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Abstract

In this paper, we discuss the signal of composite spin-1 resonances at the LHC. Motivated

by the possible observation of a diboson resonance in the 8 TeV LHC data, we demonstrate

that vector resonances from composite Higgs models are able to describe the data. We pay

particular attention to the role played by fermion partial compositeness, which is a common

feature in composite Higgs models. The parameter space that is both able to account for the

diboson excess and passes electroweak precision and flavor tests is explored. Finally, we make

projections for signals of such resonances at the 13 TeV run of the LHC.
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1 Introduction

The hunt for new physics will start again with the second run of the LHC. From the 7 and 8 TeV

data collected by the ATLAS and CMS experiments no evident signals of new physics have emerged

thus far. For many models and frameworks, this makes the 13 TeV LHC run the last place to probe

the natural region of their parameter spaces. In the current LHC data, however, there are some

anomalies at the ∼ 3σ level. While 3σ observations could turn out to be statistical fluctuations, it

can be useful to take some of them seriously and explore their consequences within a given model.

In this paper we take motivation from the observation of an excess in the ATLAS hadronic

diboson search [1] (and CMS too [2]). This search looks for resonances decaying to a pair of boson

tagged jets. ATLAS has searches in the WZ, WW , and ZZ channels which differ by the jet mass

selection applied and observes local excesses of 3.4σ, 2.6σ, and 2.9σ, respectively.

As a guideline, the excess requires the resonance to have a sizable coupling to vector bosons

and a sufficiently large production cross-section to be observed, ' 5 − 10 fb. The most natural

interpretation of this excess is a spin-1 resonance (or more precisely a multiplet of nearly degenerate

spin-1 resonances) of about 2 TeV with a large coupling to vector bosons (to dominate the branching

ratio) and a smaller coupling to quarks (for Drell-Yan production). Crucially, a large coupling to

leptons must be avoided as bounds from dilepton searches are quite constraining [3, 4]. Models

with these features have been the subject of most of the recent papers on the subject including

technicolor models [5], effective models with spin-1 resonances [6], left-right symmetric models [7–9],

(composite) SU(2) triplet models [10–14], and non-custodial models [15]. See [16–28] for other

models.

In this work we are interested in interpreting the excess in the context of composite Higgs

models with partially composite vectors and fermions (see [29, 30] for reviews). This framework

consists of two sectors. One sector, called the “composite sector,” contains the Higgs multiplet

as the Goldstone bosons of a symmetry that is spontaneously broken at a scale f . The Higgs

interacts with resonances in the strong sector with a large coupling gρ. The second sector, called

the “elementary sector,” contains the standard model gauge and fermion fields.1

The two sectors communicate via a linear mixing between fields of the same spin. This mixing

breaks the global symmetries and generates a potential for the Goldstone Higgs that triggers elec-

troweak symmetry breaking (EWSB) at a scale v < f . The mixing angles between the composite

and elementary fields (i.e. the degree of compositeness) are proportional to the ratios of standard

model couplings gSM (where gSM is representative of gauge couplings or Yukawa couplings) and the

composite sector ones gρ as required to reproduce the standard model. Therefore, in this picture the

resonances of the strong sector, in particular the spin-1 fields, couple to standard model fermions

and transversely polarized gauge bosons with a coupling that is naturally suppressed by ∼ g2
SM/gρ.

Given that the Higgs is part of the strong sector, however, the resonances couple strongly with the

longitudinally polarized components of the W and the Z.

These facts make composite Higgs models a particularly attractive framework in which to study

1Note that the actual standard model fields are linear combinations of the elementary and composite fields.
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diboson production. In these models, the expected mass of the lightest resonance is mρ ∼ gρf . The

scale f is bounded from below around 600 GeV from Higgs measurements [31,32] which means for

a 2 TeV resonance, gρ is bounded from above at roughly gρ . 4−5. Being forced to use a moderate

value of gρ means that g2
SM/gρ is not overly suppressed and can produce vector resonances with the

appropriate rate.

It should be emphasized that in this class of models, the standard model fermions are linearly

coupled to composite fermions (which in turn are tightly coupled to the spin-1 resonances) [33]. This

introduces, via mixing, an additional sizable contribution to the coupling of the vector resonances

to standard model quarks (see also [14] in relation to the diboson excess). One challenge in this

framework of partially composite fermions is that light colored top partners, the fermions which

mix with the standard model top quark, are typically expected to be close to the TeV scale due to

Higgs mass considerations [34]. When kinematically open, decays of vectors into fermion partners

are typically dominant [35–38].2 In order to suppress this decay, one has to assume a large mass

scale for the composite fermions, or, in other words, a small elementary-composite mixing for the

top. Interestingly, this can be naturally achieved in composite twin Higgs models [41–43]. Given

that spin-1 resonances of 2 − 3 TeV are expected, in particular in the scenario of [43], this makes

the diboson signal even more prominent in the composite twin Higgs models and substantially

differentiates the phenomenology of spin-1 resonances in standard composite Higgs and composite

twin Higgs. The absence of light top-like composite fermions makes spin-1 resonances likely the

first signal of composite twin Higgs models.

In this paper, we give a detailed discussion on the LHC signals of composite vector resonances.

We discuss production rates and decay channels with an emphasis on the diboson channel. We also

take into account all constraints including precision measurements from LEP, flavor constraints, and

direct searches at the LHC. Particular attention is paid to the ramifications of a vector resonance

around 2 TeV.

The rest of the paper is organized as follows. In Sec. 2 we recall the basic framework with

an emphasis on the couplings of the composite vectors to standard model fields and we introduce

the various scenarios we explore. In Sec. 3 we present a simplified Lagrangian and we compute

the relevant branching ratios. Section 4 is devoted to the analysis of the diboson data and the

predictions of several benchmarks. In the same section we point out the relevant constraints on the

picture that come from other measurements. In Sec. 5 we show the rates for the 2 TeV signal at 13

TeV. Finally, we conclude in Sec. 6. Technical details on the model used are presented in App. A.

2 The basic framework

In this section we introduce the various aspects that compromise a composite Higgs model.

2We work in four dimensions, but studies in five dimensions are equivalent, e.g. see [39,40].
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2.1 Composite Higgs overview

The Higgs is a pseudo Nambu Goldstone boson (pNGB) from the breaking of a global symmetry at

a scale f , where f > v. The minimal model is SO(5)/SO(4) [34,44]. The simplest realizations can

be described in four dimensions as a two or three-site model [45,46], while a more general effective

description can be parametrized by the CCWZ formalism [47,48] (for examples, see [49,50]).

The low energy resonances are vectors broadly characterized by a mass mρ ∼ gρf [51] where gρ
characterizes the strength of the interactions between particles in the composite sector such as the

longitudinal modes W±L , ZL, and the Higgs (as shown in Fig. 1) and is considered large as it comes

from a strongly interacting sector. All the other resonances are expected at a scale m∗ = g∗f with

gρ < g∗ . 4π.

For simplicity, we consider a single multiplet of vector resonances to be lower than the rest of

the compositeness scale as this is the best description of the diboson excess (and actually closely

corresponds to the ρ in QCD).3 With the symmetry breaking pattern SO(5)/SO(4), the lowest lying

vector modes are in the adjoint of SO(4) which is the 6. In order to reproduce the fermion Yukawa

couplings, an additional U(1)X is required such that the unbroken global symmetry is SO(4) ×
U(1)X = SU(2)L × SU(2)R × U(1)X , however, the 6 multiplet is not charged under U(1)X . The

standard model then gauges SU(2)L and the combination of T 3
R +X as hypercharge. The vectors

then decompose into SU(2)L × U(1)Y multiplets as

6→ 30 + 10 + 1±, (1)

where the subscript indicates the hypercharge. The SU(2)L triplet 30 corresponds to both neutral

and charged states which we label ρ0 and ρ±, respectively (see [10] for a study of the phenomenol-

ogy). The masses of the vectors are degenerate and are only split by hypercharge effects, after

electroweak symmetry breaking, on the order of (g′/gρ)
2.

The other vectors 10 and 1±, neutral under SU(2)L, are also present and are approximately

mass degenerate with the triplet when SO(4) is unbroken in the strong sector. We label these

states as ρ0
B and ρ±C , respectively. In simplified discussions they are often omitted because their

interactions with the standard model are subleading in g′/g. We include them in our discussion for

completeness.

Unlike the interactions between the composite vectors and standard model (longitudinal) vec-

tors, the interactions between composite vectors and standard model fermions do not originate

purely in the strong sector and proceed through the mixing between the composite and elementary

states, like vector meson dominance in QCD. The vector mixing is of order g/gρ which induces a

coupling of g2/gρ between the composite vectors and standard model fermions (as shown in Fig. 1).

In the standard picture of compositeness this is not the only contribution to the composite vector

coupling with standard model fermions; there is also a contribution from the partial compositeness

of the standard model quarks. This is a mechanism to give mass to chiral fermions and is a linear

mixing between standard model elementary quarks and the composite vector-like fermions.

For the sake of our discussion, it is only important to notice that the chiral standard model

fermions are given by a linear combination of an elementary and composite state with mixing given

3The unitarization implications of such a resonance have been explored, for example, in [49,52].
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by the angle sinφfL,R where the species label f allows for each fermion to have a different degree of

compositeness (we will frequently use the shorthand sL,f = sinφfL and cL,f = cosφfL). The mixings

are then constrained to reproduce the correct Yukawa couplings

yf =
mΨ

f
sinφfL sinφfR. (2)

Above, mΨ is the characteristic mass of the composite fermions. Thus, the coupling between

standard model fermions and vector resonances receives contributions both from vector mixing and

from fermion mixing, with the fermion mixing contribution proportional to gρ sin2 φL,R, depending

on the chirality of the current.

These are summarized pictorially in Fig. 1.

ρ

π

π

∼ gρ

ρ

ψL,R

ψL,R

∼ max[g2/gρ, gρ sin2 φL,R]

Figure 1. Couplings between composite vectors ρ and the longitudinal components of standard model

vectors (left) and standard model fermions (right).

2.2 Summary of the interactions and benchmark models

The qualitative description above is summarized quantitatively in Table 1. The table shows that

vector resonances couple to standard model vectors with a strength gρ. The couplings to standard

model fermions, however, are more complicated. Starting with the ρ0,± we see that it only couples

to the left handed currents. The interactions with quarks has a term g2/gρ from vector mixing and

gρs
2
L,q from fermion mixing.

In the couplings of vector resonances to the left handed currents we include an extra parameter

aL, which is common to different generations. In the concrete two-site model (reviewed both in

App. A and more fully in the appendix of [45]), aL = 1. However, more generally, it is a free

parameter in the CCWZ parametrization (for example see [38]). By default we will discuss the

two-site case when aL = 1, but in certain cases we will present results for the flipped sign aL = −1

case. As can be seen from Table 1 choosing aL = −1 can avoid cancellations in the resonance

coupling to quarks which would otherwise lead to very small rates.

Regarding the expected size of the mixing angles, only the top must have a sizable degree of

compositeness. The reason is that in standard composite Higgs light top partners are required (i.e.

mΨ ' f) in order to achieve the observed Higgs mass which leads to sinφtL,R ∼ 1 according to

Eq. (2). While it is conceivable that the top mixings can be made smaller at the price of tuning,

it is interesting to note that at least the top left mixing can be naturally small in the composite

twin Higgs scenario. The other quarks usually have small mixing angles. In this paper, we explore
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V V , V h q̄Lγ
µqL ūRγ

µuR d̄Rγ
µdR ¯̀

Lγ
µ`L ēRγ

µeR

ρ0,± gρ −g
2

gρ
(1− aL

g2
ρ

g2
s2
L,q)τ

a – – −g
2

gρ
τa –

ρ0
B gρ −1

6

g′2

gρ
(1 + 3aL

g2
ρ

g′2
s2
L,q) −2

3

g′2

gρ

1

3

g′2

gρ

1

2

g′2

gρ

g′2

gρ

ρ±C gρ – – – – –

Table 1. Summary of SU(2)L× U(1)Y invariant couplings between vector resonances and standard model

fermions qL, uR, and dR, massive gauge bosons V , and Higgs boson h at leading order in g/gρ (and g′/gρ).

several limits, paying attention to possible precision constraints. We omit any lepton mixing in the

table as we treat them as elementary.

It is interesting to note that the mixing of the left handed fermions has a much larger effect

than that of the right handed fermions because the vector phenomenology is primarily determined

by the ρ0,±. The right handed fermions only couple with the SU(2)L singlet ρ0
B. Moreover, given

the composite scenario under consideration, there is no dependence on the right handed mixing

angles (see App. A). This observation allows us to straightforwardly present the impact of fermion

partial compositeness as a function of sL.

To keep the discussion simple and to best fit the current experimental data we do not consider

the possibility of the vector resonances decaying to fermions in the composite sector. While such

decays are generic [35–38], especially when mΨ ∼ f , the phenomenological consequences are beyond

the scope of this work. An example of a concrete natural model where such decays are not expected

is the twin composite Higgs model where the Higgs mass can be correctly achieved without light

top partners.

As a final remark on the table, we only list interactions that are SU(2)L × U(1)Y invariant, i.e

ignoring the effects of electroweak symmetry breaking. EWSB will generate additional interactions,

even where there are blanks in the table, but such interactions are expected to be small corrections

compared to the couplings and masses of the composite sector. In particular, we find the corrections

to be negligible for the interactions between composite vectors and standard model quarks.

The couplings in Table 1 are rather simple, but still they provide a rich spectrum of phenomeno-

logical possibilities. In order to simplify the discussion we will focus in the following on the scenarios:

1. Elementary fermions: Fermions are taken to be elementary and only couple to vector

resonances from vector mixing. In our notation, this amounts to setting all of the fermion

mixing angles to zero, sL,f = sR,f = 0. In this case the only free parameters are gρ and mρ.

Despite the fact that this scenario corresponds to the limit of massless quarks (see Eq. (2)),

we still consider it as a possible benchmark (along the lines of [10, 12]) since it allows for a

simple discussion of the relevant constraints.
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2. Composite top: In this case we consider the (tL, bL) doublet to have a sizable degree of

compositeness (as well as the tR). Here the relevant parameters are gρ, mρ, and sL,t. Given

that in this paper we do not impose the constraint of the Higgs mass in the parameter space,

we consider sL,t over its full range, despite the fact that in concrete realizations extreme

values such as very close to zero or one are unlikely. Moreover, sL,t ' 1 can be compatible

with data only if there is a flavor symmetry at work. As a benchmark, we always assume a

U(2)2 flavor symmetry in the left handed mixings [53,54].

3. Composite quarks: In this case we allow for the lighter standard model quarks (u, d, s,

and c) to be partially composite. We choose two benchmark values for the left compositeness

of the top of

sinφtL = 0.4, standard composite Higgs (3a)

sinφtL = 0.1, composite twin Higgs (3b)

where the composite twin Higgs scenario has a smaller sinφtL because the twin mechanism

naturally allows for mΨ � f . The parameters are gρ, mρ, and sL,q, where sL,q is the left

compositeness of the lighter quarks and is taken to be the same for the first two generations

(i.e. we have in mind an underlying U(2)2 flavor symmetry).

In addition to these classes, we also look at two possibilities of the relation between mρ and

gρf . We define the parameter cH as

cH =
m2
ρ

g2
ρf

2
. (4)

In the two-site model we have that cH = 1/2, but we also consider the case when cH = 1.

3 Effective description

In this section we review the interactions that describe the interactions between the composite

vector and both standard model fermions and standard model vectors. The full Lagrangian is

shown in App. A. Additionally, while the discussion in this section takes places in the electroweak

symmetric limit for simplicity, all numerical results presented in this work use the appropriate

equations after electroweak symmetry breaking.

3.1 Low energy interactions

The form of the interaction between the ρ triplet and fermions is

L ⊃ −
(
g2

gρ
− aLgρs2

L,f

)
ρaµJ

µa, (5)

where the left compositeness sL,f is different for each type of fermion f . We assume elementary

leptons and a U(2) flavor symmetry which means we have only two parameters sL,t controlling the
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third generation left compositeness and sL,q which controls the lighter quarks. For leptons sL = 0.

Note that the current only includes left handed fermions

Jµa =
∑
f

f̄Lγ
µτafL. (6)

Standard model fermions do not couple to ρ±C , while both the left and right currents couple to the

ρB with couplings that can be read from Table 1.

The interaction between the ρ and standard model vectors comes from mixing due to electroweak

symmetry breaking. It is simpler to see, however, through the interaction between the ρ and the

Goldstone modes from the operator

L ⊃ igρcHρaµ(H†τaDµH − (DµH)†τaH). (7)

The Higgs doublet H contains the physical Higgs h, but also the Goldstone modes of the W± and

Z, π± and π0, respectively.

H =

(
π+,

1√
2

(v + h+ iπ0)

)
. (8)

As shown in Table 1 the strength of the coupling is gρ.

3.2 Production rates and branching ratios

There are two production mechanisms for the vector resonances: Drell-Yan and vector boson fusion.

Vector boson fusion is very subdominant even for large gρ. We neglect the contribution of vector

boson fusion to the total rate (though it could offer a useful cross-check, albeit needing a quite

large integrated luminosity).

The production cross-section depends on the ρ coupling to light quarks and goes like

σ(ρ) ∼
(
g2

gρ
− aLgρs2

L,q

)2

. (9)

From this it is straightforward to see that when sL,q = 0, increasing gρ will decrease the overall

rate. For sufficiently large quark compositeness the behavior reverses and starts to grow with gρ.

The branching ratios can be approximated, in the mρ � mt limit, as

BR(ρ± →W±Z/h) =
1

2

c2
H

c2
H + 6a2

Ls
4
L,t + 12a2

Ls
4
L,q − aL(12s2

L,t + 24s2
L,q)(g/gρ)

2 + 24(g/gρ)4
, (10a)

BR(ρ± → `±ν) =
4(g/gρ)4

c2
H + 6a2

Ls
4
L,t + 12a2

Ls
4
L,q − aL(12s2

L,t + 24s2
L,q)(g/gρ)

2 + 24(g/gρ)4
, (10b)

BR(ρ± → tb̄) =
6a2

Ls
4
L,t − 12aLs

2
L,t(g/gρ)

2 + 6(g/gρ)4

c2
H + 6a2

Ls
4
L,t + 12a2

Ls
4
L,q − aL(12s2

L,t + 24s2
L,q)(g/gρ)

2 + 24(g/gρ)4
, (10c)

BR(ρ± → jj) =
12a2

Ls
4
L,q − 24aLs

2
L,q(g/gρ)

2 + 12(g/gρ)4

c2
H + 6a2

Ls
4
L,t + 12a2

Ls
4
L,q − aL(12s2

L,t + 24s2
L,q)(g/gρ)

2 + 24(g/gρ)4
, (10d)
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where ` = (e, µ) and j = (u, d, c, s). The branching ratios of ρ± and ρ0 are simply related by

BR(ρ± →W±Z) = BR(ρ0 →W+W−) = BR(ρ± →W±h) = BR(ρ0 → Zh), (11a)

BR(ρ± → `±ν) = 2BR(ρ0 → `+`−), (11b)

BR(ρ± → tb̄) = 2BR(ρ0 → tt̄) = 2BR(ρ0 → bb̄), (11c)

BR(ρ± → jj) = BR(ρ0 → jj). (11d)

These formulae are useful to understand the dominance of some decay channels over others. For

example, for elementary fermions we see that for gρ & g the diboson branching ratio becomes

BR(ρ → V V ) ' 0.5 independent of cH . The fermion branching ratios fall quickly as BR(ρ →
ff̄) ∼ g4/g4

ρ.

The branching ratios of ρB will be similar to the ones of ρ0. The main difference is in the decays

to quarks which depend on the hypercharge and include both chiralities.

It is useful to compare ratios of branching ratios to gain intuition as to which other direct

searches can be sensitive to these scenarios.

BR(ρ0 → `+`−)

BR(ρ0 →W+W−)
=

4

c2
H

g4

g4
ρ

, (12a)

BR(ρ0 → tt̄)

BR(ρ0 →W+W−)
= a2

L

6s4
L,t

c2
H

− aL
12s2

L,t

c2
H

g2

g2
ρ

+
6

c2
H

g4

g4
ρ

, (12b)

BR(ρ0 → jj)

BR(ρ0 →W+W−)
= a2

L

24s4
L,q

c2
H

− aL
48s2

L,q

c2
H

g2

g2
ρ

+
24

c2
H

g4

g4
ρ

. (12c)

For gρ ' g one can see that dilepton and single lepton with missing energy searches can be con-

straining. We also see that for large enough sL,t constraints from tt̄ and tb̄ searches are relevant.

While this suggests that dijet constraints can be relevant for larger sL,q, we will see that precision

electroweak constraints are much stronger than dijet searches.

Figure 2 contrasts the branching ratios for the different scenarios we have outlined in Sec. 2 to

provide some intuition into the results in Sec. 4.

4 Possible signals in 8 TeV LHC data

Recently, ATLAS has reported an excess of 3.4σ in the WZ channel of a boson tagged dijet

search [1]. The related channels WW and ZZ, differing by the jet mass selection, accordingly

found excesses of 2.6σ and 2.9σ, respectively. Due to the difficulty of distinguishing hadronically

decaying W ’s and Z’s these channels are correlated and the 2 TeV resonance could conceivably be

neutral or charged or a multiplet of states as we consider.

To crudely estimate the total rate required to reproduce the excess, we compare the number of

simulated W ′ signal events appearing in the dijet mass distribution of [1] with the W ′ cross-section,

and then compare this to the number of excess events in the dijet mass distribution. We find in

the WZ channel this corresponds to a signal of ∼ 10 fb. Of course, it is certainly possible that this

is an upward fluctuation. Therefore, a cross-section of

σ × BR(V V ) ' 5− 10 fb, (13)
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Figure 2. Branching ratios for the ρ0. These are plotted for mρ = 2 TeV, but the variation with

mass is negligible. The branching ratios for ρ± are correlated to those of ρ0 as shown in Eq. (11). In

particular, BR(W±Z) = BR(W+W−) = BR(Zh) = BR(W+h), BR(tb̄) = 2BR(tt̄) = 2BR(bb̄), and

BR(`±ν) = 2BR(`+`−). On the left we show elementary fermions (solid) and a composite top with sL,t = 0.5

(dashed). On the right we show sL,q = 0.15 with sL,t = 0.4 (solid) and sL,q = 0.15 with sL,t = 0.1 (dashed)

corresponding to the standard composite Higgs and composite twin Higgs benchmarks, respectively.

would account for the excess.

The estimate above applies to a single (charged) spin-1 vector. However, in the case that the

resonance has a neutral state degenerate in mass (such as the case in the present scenario), given

the poor efficiency for differentiating the W and Z fatjets, the neutral state which decays to WW

can also contribute to the signal events (notice also that the hadronic branching fractions of W

and Z are very similar). Indeed, given that 7− 8 events (with 20 fb−1) are observed the in 3 bins

closest to 2 TeV [1], with an acceptance A of roughly 0.2 [1] and estimated efficiencies εWZ ∼ 50%

and εWW ∼ 50% for WZ and WW reconstruction, respectively, we find

(A× εWZ)σ(ρ±)×BR(WZ → hadrons) + (A× εWW )σ(ρ0)×BR(WW → hadrons) =
7− 8 events

20 fb−1

(14)

which gives again an estimate of ' 5 − 10 fb for the total cross-section (see [55] for more careful

estimates of the efficiencies).

Both ATLAS and CMS have performed other searches for diboson resonances in the semilep-

tonic [56–58] and fully leptonic channels [59, 60]. Due to a smaller branching ratio of W ’s and Z’s

to leptons, these searches are not quite as strong and yield bounds on W ′ bosons from extended

gauge models of mW ′ ≤ 1.5 TeV. Other searches like those for WH or ZH resonances can also

be relevant given that the branching ratio for these decays is ' 50%. Searches by CMS include

the final states Z(J)H(τ+τ−) [61], V (jj)H(jets) [62], and W (`±ν)H(bb̄) [63], while ATLAS has a

search for Z(`+`− or νν̄)H(bb̄) and W (`±ν)H(bb̄) [64]. Only the V (jj)H(jets) search has relevant

sensitivity and comes just short of excluding the elementary fermions case. We do not include

these limits in our results, but acknowledge that in cases where fermion compositeness increases
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the diboson rate, there is tension at 1σ with the V H searches.

In the following where we compute cross-sections, we use Madgraph 5 v.2.3.0 [65]. From Mad-

graph we find a k factor of k = 1.4 both at 8 TeV and 13 TeV which we apply to all cross-sections.

4.1 Model interpretations

In this section, we systematically walk through each scenario of fermion compositeness and discuss

which cases produce appropriately large diboson rates for a 2 TeV resonance while simultaneously

satisfying both direct searches and indirect tests. First, the results will be shown, then in Sec. 4.2

the direct constraints will be discussed and in Sec. 4.3 the indirect constraints will be discussed.

Elementary fermions

We start with the baseline case of no fermion compositeness where the fermion couplings come

universally from vector mixing. As presented in [12], one finds a sizable diboson rate that passes

direct constraints for 2 . gρ . 3.5. We show this in Fig. 3 for cH = 1. One additionally sees that

choosing instead cH = 1/2, as in the two-site model, allows for the range of 2.5 . gρ . 5, albeit

with a lower overall rate.

Given this as a benchmark, there are two relevant questions brought up by fermion partial

compositeness. The first is whether including fermion compositeness can still accommodate the

diboson excess in reasonable regions of parameter space. This is crucial because full composite

Higgs models require fermion mixing for fermion masses. The second is whether including fermion

compositeness opens up new parameter space for smaller couplings gρ . 2, or allows for larger rates

at larger couplings gρ ' 4− 5.

Composite top

Allowing for the top to be composite, but keeping the other quarks as elementary yields the same

production cross-section as the elementary fermions scenario. The difference in diboson rates is

only due to a diluted branching ratio to dibosons because of the larger coupling to tops, which

gets an additional contribution proportional to sL,t (see Table 1). The results are shown in Fig. 4.

Notice that the x-axis corresponds to the elementary fermion scenario.

Including a substantial mixing of the left handed top, one would expect a smaller diboson rate,

which is the case for sL,t & 0.5. Below these values there are regions where the diboson rates

increase slightly. This is due to cancellations in the couplings to top which only occur for small gρ.

As before we also show constraints on the model that originate from other observables, namely

dilepton searches and Higgs coupling measurements. Additionally, here we note that for large

values of sL,t bounds from flavor physics are expected. An exclusion is drawn assuming a U(2)

flavor symmetry in the left handed mixings.

As a final remark, we note that scanning over sL,t also scans over different regions of theory

space in the sense that larger values of sL,t are natural in standard composite Higgs models while

smaller values of sL,t are naturally obtained in composite twin Higgs models.
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Composite quarks

The results for the composite quarks scenario are presented in Figs. 5 and 6, where the benchmarks

of sL,t = 0.4 and sL,t = 0.1 have been used.

In these plots the parameter space scanned is the left handed mixing of the lightest two gen-

eration of quark doublets set to a common value of sL,q. The top left compositeness is set, as

mentioned, by Eq. (3). Unlike including only top compositeness, now changing the coupling of the

light quarks to the vector resonance changes the production rate of the vector. The effect is to

decrease the rates because of the relative minus sign in Table 1.

Moving away from the two-site model, there is a qualitatively different behavior if we consider

aL = −1 shown in the right panel of Fig. 5. For this case there is no partial cancellation and the

rate increases as one increases the quark compositeness. This is likely preferred for the diboson

signal.

In the present picture other several constraints are present. Besides the usual bounds from

dilepton searches and Higgs couplings, we also have bounds from non-universal corrections to

precision measurements of the left handed current of the Z and W bosons. This arises from the

fact that as the left mixing of the quarks is increased, there is a larger departure from universality,

resulting in larger distortions of the couplings to the Z and W bosons.

Role of the SU(2)R triplet

Thus far we have only discussed the spin-1 triplet of SU(2)L. However, due to the SO(4) symmetry

of the strong sector we expect the spin-1 multiplet of SU(2)R to also play a role. The SU(2)R states

are almost mass degenerate with the triplet states with a splitting suppressed by hypercharge. The

couplings to standard model fermions are also determined by hypercharge as shown in Table 1. The

ρB couplings to fermions are suppressed by hypercharge, while the ρC does not couple to standard
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model fermions (before electroweak symmetry breaking) because there are no charged SU(2)R gauge

bosons with which to mix. Given the hypercharge suppression we can estimate the contribution of

ρB to the overall rate as (g′2/g2)2 ' t4w ' 0.08 (for sL,q � 1). Thus the ρB will increase the rate

by roughly 3% (since its contribution is roughly 10% of the size of the neutral component ρ0). In

the case of large sL,q (see Table 1) the rates of ρB and ρ0 will become comparable; we avoid very

large values of sL,q (for the lighter quarks) in our discussion since these are bounded by precision

measurements.

4.2 Direct constraints

During the first run of the LHC, several searches were performed for W ′ bosons and KK gravitons

that can be recast as limits on our model, and have been done so in the figures of the previous

section. In Table 2, we report the leading exclusion bounds for a 2 TeV resonance, which correspond

to the direct bounds shown in our figures.

final state ATLAS CMS

`+`− 0.2 fb [3] 0.25 fb [4]

`± /ET 0.9 fb [66] 0.4 fb [67]

tb̄ 120 fb [68] 100 fb [69]

tt̄ 50 fb [70] 20 fb [71]

jj 130 fb [72] 100 fb [73]

Table 2. Upper limits (at 95% CL) on the cross-section σ×BR of a 2 TeV vector decaying to various final

states.
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As we see from the data, the most stringent bound comes from the dilepton channel, closely

followed by the single lepton with missing energy channel. Due to the difference in branching

ratios, these two channels happen to constrain parameter space almost identically, so we show only

the dilepton bound on the figures for simplicity. From Eq. (10), we see that to evade the lepton

constraints it is sufficient to have gρ & 2.5 for cH ' 1. This constraint becomes slightly weaker

as the quarks become more composite because the production rate decreases, as can be seen in

Figs. 4, 5, and 6.

Like the pair of dilepton and single lepton bounds, the tt̄ and tb̄ bounds constrain parameter

space in the same way. They are not strong enough to constrain any of the plotted parameter

space, but they rule out the composite quark parameter space for large gρ and large sL,q. These

constraints are always weaker than those from coupling distortions, which are discussed below.

Dijet searches are also not constraining in our plotted parameter space. These constraints can

be meaningful if the dijet branching ratio is very large, like for small gρ and large sL,q, or if the

production rate is very large, like for large gρ and large sL,q. Again, coupling distortions are always

more constraining.

4.3 Indirect constraints

In this section we discuss the most relevant bounds including Higgs couplings, electroweak param-

eters, distortions of W and Z couplings, flavor, and searches for compositeness.

Higgs couplings

Composite Higgs models predict deviations of the Higgs to standard model particles. While the

deviation of Higgs couplings to fermions is dependent on the embeddings of the fermions, the

couplings to vectors comes universally from the choice of coset. In both the minimal composite

Higgs and composite twin Higgs models the couplings are predicted to be

chV V =

√
1− v2

f2
cSM
hV V , (15)

where cSM
hV V is the coupling predicted in the standard model alone. Current measurements constrain

the deviation to be . 10% leading to a bound on f of [31,32]

f > 550 GeV, (16)

that appears in all the plots of this section. Shown in the figures is actually a bound on gρ given

that we have imposed the relation of Eq. (4). The high luminosity run of the LHC is expected to

increase the bound on f to 800 GeV [74].

Electroweak parameters

Integrating out the composite spin-1 resonances generates a tree-level contribution to the S pa-

rameter of the size ∼ 4πv2/m2
ρ. Given the measured value of S = 0.05± 0.11 [75], taken alone this
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bound dictates that mρ & 2 TeV. In composite Higgs models S and T also receive 1-loop correc-

tions that are sizable and proportional to cS,T /(16π)(v2/f2) log(mρ/mh) where cS,T is a calculable

coefficient [76]. Taking into account the high correlation between S and T , the bounds on mρ and

f are strengthened to the multi-TeV and TeV regions, respectively. It is however possible to have

UV corrections that relax those bounds to mρ ' 2 TeV and f ' 600 GeV [77] (note the latter is

comparable to the bound on f from Higgs couplings).

In the model with partially composite fermions, UV corrections can relax the bounds thanks to

sizable contributions to the T parameter. In the two-site model used in this paper, we expect (see

[30] for a review of possible contributions) a positive correction δT ∼ Ncy
2
t /(16π2)(s2

L,t/s
2
R,t)(v

2/f2),

that might relax the bound.

While a composite spin-1 resonance of 2 TeV is at the edge what is allowed by precision tests,

possible UV contributions make it difficult to say this definitively. We believe that a more ro-

bust bound, free from many incalculable effects from the strong sector, will be provided by the

forthcoming direct exploration at the 13 TeV LHC.

Distortions of W and Z couplings

Electroweak symmetry breaking induces non-universal corrections to the couplings between W/Z’s

and standard model fermions. We write the interaction between the Z and a quark q as

L =
g

cos θw
Zµq̄γ

µ[(gSM
qL

+ δgqL)PL + (gSM
qR

+ δgqR)PR]q, (17)

where the standard model couplings are

gSM
qL

= T 3
L −Q sin2 θw, gSM

qR
= −Q sin2 θw. (18)

As seen in Table 1 left handed quarks couple the strongest to vector resonances which means the

left handed couplings give rise to the tightest constraints on quark compositeness. Corrections to

δgqL and δgqR are constrained by measurements of Rh, Rb, and the unitarity (of the first row) of

the CKM matrix.

Quark compositeness induces a correction of

δgqL = cqLs
2
L,q

v2

f2
, (19)

with a correction of the same form for right handed quarks and for couplings to W ’s. The size

of the coefficients cqL are model dependent, but if the composite sector and mixings respects an

approximate left-right symmetry some of these corrections can be highly suppressed [78].

The two-site model we use largely respects the left-right symmetry. In particular, at leading

order in the mixings, we have cuR = cdL = cdR = 0. Notice that the coupling Zbb̄ is protected,

which strongly relaxes the bound from Rb, which would otherwise be very constraining given that

bL has the same mixing as the tL.

The above protection is not at work for the left handed up-type quarks. If the light up-type

quarks have a large mixing, the bounds from Rh and CKM unitarity are still present (for example
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see [79]). At leading order they are correlated being both proportional to δguL . Following [54], we

consider the 2σ bound

δguL =
1

4

v2

f2
s2
L,u < 0.5× 10−3. (20)

In practice, one can achieve a smaller coefficient (i.e. a weaker bound) in front of the coupling

modification by changing the parameters of the fermionic contribution.

Flavor bounds

In the figures describing the composite top scenario we have shown constraints that bound the left

mixing of the top. The origin of this bound can be understood from the fact that we always expect

to generate four-fermion operators of the form [53,54]4

L ⊃ c′4(V ∗3iV3j)
2C2

ij

s4
L,t

f2
(d̄iLγ

µdjL)(d̄iLγµd
j
L) (21)

where d are standard model down-type quarks of the ith generation, Vij are elements of the CKM

matrix, and Cij is a matrix in flavor space that depends on the flavor structure. Given that we

assumed an underlying U(2)2 flavor symmetry in the left handed mixings, the strongest bounds

come from ∆Bs = 2 observables [53] (i = 2, j = 3) which imply

sL,t . 0.95

(
3

gρ

)1/2(0.5

cH

)1/4( 0.2

C23

)1/2( 1

c′4

)1/4

(22)

where we have fixed the relation between f and mρ = 2 TeV. In U(2)2 models C23 is a free

parameter, but we take it as C23 = 0.2 (and use c′4 = 1).

A careful assessment of the flavor bounds is beyond the scope of this work. However, we want to

emphasize that in some regions of the parameter space of the composite top scenario, the exclusion

corresponding to Eq. (22) can be important (see Fig. 4). Other flavor realizations can lead to

different contributions to Cij , but typically one cannot make Cij much smaller than one. In the

case of composite quarks the benchmark values of sL,t of Eq. (3) satisfy the above bounds in all

the parameter space of Figs. 5 and 6.

Compositeness constraints

In the composite quarks scenario an additional constraint comes from searches for quark compos-

iteness [80, 81]. The experimental results are usually presented as bounds on four-fermion opera-

tors (2π/Λ2)(q̄γµq)(q̄γµq), with bounds of the order Λ & 10 TeV. In our scenario, analogously to

Eq. (21), the strong sector produces effects proportional to

L ⊃ c4

s4
L,q

f2
(q̄LΓµqL)(q̄LΓµqL) (23)

4At the least the 6 of vectors can generate them. The fermion dependent part of the right diagram of Fig. 1 can

generate the effective interaction. The non-trivial flavor structure arises in the quark physical mass basis.
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where Γµ represents the possible Lorentz and color structure, and c4 is an O(1) coefficient that we

take to be 1 (see [82] for a careful computation of it). Here we consider only the left handed quarks.

This implies a bound on sL,q (taken to be the same for the lightest two generations) of

sL,q . 0.5

(
3

gρ

)1/2(0.5

cH

)1/4( 1

c4

)1/4

. (24)

This bound is milder than the precision constraints.

5 Projections for 13 TeV LHC data

In this section, we make some preliminary projections for the prospect of searching for spin-1

composite resonances in 13 TeV LHC data. If the diboson signal is real, it is interesting to examine

how this will be probed at the next run of the LHC.5 If not, we also present the signal rates for

heavier composite resonances. In this section we focus on our composite top scenario as an example

(though recall that this still corresponds to the sL,q = 0 limit of the composite quarks scenario).

We start by computing diboson rates at 13 TeV, shown in Fig. 7 (left). Here the exclusion limits

correspond to the current experimentally measured limits.

Next, we evaluate the impact of future dilepton searches on either confirming or ruling out

the diboson signal in the context of composite Higgs. The 13 TeV dilepton exclusion limit can be

estimated by assuming the exclusion reach is determined by the number of background events in

a window close to the resonance mass [74]. Under this assumption one can use existing exclusion

limits and rescale them to different collider energies and luminosities (see also [84]). We find an

excluded dilepton cross-section of σ = 1.2 fb with 5 fb−1 and σ = 0.4 fb with 20 fb−1.

Figure 7 shows that the increased exclusion reach of dilepton searches will probe much space

of the region that is best suited for the explanation of the diboson excess, i.e. gρ ' 2 − 3 as can

be understood by comparing with Fig. 4. Even a few femtobarns of integrated luminosity is likely

sufficient for dilepton searches to make meaningful statements about the diboson excess.

The same rescaling procedure can be applied to current LHC W±Z diboson limits (including

only the contribution from ρ±) and we find an excluded cross-section of σ = 57 − 66 fb with 5

fb−1 and σ = 24 − 26 fb with 20 fb−1. There is a range of values because the background for

diboson searches is comprised of qq̄, qg, and gg initial states (while for dilepton it is just qq̄ at

leading order). As is the case at 8 TeV, dilepton searches are constraining for small values of gρ
but diboson searches will be more sensitive in general due to the larger branching ratio.

We also take a closer look at the composite quark scenario in Figs. 8 and 9. In these two

figures we use the different benchmark values of sL,t = 0.4 in Fig. 8 and sL,t = 0.1 in Fig. 9,

as representative values of standard composite Higgs and composite twin Higgs. We scan over

the mass of the resonance allowing for values larger that 2 TeV. In these figures the gray bands

correspond to projected limits computed by the rescaling described above. For the diboson rates

the thickness of the band is spanned by varying the background composition between qq̄ and gg

(qg falls in between them) while for dilepton rates the background is from qq̄.

5See also [83].
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Figure 7. “Composite top.” Diboson rate contours at 13 TeV, using cH = 1/2. Left panel: bounds from

current 8 TeV lepton searches. Right panel: projected bounds from 13 TeV lepton searches.
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(right) for sL,t = 0.1 and sL,q = 0. The gray lines show the projected limits with 20 fb−1 and 100 fb−1 of

integrated luminosity.

6 Conclusions

In this paper we have discussed the excess in the ATLAS diboson data in connection with composite

Higgs models, where the signal of a multiplet of massive vector bosons can fit the data. This class of

models features a natural enhancement of the coupling between the composite resonances and the

longitudinal modes of the W± and Z, since, as with the Higgs, they are part of the composite sector.

There is also a suppression of the coupling to the standard model fermions. This property makes it

plausible that the diboson channel is the leading discovery mode. In the minimal composite Higgs

scenario with a spontaneous breaking of SO(5)/SO(4) we expect a complete multiplet of vector

resonances in the 6 of SO(4), with a mass close to the TeV scale for naturalness considerations. We

have used a concrete two-site model [45] that allows us to compute observables and quantitatively

describes the above picture. Where relevant, we have also considered possible deviations from the

simplified description of the two-site model.

This class of composite Higgs models predicts one SU(2)L triplet with hypercharge Y = 0 and

three SU(2)L singlets with hypercharges Y = 0 and Y = ±1. The setup itself is not new and has

been already studied in depth. It is useful because it is predictive; the mass of the resonance is

related to its coupling strength times the scale f where the extended global symmetry is broken,

mρ ∼ gρf . Since naturalness suggests f be not too much above the weak scale (for the experimental

lower bound see the discussion in Sec. 4.3), in order to have a mass of mρ ∼ 2 TeV, we need a

coupling of gρ ' 2−3. In most of the scenarios that we have analyzed, the coupling of the composite

vectors to standard model fermions is proportional to g2/gρ, which is not too suppressed for this

range of gρ. Indeed, for larger values of gρ the production cross-section quickly falls. It is interesting

that the numerics for gρ ' 2 − 3 can describe the ATLAS diboson excess, while passing all other

direct and indirect limits, as we demonstrated in Fig. 3.

It is necessary to move beyond the (over)simplified case of elementary fermions and consider

the realistic case of fermion compositeness. Indeed, this is a generic feature in composite Higgs
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Figure 10. “Composite top” (using cH = 1/2). The yellow region shows the parameter space that describes

the 8 TeV diboson excess (see Sect. 4). The red and green regions show the projected 95% CL limits of

diboson and dilepton searches, respectively, at 13 TeV (see Sect. 5).

models. A priori, moving away from the simplified picture of elementary fermions would induce

significant changes in the signal rates due to modified couplings. In addition, fermion compositeness

also faces a number of potentially strong indirect constraints which may limit the possible range of

signal rates. In this work we analyzed two cases, one with only the third generation quarks being

partially composite and another case, inspired by flavor symmetries, where the lightest two genera-

tion of quarks have the same degree of left compositeness, constrained by precision measurements.

Interestingly, there is parameter space in both of these realistic scenarios that can describe the

excess.

Independent of the exact degree of quark compositeness, we expect that important complemen-

tary information will come from early 13 TeV LHC data. In all models we found dilepton and single

lepton searches provide a robust bound that will encroach, with as little as 20 fb−1 of 13 TeV data,

into the preferred parameter space. Of course, diboson searches are also very important and we

have presented projections for the sensitivity of this channel too. This is an obvious measurement

that will need to be made to really understand the nature of this excess. As an example, in the

case of a composite top, we show in Fig. 10 the expected coverage provided by 13 TeV diboson and

dilepton searches compared to the parameter space that describes the diboson excess.

In composite Higgs models, the composite resonances also couple strongly to the Higgs boson.

In addition to the WW and WZ channels analyzed in this paper, there are correlated channels like

ρ → V h with similar rates, providing additional discovery channels. A detailed analysis of these

channels is beyond the scope of this paper.

The fact that the ATLAS diboson excess can be explained within the framework of natural

composite Higgs models is very compelling and certainly warrants further investigation, both from

the experimental side and from the theoretical side.

20



Acknowledgements

AT is supported by an Oehme Fellowship and LTW and ML are supported by DOE grant DE-

SC0013642. AT thanks SISSA for hospitality and partial support.

A Two-site model

The two-site model starts with an enlarged global symmetry of SO(5)1 × SO(5)2 / SO(5)D, where

SO(5)D is the diagonal combination. The coset yields 10 Goldstones (in the adjoint of SO(5)),

which can be classified according to an SO(4) subgroup of SO(5)D as a 4 which corresponds to the

Higgs multiplet and a 6 which is eaten to yield the massive vector multiplet which we have been

discussing. To get the right fermion gauge numbers there is an additional global U(1)X that acts

on both sites and is used to define hypercharge Y = T 3
R +X.

The Lagrangian, in the elementary-composite basis, is

L2−site =
f2

4
Tr[(DµU)TDµU ] + L2−site

vectors + L2−site
fermions, (25)

where L2−site
vectors includes the vector kinetic terms and L2−site

fermions includes the fermion mixing and will

be discussed below. The matrix U contains the Goldstones and is

U = exp

(
i

√
2hiT̂ i

f

)
, i = 1, 2, 3, 4, (26)

where T̂ i are the broken generators of SO(5)D and hi are the Goldstones. The covariant derivative

acts on U as

DµU = ∂µU − iĝAaµT aLU − iĝ′BµT 3
RU + iĝρUρ̂

b
µT

b. (27)

The index a runs over 1, 2, 3 and b runs over 1, 2, 3, 4, 5, 6.

A.1 Partially composite vectors

The vector part of the Lagrangian is

L2−site
vectors = −1

4
Ŵ a
µν

2 − 1

4
B̂µν

2 − 1

4
ρ̂bµν

2 (28)

where a runs over 1, 2, 3 and b runs over 1, 2, 3, 4, 5, 6. The Ŵ , B̂, and ρ̂ fields are the elemen-

tary SU(2)L, elementary U(1)Y , and composite SO(4) fields, respectively. Their associated gauge

couplings are denoted ĝ, ĝ′, and gρ. These terms are expanded as

Ŵ a
µν = ∂µŴ

a
ν − ∂νŴ a

µ + ĝεabcŴ b
µŴ

c
ν , (29a)

B̂µν = ∂µB̂ν − ∂νB̂µ, (29b)

ρ̂aµν = ∂µρ̂
a
ν − ∂ν ρ̂aµ + gρf

abcρ̂bµρ̂
c
ν . (29c)

Here fabc are the structure constants of SO(4). Since the SU(2)L and SU(2)R subgroups of SO(4)

commute, the ρ̂ field can be split up into an SU(2)L field ρ̂L and an SU(2)R field ρ̂R.
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Eq. (28) is not in a physical basis, but we can rotate to the physical basis before electroweak

symmetry breaking by identifying the massless standard model gauge fields by diagonalizing the

mass matrix which arises from Eq. (25).

L ⊃ f2

4
(ĝŴµ − gρρ̂µL)2 +

f2

4
(ĝ′B̂µ − gρρ̂3µ

R )2 (30)

The SU(2) piece is diagonalized by the rotation

Ŵ a = c2W
a − s2ρ

a
L,

ρ̂aL = s2W
a + c2ρ

a
L,

s2 ≡
ĝ√

g2
ρ + ĝ2

, c2 ≡
gρ√
g2
ρ + ĝ2

, (31)

and similarly for the U(1) piece

B̂ = cyB − syρB,
ρ̂3
R = syB + cyρB,

sy ≡
ĝ′√

g2
ρ + ĝ′2

, cy ≡
gρ√

g2
ρ + ĝ′2

. (32)

Eqs. (31) and (32) define the gauge couplings

1

g2
=

1

ĝ2
+

1

g2
ρ

, (33a)

1

g′2
=

1

ĝ′2
+

1

g2
ρ

. (33b)

Before electroweak symmetry breaking we now have massless W a and B fields and massive ρ fields

with masses
30 : m2

ρL
= m2

ρ (1 + ĝ2/g2ρ),

10 : m2
ρB

= m2
ρ (1 + ĝ′2/g2ρ),

1± : m2
ρC

= m2
ρ,

m2
ρ =

g2
ρf

2

2
. (34)

explicitly showing our earlier statement that all vectors in the 6 are approximately mass degenerate.

A.2 Partially composite fermions

The fermion part of Lagrangian is given by

L2−site
fermions = q̄Li /DqL + ūRi /DuR + Ψ̄4(i /D −m4)Ψ4 + Ψ̄1(i /D −m1)Ψ1

+ yLf q̄L(UΨ) + yRfūR(UΨ) + h.c..
(35)

The qL and uR denote elementary fermion fields while Ψ4 and Ψ1 denote strong sector fields.6 We

consider the 5 + 5 model in which Ψ is a 52/3 of SO(5) × U(1)X which contains Ψ4, a 4 of SO(4),

and Ψ1, a 1 of SO(4). For down-type quarks, the embedding is similar except that one needs an

X = −1/3 multiplet.

6There are also the down-type fields dR and an associated Ψ1 field, but we omit these for simplicity as their effects

are suppressed by yb.
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The covariant derivatives are defined as

DµqL =

(
∂µ − iĝŴµ − i

1

6
ĝ′B̂µ

)
qL, (36a)

DµuR =

(
∂µ − i

2

3
ĝ′B̂µ

)
uR, (36b)

DµΨ4 =

(
∂µ − i

2

3
ĝ′B̂µ − igρρ̂µ

)
Ψ4, (36c)

DµΨ1 =

(
∂µ − i

2

3
ĝ′B̂µ

)
Ψ1. (36d)

The 42/3 field Ψ4 decomposes into two SU(2)L × U(1)Y multiplets QL and XL which are in the

21/6 and 27/6 representations, respectively. Since we are only working to leading order in v2/f2

we need only consider the mixing between the top multiplet and the composite multiplet with the

same hypercharge, the QL. The singlet Ψ1 is typically written as ŨR. The mixing is

L ⊃ −m4Q̄LQL −m1
¯̃URŨR + yLf(q̄LŨR + h.c.) + yRf(ūRQL + h.c.). (37)

Let us rename the elementary fields with hats, qL → q̂L, uR → ûR, QL → Q̂L, and ŨR → ̂̃UR. The

left handed quarks are then found with the rotation

q̂L = ctLqL − stLQL,

Q̂L = stLqL + ctLQL,
stL ≡

yL√
(m4/f)2 + y2

L

, ctL ≡
m4/f√

(m4/f)2 + y2
L

, (38)

and similarly for the right handed quarks

ûR = ctRuR − stRŨR,̂̃UR = stRuR + ctRŨR,
stR ≡

yR√
(m1/f)2 + y2

R

, ctR ≡
m1/f√

(m1/f)2 + y2
R

. (39)

In our simplified parameter space these are used as

sinφL,R ≡
yL,R√

(mΨ/f)2 + y2
L,R

. (40)

A.3 Vector interactions

Having derived the rotations and specified the Lagrangian in Eq. (28) we can now perform the

rotations and derive the interactions in the physical basis (before electroweak symmetry breaking).

The interactions that emerge can be divided into two pieces: the SU(2)L triplet Lagrangian and

the singlet Lagrangian (i.e. the SU(2)R triplet). The triplet Lagrangian is [10]

Ltriplet =− 1

4
D[µρ

a
ν]D

[µρν] a +
m2
ρ

2
ρaµ ρ

µa

+ igρc̄Hρ
a
µH
†τa
↔
D
µ

H + g2
ρcρρHHρ

a
µρ

µaH†H

+
g2

gρ
c3ρ

a
µJ

µa
3 +

g2

gρ
cqρ

a
µJ

µa
q +

g2

gρ
c`ρ

a
µJ

µa
`

− g

2
cρρW εabcW

µνaρbµρ
c
ν +

gρ
2
cρρρεabcρ

a
µρ

b
νD

[µρν] c −
g2
ρ

4
cρρρρεabeεcdeρ

a
µρ

b
νρ
µcρνd.

(41)
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The coefficients in our two-site model are

c̄H = cH +O (g2/g2ρ) =
1

2
+O (g2/g2ρ) , cρρHH = O (g2/g2ρ) ,

c3 = −(1− s2
L,t

g2ρ/g2) +O (g2/g2ρ) , cρρW = 1,

cq = −(1− s2
L,q

g2ρ/g2) +O (g2/g2ρ) , cρρρ = −1 +O (g2/g2ρ) ,

c` = −1 +O (g2/g2ρ) , cρρρρ = 1 +O (g2/g2ρ) .

(42)

The covariant derivative on ρ is defined as

D[µρ
a
ν] ≡ Dµρ

a
ν −Dνρ

a
µ, Dµρ

a
ν ≡ ∂µρaν + gεabcW b

µρ
c
ν , (43)

and the operator igρc̄Hρ
a
µH
†τa
↔
D
µ

H is

igρc̄Hρ
a
µH
†τa
↔
D
µ

H = igρc̄Hρ
a
µ(H†τaDµH − (DµH)†τaH). (44)

The fermion currents are defined as

Jµa3 =
∑
f

f̄Lγ
µτafL, f = {b, t}, (45a)

Jµaq =
∑
f

f̄Lγ
µτafL, f = {u, d, c, s}, (45b)

Jµa` =
∑
f

f̄Lγ
µτafL, f = {e, µ, τ, νe, νµ, ντ}. (45c)

The relevant singlet Lagrangian, which extends the triplet case of [10], is

Lsinglet =− 1

4
ρBµνρ

µν
B +

m2
ρB

2
ρBµ ρ

µ
B + i

gρ
2
c̄BHρBµH

†↔D
µ

H

− 1

2
D[µρ

+
Cν]D

[µρ
−ν]
C +m2

ρC
ρ+
Cµ ρ

−µ
C + igρc̄

C
H(H†ρ+µ

C

↔
DµH

c +Hc†ρ−µC
↔
DµH)

+
g′2

gρ
cB,qL3 ρaµJ

µ
3,qL

+
g′2

gρ
cB,uR3 ρaµJ

µ
3,uR

+
g′2

gρ
cB,dR3 ρaµJ

µ
3,dR

+
g′2

gρ
cB,qLq ρaµJ

µ
q,qL

+
g′2

gρ
cB,uRq ρaµJ

µ
q,uR

+
g′2

gρ
cB,dRq ρaµJ

µ
q,dR

+
g′2

gρ
cB,`L` ρaµJ

µ
`,`L

+
g′2

gρ
cB,eR` ρaµJ

µ
`,eR

,

(46)

where we have omitted the interactions with more than one vector (which are similar to Eq. (41)).

The coefficients are

c̄BH = cH +O (g′2/g2ρ) =
1

2
+O (g′2/g2ρ) , c̄CH = cH +O (g′2/g2ρ) =

1

2
+O (g′2/g2ρ) ,

cB,qL3 = −1/6(1− s2
L,t

g2ρ/g′2) +O (g′2/g2ρ) , cB,qLq = −1/6(1− s2
L,q

g2ρ/g′2) +O (g′2/g2ρ) ,

cB,uR3 = −2/3 +O (g′2/g2ρ) , cB,uRq = −2/3 +O (g′2/g2ρ) ,

cB,dR3 = 1/3 +O (g′2/g2ρ) , cB,dRq = 1/3 +O (g′2/g2ρ) ,

cB,`L3 = 1/2 +O (g′2/g2ρ) , cB,eRq = 1 +O (g′2/g2ρ) ,

(47)

24



and the fermion currents are

Jµ3,f =
∑
f

f̄γµf, f = {b, t}, (48a)

Jµq,f =
∑
f

f̄γµf, f = {u, d, c, s}, (48b)

Jµ`,f =
∑
f

f̄γµf, f = {e, µ, τ, νe, νµ, ντ}. (48c)
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