one would need a clear pattern of mea-
sured LECs in order to neatly identify the culprit state through its low-energy fingerprints.
Whenever the needed data would be available, the comprehensive information contained
in these tables will prove very useful to infer the kind of high-scale physics responsible for
any observed anomalies.

Given the limitations of current data samples, the experimental analyses are usually
performed within the context of benchmark models or simplified EFT-like approaches.
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We have illustrated with a few examples how our general EFT formalism can be easily
particularized to these simpler scenarios and the corresponding model-dependent bounds
worked out. While pragmatic phenomenological analyses are unavoidable, their implicit
assumptions should be carefully scrutinized once any new-physics signal arises. The general
formalism developed here provides the necessary tools to confront the data information in
a model-independent way.
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A The electroweak chiral dictionary

As a cross-check of the O(p*) operator basis listed in tables 1 and 2, we compare it to the
different basis chosen in ref. [9]. For future reference, we provide the necessary translation
dictionary here. When more than one generation of quarks, or quarks and leptons, are
present simultaneously, the dictionary changes slightly. We comment on this at the end of
this section. To increase the readability, we refer to the basis adopted in this paper and in
ref. [1] as VLC basis and to the basis used in refs. [9, 23, 137] as MUC basis.?

The main difference between the MUC and VLC bases is the choice of group vari-
ables to represent the electroweak Nambu-Goldstone bosons. VLC adopts the SU(2) ®
SU(2)r/SU(2) 4R coset representative (ur,ur) with the canonical choice u; = u% = u(y),
which transforms as u — gLug;rl = ghug}LLZ under the action of the chiral group element
(91, 9r) € SU(2)r, ® SU(2)g. MUC chooses instead U(p) = uLuE =u?, with U — gLUg;r_-i,
getting rid of the compensating SU(2) g transformation g,. Thus, the building blocks
of these two bases transform differently under G. The VLC choice is more suitable for the
inclusion of resonances [1, 6], since they transform covariantly under SU(2) 4 g.

Furthermore, the operators in the MUC basis are listed without any assumptions on
C' P properties and without specifying any particular suppression for the violations of custo-
dial symmetry. If custodial symmetry is only broken by weak interactions, like hypercharge
and Yukawa couplings, operators that violate custodial symmetry will come with additional
factors of weak couplings. This increases the chiral dimension and, therefore, the order at
which these operators must appear in the EFT with respect to their expected order from

9We use the IATA airport codes of the cities as abbreviations.
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VLC MUC VLC MUC
0 Oxu1 O Opr
Oy $0xu7 — 3O0xus Or Ops
Os Oxnz + 5O0xn1 Os Opn
@2 Oxha — %Oxm Og to be discussed below
O3 —30xu7 — 30xus O10 203
@3 to be discussed below || O | redundant when XH —g'BH
Oy Op2 O12 Oxhs3
Os Op1

Table 7. Dictionary of bosonic operators.

pure naive dimensional analysis arguments. The custodial suppression of some MUC op-
erators was already discussed in ref. [137]. Therefore, we start by listing all C'P-even
combinations of operators of the MUC basis that are not custodially suppressed beyond
O(p*). We collect in appendix B some algebraic identities that are useful to relate the
operators within the two bases.

A.1 Bosonic operators

From the complete list of bosonic operators in the MUC basis, we only need the operators
that are C'P-even. Furthermore, we assume that the custodial-breaking spurion 77, in
the MUC basis comes with an explicit weak, custodial-breaking coupling (such as ¢').'°
If there is no By, (and therefore ¢') in the operator, it will be further suppressed beyond
O(p*). The corresponding set contains the following 12 operators, where we use the naming
convention of ref. [9]:

Op, Op1, Op2, Opr, Ops, Op11, Oxn1, Oxn2, Oxns, Oxv1, Oxvur, Oxus. (A.1)

In the VLC basis, there are 15 operators involving only bosonic fields: O;_12 and @1,3.
We find the relations between the two sets of operators given in table 7. Just by numbers,
there are three operators too much in the VLC basis. (77 is the kinetic term for the
auxilliary field, it becomes redundant once we go to the SM. We discuss the two remaining
operators, O3 and Oy, after the fermion bilinear operators.

A.2 Fermion bilinears

In the MUC basis, the fermion-bilinear operators are defined such that they reduce to op-
erators with a single Z or W¥ in the unitary gauge. Since this violates custodial symmetry,
we first have to find the linear combinations that are not custodially suppressed. We use

107, is related to the VLC custodial-breaking spurion through 7 = —g'ufrru.
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for the vector fermion bilinears

Olyv1 = Yoy l'vr = —(20yv2 + Oyys + Ong) ;
Ofva = Yryu{Te, L }r = —Oyva,

01 = YryUTL"Uyr = —(Oyva — Oyvs + Oyve + Ojl,vﬁ) : (A.2)
Offyy = YryuU{rr, LMYU R = —%(me + Oyvs) -
The scalar fermion bilinears are
Oys1 = ¢LU¢R(8 uh) (av ) = Oys14 + Oysis,
Oys2 = UL Utbp (8Zh) = Oys10 — Oysi1 + Oysiz + Oysi3, (A.3)

~ _ 1
Oysz =YL, LI'UYR = 5((%51 + Oys2) -
The tensor fermion bilinears are
Oyr1 = Yo LML Utbr = Oyr — Oyra + 20413 — 204714

(al/ ) (A.4)
Oyra = Vr.0u L'UYR = Oyr7 — Oyrs + Oy19 + Oyri0 -

And the dipole operators are

Oyx1 = g VLo UyPrB" = Oyx1 + Oyx2,
Oyx2 = g VLo UYrB" = Oyx1 — Oyxa,
Oyxs = growWH Ui = Opxs — Opxa + Opxs + Oyxe
(91/)X4 = gsizLO'uyG'uVU¢R = O¢X7 + OwXS .
These are in total 13 operators in the MUC basis, while in the VLC basis, there are

only 11 operators, (’)ﬁg and (’}ﬁ?} We find the dictionary of table 8. Just based on the
numbers, the VLC basis has two operators less than the MUC basis. The two ‘missing’

(A.5)

operators are @i‘/l and (’55‘/1. They are related to the bosonic operators O3 and Oy that
we discussed before.

In total, the numbers of operators in the bosonic and the fermionic-bilinear section
of the bases coincide (apart from the kinetic term of X , for obvious reasons). The only
thing left to show is how the MUC operators (7)5‘/1 and (’N)ffwL are related to O3 and Oy of
VLC. We start from the VLC operators and integrate by parts. For simplicity, we will not
write down the Higgs-dependent function that multiplies the operator and the terms that
it induces when the integration by parts is performed:

Oul) ( (1) — —((u D, WH utuD, B*u T)uu>2—f<f¢ [uu,uuw (2 F )2

92 m m g 1 H v? M (A 6)
= 4'<UH(J —JH)) o+ 4 (u(Jh+T )>2‘Z(9 +9%) (u )2 -

_§< T [uwuV]) < f—ul’>2'
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VLC MUC VLC MUC

oY 2(Oys3 + hoc.) O | —(Oyx1 +hec)
OV | (Oyxz+he)— (Opxs+he) || OF | iOpss +hec.
oy’ 2i(Oyr1 + hoc.) Oy | §(~Okyy + OR,,)
oy —(Oyrs +h.c.) oY Oys1 + h.c.
O | —(Oyx2 +hc.) — (Oyxs +he) || OF 10yx4

oy 3Oy + Ofn)

Table 8. Dictionary of fermionic bilinear operators.

We are therefore free to choose if we write (fi Uy)o OF (u“JV/A>2 as operators in
the Lagrangian. The latter directly correspond to the ‘missing’ vector currents of the
MUC basis.

(upJyr)2 = @gw + @@Lz)vu
<uu=]f4f>2 = Oﬁm - Oivr

The two bases are therefore equivalent when the bosonic and the fermion-bilinear operators

(A7)

are considered together.

A.3 Four-fermion operators

A generic four-fermion operator can be written as
(VimTapdt) (Phamsuis) (A.8)

where, a—¢ are spinor, a—d SU(3), il SU(2), and p—s generation indices. Usually, we
suppress the spinor indices, as they are always contracted within each bracket. The gen-
eration indices, if necessary, are kept explicit. In order to form a singlet, there are two
ways to contract the SU(2) and two ways to contract the SU(3) indices: ;0 and 039z,
and 04409 and d,q0pc, giving four possibilities to contract all indices in the operator. Using
Fierz identities (see appendix B.3), we find that only two of them are independent: either
SU(2) and SU(3) indices of the same pair of fermions are contracted, or the indices of
two different pairs are contracted. Since we want all the indices contracted within each
bracket, we use eq. (B.4) to relate the two types of operators. As each fermion current
has a chiral dimension of two, only currents without 77, insertions are relevant for our case.
The operators that we use are

Ourr1 = (Wrvubr) Wy yr) =Orra,

Ouarr2 = (LT L) (" T4%L) = O+ 50111,

Ourrr = (Yryutbr) (bry"¥r) = OLri+OLgs,

Ourr2 = (bryu ML) (Wry*T4R) = Orro+OLRa.,

Ourri = (VrYu¥r) WRY"YUR) = OrR1+ORR2+20RRS,

Ourr2 = (VR T R) Wry " T R) = L0RR1 +1ORR2+20RR4,
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VLC MUC

: — ~ - N _ ~
1 1 1 1
(’)le _60451 — 0453 — ﬂO4T1 - ZO4T2 - §O4LR1 - 2O4LR2

~ 4 ~ A 2 2
O;ZJ _%04[/[/1 — 2O4LL2 + %O4RR1 + 2O4RR2

4 ~ - ~ ~ ~ ~
oy £0451 + Ouss + 5:041m1 + 10412 — 3041r1 — 2041R2

(@) Ourr1 — Ourrn

Of Ous1 + 20452

Of ~O451 + 20452

03”4 30411 + 3O04rr1 + 204112 + 204rR2 — 30452 — 80454
Oéﬁ 10411+ 3O04rr1 + 204112 + 204rR2 + 30452 + 80454
(’)34 Ourr1 + Osrrr + 2041m1

054 Ourr1 + Oarrr — 204Lm1

OZ;# —20451 — 120453 + £Our1 + Oura

O% Our

Table 9. Dictionary of four fermion operators.

Ous1= (WLUyR)(WLUyg)+h.c. =Opy1+Opy3+20g7r5+h.c.,
Ous2 = (DrUYR)(PRUTYL) = Opys+ Oy s
— 15 (OLr1+OLR3)—3(OLr2+OLRa)+ §(OLR12—OLR10) —OLR11+OLRI13,
(bLUT R) (W UTHR) +hc. =Opya+Opys+20sr7+h.c.,
(DLUT ) (PrUTT1) = Opye+Olyg
—+HOLr1+OLR3)+15(OLr2+OLRa) — 25 (OLR12— OLR10)+ 5 (OLR11 —OLR13) |
Our1 = (prUouwr) (WL Uc" YR) +h.c.
—2(Opy1+0py3)—16(Opy2+Opys) —80g75— L 016 — 320578 +h.c.,
Ourz = (VU0 TRr) (L Uc" T4y R) +h.c.
=—32(Opy1+0py3)—3(Ory2+O0pys) — $O0s16 —80s17+ X Ogrs+h.c.. (A9)

Ous3

Ous4

The tensor-equivalent of the scalar operators O4g2 and O4g4 vanish by using Fierz identities.
In the VLC basis, there are 12 four-fermion operators. We list the dictionary in table 9.

A.4 Further comments

In the derivation of this dictionary, we found a redundancy in the MUC basis. Using the
determinant identity for a 2 x 2 matrix U,

U2 — URUIt = ¢ det U, (A.10)
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and the fact that det U = 1, we find the following relations among the operators of ref. [9]:

Osts — Ost6 = Osr1,
Ost7 — Os18 = Og72, (A11)
Ost9 — Osr10 = Os713 ,

Osti1 — Ost12 = Os74

and similarly for their Hermitian conjugates.
If quarks and leptons, or more than one generation of fermions, are present, the dic-
tionary changes as follows:

e In the bosonic sector, the operators Qg and O3 should be traded for g(’ ) 2<uHJ"j / A>2,
as the latter can incorporate the extended fermionic sector more easily. The other
relations in table 7 do not change.

e The fermion-bilinear operators can be extended by adding another copy of fermion
bilinears Js py, 4,7 for the leptons and promoting the coefficients to be matrices in
generation space. This should also be done for the operators <ou"j/ )2 discussed

above. Only the operator (’)gﬂ will not get a leptonic copy, as leptons are not charged
under SU(3)¢. The dictionary in table 8 stays unchanged. The new, leptonic opera-
tors are mapped to the corresponding leptonic operators in the MUC basis, trivially
extending egs. (A.2) — (A.5).

e The four-fermion sector becomes more complicated. First, it is possible to construct
many more operators. Second, when using Fierz identities as before, we would also
generate mixed quark-lepton currents, which are not building blocks in the MUC
basis. We can therefore not Fierz as much as before and table 9 will not be valid for
the enlarged fermion sector.

B Useful algebraic identities

B.1 QCD algebra

The QCD gauge fields G, are described by the 3 x 3 matrix

Gu=y9gsG,T", (B.1)
entering the covariant derivatives in eq. (2.13). Its field-strength tensor is then given by

Gy =Dy, D)) = 0,Gy — 8,Gy — 1[Gy, G = s G, T, (B.2)

with
G, = 0,Gy — 0,G% + gs fabe GZ G, (B.3)
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and a,b,c = 1,...,8. The 3 x 3 matrices T% = %)\“ are the SU(3)¢c generators in the
fundamental representation. It is useful to note the Lie algebra relations

<Ta Tb >3 — TR (gzzb7 [Ta, Tb} — ifabc TC, Z facd fbcd — CA (gzzb7
c,d
a ra ara 1
z ij Tip = Cr ik 13T =Tr <5jk; dit — No dij 5k1> :
1 4
Tr= 3, Cr=3. Cy=Nc=3. (B4

B.2 Operator relations

First, we collect some identities that are useful to relate the operators within the MUC
basis and within the VL.C basis. Then, we give the relations between both bases.
Using the projectors

1 o3 10 1 o3 00
P = — —_— = P_:*-*:
+T57 5 (00)’ 2 2 (01)’

(B.5)
P _01—1—2'02_ 01 P _al—icrz_ 00
272 T loo)” 2T T o)
we can decompose a generic fermion bilinear as
3
— — g —
UPX ) = YT (Py = P)y (X =-)o + YT (P + PO)y ()
+ ’(ZJFPlgw <XP21>2 + zZFPglzp <XP12>2. (Bﬁ)

Here, 1) is a fermion that transforms like a right-handed field (either ¢ or UTer), T is an
element of the basis of 4 x 4 matrices (1, ", 75, y#~°, o = % [v*,7"]), and X is an object
that transforms as X — gRXg;r% (like UTWWU, iDuUTU = UTLMU, UtrpU). Recalling the
definitions of the basic building blocks of the MUC basis, !

3
L,=iUD,U! and 7= U%UT, (B.7)

we find the following relations

D, =1Ly, 11],
D,L,—-D,L,=gW,, — g/Bwﬂ‘L +1 [L”, L],

(B.8)
<UTL[HL,,]UP12>2 =-2 <TLL[H>2<UP12UTLV]>2 )
(UL, LyUPx)2 = 2(71.Ly,)2(UPnU'L,)s .
Useful relations in the VLC basis are
Vo, —Vyu, = UBIWUT — uTWWu =
Vu(uTW””u) = uTV#W“”u — L [uy, uwl W) (B.9)

V(B ') = uV, B ul + & [u,, uB"u].

"They are related to the VLC basis tensors through 7 = —g'u'rru, Uy = uTLuu.
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I (J0)mn = Enlém
1 (VL) n(WR)m + (YU )n (WTL)m
i i(ruw)n(Wpr)m — i(Wru")n (uTPr)m
(V20 n Y (WL m + (PR n Y (WPR)m
Y | —(brw) v (W) m + (VrU )y (WhR)m
Oy (J’LU)nUW(U¢R)m + (J’RUT)nUuu(UT@Z)L)m

Hi | <|T™| W
2

Table 10. The fermion currents in the two notations.

To translate the operators between the two bases, we use the relations discussed in ref. [1]:

w=U, (uh)? =UT,
H — a9 SV / uag v ! R
WH = —gW 5 B——gB?, Xt =—gB",
o3
T = —ug EuT = —guru, (B.10)

o3
f#i,j: ( TW“ —u:l:guBW T) ,

Uy = uu = iuD”UTu = —iuTDuUu .

The fermion currents in the MUC basis are expressed in terms of fermions with defined
chirality. We list the resulting relations in table 10.
Additional relations come from the EoM. We find

a 2
(D WHNYE = (9, WH +i g[W,,, W) = gip " —wL—gT([HFU(h)](uu”uT)a, (B.11)
3 /.2

_ B—-L _
0,5 =g/l (P50 ) wka' b Gyt T RO, (B.12)

where we defined the SU(2); components of Wy, via W, = Wi, “2 , and similarly for
utu’u and wu’u’. Note that in eq. (B.12) the right-handed vector current and the (B — L)

current combine into the hypercharge current of the SM.

B.3 Fierz identities

With the definition of the Dirac I' basis of table 10 above, we find the Fierz identities
compiled in table 11. Note that this Fierz table assumes that the four-fermion operators
have the structure (¢I'%)(1)T'%)) instead of the commonly used (YT 41)(1pT%)) [138].

C The power counting with enhanced couplings

In section 3.1 we discussed the power counting of the EWET with resonance fields and
assumed that their couplings satisfy ¢; < M}% /v2. Let us now analyze the case when c¢; ~
MI% /v? and the linear-resonance interaction approximation cannot be used. Operators with
two and more resonance fields must be taken into account in such a situation. In ref. [5],
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S| P|VI|A|lT
IEIREIRE
IEEIEIHE
V|i-1|-1| 3 |3]0
Al 1 |1 ]33]0
T -3/ 3]0/ 0| %

Table 11. Fierz identities for I' = (1,i7°,v*, 4%, o = L [y*,7"]).

it was shown that in models with an additional Higgsed scalar singlet an enhancement to
O(M3/f?) > O(1), with f? the sum of the two scalar vacuum expectation values squared,
is possible. Since the enhancement came from the scalar obtaining a vacuum expectation
value and its mixing with the light scalar h, such effects can only affect scalar, color-
singlet, fields. The case of S is the same that was discussed in ref. [5]. In order to see
what happens with the triplet, Si, let us consider the Georgi-Machacek Model [139-141].
Based on ref. [139], we can distinguish two possible scenarios:

1. The scalars are elementary.

We would be interested in a scenario where one of the scalars is light (the 125 GeV
Higgs) and all the others are heavy. Ref. [140] reports that such an area of parameter
space exists, but the stability of the hierarchy under loop corrections is not addressed.
(In ref. [5] an approximate SO(5) symmetry achieved the stability). In general, these
models are only reasonable phenomenologically if there is a custodial SU(2) symmetry
protecting the T parameter. This symmetry would then also prevent a mixing of the
heavy triplet with the singlets [141]. Thus, only the singlets would mix with each
other. However, there is mixing induced at the one-loop level, since the SM breaks
the custodial symmetry at one loop. These effects will then be suppressed by a loop
factor. We therefore conclude that there are no effects of O(M3/f?) for the Si, but
only for the 511.

2. The scalars are composite objects.

This case is only discussed in ref. [139]. By construction, they consider the triplet to
be light (a pNGB) as well. Since in Technicolor (or how they called it, Ultracolor)
models the electroweak symmetry breaking is generated at a high-energy scale, the
SU(2) multiplet structure could also be broken at the same level [139], introducing
the dangerous mixing. However, the masses of the scalars would be generated from
the dynamical symmetry breaking, not from Higgsing. We therefore also conclude
that effects of O(M3%/f?) are not present for the S3.

The discussion of possible enhanced resonance couplings reduces then to the Si case
already analyzed in ref. [5]. Phenomenologically, these contributions are interesting, as they
modify ,CI(EQ\ZVET at leading order, without any heavy-mass suppression. All other resonance

contributions modify [,(EQ\aVET and ‘C](EZ%VET at next-to-leading order, i.e. at O(v?/M3).

-39 —



i oV oW

1

1 —(Ew 4+ Wg) (D — (£ ¥ — Wsg) (D)

; o &

0 ETV + UTE —(EsTU — Uy5TE)

1 E'YH’YSU;L\II + \IJ'YM'%qu E’Y“u/t\y + \I/'Ypuuf
(Ouh) = = (Ouh) = =

2 i{0h) a1 (g — Tyng) i% L (&5 — Tyiase)

3| £ [(Ev d, — d,0ye) + (€ & )] (D | L [(Eyiysd, ¥ — d,Tyrase) + (€ > )] (D
% [(Er#d, ¥ — dWyie) — (€ = W) O | & [(E4#5d, ¥ — d,Uytyst) — (< 0)] &)

Table 12. CP-conserving operators of O(p') and O(p?) with one heavy resonance and one light

fermion field. O; (O;) denote P-even (odd) structures. Terms that can be rotated away through
the diagonalization of the “kinetic” and “mass” terms are marked with (f1). Terms marked with
(*) are redundant.

D Simplification of the fermionic doublet resonance Lagrangian

The most general C'P-invariant Lagrangian with couplings of the ¥ resonance to light
fields, up to O(p?), has the form
4
Ly = WD~ My)¥ +my 0+, 0V + Y- (L0 +X0P), (D)
§=0
using the operators in table 12 and generic couplings my,my, A;, and XZ Note that all
these parameters are functions of the singlet Higgs field h.

We will show in the following that the operators Ogl), (9§2), 0512) and (5;1), (5§2), @vf)
from this table are redundant in eq. (D.1). Afterwards, we are left with a Lagrangian with
canonically normalized kinetic and mass terms, where the contributions from As, Xg, my
and m) have been absorbed by the parameters Ao, Xg, me¢ and My.

First, the term A40§2) + X4(5§2) is redundant and can be fully transformed into a
combination of (’)52) and 6&2), using integration by parts. The remaining terms, however,

can be removed by means of an adequate rotation of the £ and W fields, following the
standard procedure to diagonalize kinetic and mass terms (see e.g. [142]).

D.1 Diagonalization of quadratic fermion couplings

We denote the fermion fields before the diagonalization as {ég and Wp and we put them
together in the vector

VLB &L,B &R,B
V — ) V — ? V = ? . D2
7 ( Vr.B ) ’ b < LJ¥: ) ’ o ( Vg8 (D:2)

Therefore, the £ and Vg kinetic and mass terms can be written in the form

L= % (VB’Y”ACZMVB - M’YMAVB) —~VpBVg, (D-3)



with

I T T B= (t) Bir ) _ pt (D.4)
0 Agr Bip 0
given the contribution from the available C'P-even operators
Ay = Lo M Fhm))) _ o
(RR) As(R) F As(h) 1 LL (RR) >

me(h)  ma(h) +ma(h) ) (D.5)

b= (mx(h) aah) My(h)

In order to diagonalize this Lagrangian we follow the standard procedure (see
e.g. [142]): first we diagonalized the kinetic term and then, in a second step, the mass
term. First, the diagonalization of the kinetic term is achieved by means of the symmetric

transformation: )
Vie=Z}Vik, (L <+ R), (D.6)
with
Zr(W)2ALL(R)Z(h)2 =1 = Zy(h) = Ap(h)™Y = ZL(h)',  Zu(h)2 = (Z(h)2)",
(L < R). (D.7)

This leaves the Lagrangian

1 [ B — —
L= 5 (VK’y“dMVK — (duVK)’y‘uVK) — (VL,KMKVR,K + VR,KM}L(VL,K)

1

. L 1\
+ % (8Mh) VL,K’Y“ |:ZL27 <ZI%> ] Vi, x + (L <+ R), (D.8)

being Mg (h) = Z%BLRZ]%%. Notice that ZL%R is not just a rotation since we transform
Arr, rr — 1, i.e., the eigenvalues are in general different than one.

Second, one diagonalizes the matrix Mg making use of the general diagonalization
(similar to that for the CKM matrix [143])

My = S}, MSg Uy, (D.9)

where S and Uy are unitary matrices and M :diag(mghys, M}I),hys) is diagonal and positive
definite. Thus, the transformations

Vi =SkVi, Ve =ULS|Va, (D.10)

lead to the canonical fermionic kinetic and mass terms in terms of the physical fields V:

L= % (deuv - (duV)V”V> ~ (VLMVg +VrMVr)
; _ 1 1\’ !
+ % (8,h) V™ <5K [ZL 2 (ZL) } St + Sk (SL) —(Sk)’ (SL)> VL
i 7 -2 (3 ]t ot
- 5(8Mh) V! <SKUK Zp* \Zg | | UgSk

SeUx (U8 = (SeUk) ULst ) v D.11
+S5x Uk KPK (KK)KK R- ()
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After all this procedure, we are left with a Lagrangian with canonically normalized
kinetic and mass terms and where the operators Oil), (’)§2) and (’)gl), (’)éz) have been
traded off by the operators (9;2) and (952).

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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