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1 Introduction

Recently both the ATLAS and CMS collaborations updated the direct search limits on

heavy vector resonances by using 13 TeV data with integrated luminosity ranging from

12.4 to 15.5 fb−1 [1–7]. The resulting lower limits on sequential W ′ and Z ′ boson masses

are about 4.7 and 4 TeV, respectively. The LHC reach for such heavy vector resonances

is expected to further increase in the next analyses given that the integrated luminosity

delivered by the LHC has reached about 45 fb−1 at 13 TeV at the end of the 2016 run.

A traditional class of models requiring the existence of heavy vector resonances is tech-

nicolor (TC): the strong interaction responsible for a technifermion condensate breaking

the electroweak (EW) symmetry generates also a rich spectrum of composite states whose

mass is roughly fixed in the TeV range by the need to provide the observed masses to the

W± and Z gauge bosons. The observation of TeV scale vector resonances at LHC would

therefore be a strong hint that technicolor is the underlying theory realized in Nature. The

current mass limits are comparable to the typical TC scale, equal to about 4πvw ' 3 TeV,

hence it is important to test the viability of TC theories and determine what portion of

parameter space is soon to be explored, and whether a negative outcome of a heavy vector

search could in principle rule out some of the currently viable theories in the TC framework.

In TC the Higgs couplings, which are constrained by LHC measurements within a

few percent uncertainty, depend on the particular ultraviolet (UV) completion used to

transmit EW symmetry breaking to the Standard Model (SM) fermion sector. To simplify

the phenomenological analysis and its comparison with LHC data we choose a simple TC

model as a template for more general extended TC theories. In the TC model at hand

the interactions between the technifermions and SM fermions are mediated by an EW

doublet scalar field [8–17] (which we treat as elementary but can in principle be composite

as well). The scalar sector of such UV complete model corresponds to that of a composite
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two Higgs doublet model1 (2HDM) [19–25]. Due to the strong interacting dynamics the

model features a spectrum of higher-spin composite states, which distinguish this model

from the ordinary type-I 2HDM. The main goal of this paper is to test the viability of

this model given the LHC measurements of the light Higgs couplings to SM particles and

LHC direct search constraints on heavy scalar and vector resonances, and to determine the

expected reach of LHC Run II for the vector heavy states appearing in this model.

The paper is organized as follows: in section 2 we will first briefly introduce the model.

In section 3 we update the fit of the model parameters to concur with the LHC data on

the Higgs couplings, and in section 4 we confront the signals of the vector resonances of

the model with the current direct search constraints and present projections for the near

future reach of the LHC experiments. Then in section 5 we offer our conclusions and a

brief outlook for future research.

2 Composite vector boson interactions

The model we study, a composite 2HDM [20, 21], extends the particle content of the Next

to Minimal Walking Technicolor (NMWT) [26–28] by a scalar field, H (to be considered as

a remnant of a UV complete theory, not necessarily strongly interacting), which features

the same couplings as the SM Higgs field, and moreover couples to the technifermion fields

via a renormalizable Yukawa interaction with coupling yTC. At an energy below the scale

of the TC strong interaction, ΛTC ∼ 4πvw ' 3 TeV, the strongly interacting technifermions

form a tower of composite states, analogously to QCD, whose interactions are encoded in

an effective Lagrangian featuring the same global symmetries as the fundamental theory.

The scalar sector of the 2HDM effective Lagrangian is expressed in terms of H and a

composite matrix scalar field M as follows

Lscalar =
1

2
Tr
(
DµH

†DµH +DµM
†DµM −m2

HH
†H −m2

MM
†M
)

(2.1)

+
[yTC

2
Tr
(
c3DµM

†DµH + c1f
2M †H

)
+
c2yTC

24
Tr(M †M)Tr(M †H)

+
c4yTC

24
λHTr(H†H)Tr(M †H) + h.c.

]
− λH

24
Tr
(
H†H

)2
− λM

24
Tr
(
M †M

)2
,

with

H =
1√
2

(
φI2×2 + iπkHσk

)
, 〈h〉 = v , M =

1√
2

(
ϕI2×2 + iπkMσk

)
, 〈s〉 = f , (2.2)

and

DµH = ∂µH − igLWµ
a T

aH + igYHσ3 , DµM = ∂µM − igLWµ
a T

aM + igYMσ3 , (2.3)

where σk are Pauli matrices. Contrary to the SM case, in composite 2HDM the squared

mass term of the Higgs field H is assumed to be positive (and generally of the order of

1Such name has been used originally in the context of composite pseudo-Goldstone boson Higgs mod-

els [18].
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the physical Higgs mass), so that EW symmetry breaking is triggered by the techniquark

condensate M , with the EW scale determined in terms of the vevs of M and H by

v2
w = v2 + f2 + 2c3yTCfv = (246 GeV)2 . (2.4)

At lower order in yTC, considered to be perturbatively small, the composite vectors AµL
and AµR couple only to the field M [21],

Lvector = −1

2
Tr
(
W̃µνW̃µν

)
− 1

4
B̃µνB̃µν−

1

2
Tr
(
FµνL FLµν+FµνR FRµν

)
+m2

ATr
(
C2
Lµ+C2

Rµ

)
−g2

TCr2Tr
(
CLµMCµRM

†
)

+
g2

TCr1

4
Tr
(
C2
Lµ + C2

Rµ

)
Tr
(
M †M

)
, (2.5)

with

CµL = AµL −
gL
gTC

W̃µ , CµR = AµR −
gY
gTC

B̃µ , (2.6)

where W̃ and B̃ are the SU(2)L and U(1)Y gauge fields, respectively. In eq. (2.5) we

neglected derivative couplings of the composite vectors given that these are anyway con-

strained to be small by the measured small values of the oblique parameters [29, 30]. The

fermion sector is the same as that of the SM. The full Lagrangian, as defined in eqs. (2.1)–

(2.6), features the global symmetry SU(2)L×SU(2)R, broken by the bosonic yTC couplings

in eq. (2.1) [20, 21]. This pattern reflects the global symmetry (and its breaking) of the

strong sector of the NMWT fundamental Lagrangian [28, 31],

The vacuum expectation values (vev) of the H and M fields break the EW symmetry

and give mass to both the SM and the TC states. The scalar sector can be recast in terms

of a type-I 2HDM [21], while the vector mass eigenstates are determined by diagonalizing

the charged and neutral vector mass matrices given in appendix A. The mass spectrum

of the model, besides the SM particles, features one heavy Higgs, h′, two mass degenerate

pions, a0 and h±, and finally two charged and two neutral vector bosons, W ′±, W ′′±, and

Z ′, Z ′′, respectively. The lightest charged vector boson, W±, results from the mixing of

the gauge field W̃ with composite vector fields that do not couple to SM fermions: con-

sequentially the W± coupling to SM fermions is reduced. However, we checked that the

Fermi coupling, GF , determined by evaluating the tree level amplitude for the muon decay

(µ− → νµν̄ee
−), respects the usual relation

√
2GF = v−2

w = (246 GeV)−2 . (2.7)

In the next section we perform a basic analysis of the phenomenological viability of com-

posite 2HDM at LHC.

3 Viable phenomenology and the LHC fit

We express the scalar mass parameters mM and mH in terms of the remaining parameters

by minimizing the scalar potential in eq. (2.1) with respect to the vevs f and v, which are

determined by matching the experimental values of the EW scale, eq. (2.4), and the Higgs

mass, 125 GeV. The free parameters of the model are therefore λH , λM , yTC, c1, c2 ,c3,

– 3 –



J
H
E
P
0
3
(
2
0
1
7
)
0
0
9

jj ATLAS CMS

ZZ 1.52± 0.37 1.04± 0.29

γγ 1.14± 0.26 1.11± 0.24

WW 1.22± 0.22 0.90± 0.22

ττ 1.41± 0.38 0.88± 0.29

bb 0.62± 0.37 0.81± 0.44

Table 1. Coupling strength experimental values determined by the ATLAS and CMS experiments.

c4, from the scalar sector in eq. (2.1), and gTC, mA, r1, and r2, from the vector sector in

eq. (2.5). To assess the viability of the model, we scan the parameter space for data points

that produce the observed SM mass spectrum, and satisfy the lower bounds on the scalar

and pseudoscalar masses

mh′ > 600 GeV ; ma0 ,mh± > 100 GeV , (3.1)

as well as the experimental bounds on the EW oblique parameters [29, 30]

S = 0.00± 0.08 , T = 0.05± 0.07 , ρ(S, T ) = 90% . (3.2)

The region of parameter space that we scan, as described in [21], is limited by potential

stability and perturbativity in λH , λM , and yTC, while the order of the coefficients ci is

fixed by dimensional analysis [32]. For the remaining vector sector parameters we choose

values in the region, natural for TC,

500 GeV < mA < 2500 GeV , 2 < gTC < 6.5 , r1 = −r2 = O
(

4m2
A

g2
TCf

2

)
, (3.3)

where we impose the relation r1 = −r2, which cancels the SM Higgs field coupling to the ax-

ial combination AµL+AµR, to simplify the phenomenological analysis without compromising

the viability of the model.

Finally, we select the data points that satisfy the LHC constraints on the Higgs cou-

plings to W , Z, γ, b, and τ , as done in [21]: for this purpose we calculate χ2 at each viable

data point for the five Higgs coupling strengths, defined by

µ̂jj =
σpp→h(X)Brjj

σSM
pp→h(X)BrSM

jj

, Brjj =
Γh→jj

Γh
, (3.4)

where X is a possible state produced in association with the light Higgs, and jj a particle

pair. The coupling strength values measured by both ATLAS and CMS [33] in inclusive

processes are summarized in table 1.

The Higgs couplings relevant for this analysis are those of SM particles and new reso-

nances, contributing to leading order loop couplings, whose coupling coefficients are defined
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by

Leff ⊃ aV
2m2

W

vw
hW+

µ W
−µ + aV

m2
Z

vw
hZµZ

µ − af
∑

ψ=t,b,τ

mψ

vw
hψ̄ψ (3.5)

+aV ′
2m2

W ′

vw
hW ′+µ W ′−µ + aV ′′

2m2
W ′′

vw
hW ′′+µ W ′′−µ − ah

2m2
h±

vw
hh+h− ,

where all the fields in the equation above are physical eigenstates. The coefficients of the

SM Higgs linear couplings to matter fields in eq. (3.5) can be expressed in terms of the

Lagrangian parameters by

ah =
[
(c2β − c2ρ)

(
(c2 − c4λH) c−1

ρ s−1
ρ (cα+3β + cα−βc2βc2ρ)

+4 (c2 + c4λH) cβsβ
(
cαcβt

−2
ρ + sαsβt

2
ρ

))
−
(
cα−ρs

2
2(β−ρ)sβ+ρλH + cα+ρsβ−ρs

2
2(β+ρ)λM

)
c−2
ρ s−2

ρ /yTC

]
/
[
4
(
c4λHs

2
β−ρ + (12c1 + c2) s2

β+ρ

)]
,

af =
cα−ρ
sβ−ρ

, sρ =

√
1− c3yTC

2
, cρ =

√
1 + c3yTC

2
, (3.6)

where sα, cα, tα are shorthands for sinα, cosα, tanα, respectively, with α, β defined by the

rotation matrices(
h

h′

)
=

(
cα −sα
sα cα

)(
φ

ϕ

)
,

(
G0

a0

)
=

(
sβ cβ

cβ −sβ

)(
π3
H

π3
M

)
. (3.7)

The coupling coefficients of the charged vector resonances in eq. (3.5) can be written in

compact form by expanding at leading order correction in ε and x as

aV = ηW sβ−α , aV ′ = ηW ′sβ−α , aV ′′ = ηW ′′sβ−α , (3.8)

where

ηW ∼= 1−
[
1 + s2 (3− ζ) + 2s4

]
x2ε2

(1 + 2s2)2 , ηW ′ ∼=
2ζs2

1 + 2s2
+

[
1 + 2s2 (1− ζ)

]
x2ε2

2 (1 + 2s2)2 ,

ηW ′′ ∼=
x2ε2

2
, (3.9)

with

s ≡ gTCf

2mA

√
r1 , x ≡ gLvw

2mA
, ε ≡ gL

gTC
, ζ = s−1

β−α
cα+ρ

sβ+ρ
. (3.10)

As one can see from the last of eqs. (3.9), the light Higgs coupling to W ′′ is negligible at

leading order: this is a consequence of setting r1 = −r2, eqs. (3.3), which makes the mixing

term between the axial composite vector field and the SM gauge field, eq. (A.2), small in

the limit of small ε. Given that the heavier vector resonances couple to SM fermions only

through the mixing with the SM gauge fields, also the W ′′ couplings to SM fermions are

small. Finally, the same statements are true also for Z ′′, given that setting r1 = −r2 in

eq. (A.1) makes the mixing term between axial and gauge vector fields small.
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Figure 1. Viable points at 68%,90%,95%CL shown in green, blue, orange in the plane of the

coupling coefficients af and (aV ′ + aV ′′) as defined in eq. (3.5).

The charged non-SM particles in eq. (3.5) contribute only to the diphoton decay,

while the decay rates of SM particles get rescaled by the square of the corresponding

coupling coefficient.2 We then select the data points satisfying the 90% confidence level

(CL) constraint

P
(
χ2 > χ2

min

)
> 10% (3.11)

with 7 d.o.f., given that the number of observables is twelve while the effective free param-

eters is five. To see that the effective free parameters are just five one can notice that it

is possible to fit simultaneously only five (three coupling strengths plus S and T) of the

observables.3 Of the 10000 scanned data points satisfying perturbativity, potential stabil-

ity, direct search constraints in eqs. (3.1), and producing the observed SM mass spectrum,

a total of 1381 points satisfy also the constraint in eq. (3.11): in figure 1 these points

are shown in green (68% CL) and blue (90% CL), while those in orange are viable with

95% CL, in the plane of the fermion and sum of the charged heavy vector resonances’ cou-

pling coefficients.4 As shown in figure 1, the experimentally favored values of the coupling

coefficients lie close to one for fermions and to zero for the heavy vector resonances, as ex-

pected given that the measured values of the W , Z, γ, b, τ coupling strengths are SM-like.

On the other hand the heavy neutral vector resonances are not directly constrained by the

Higgs coupling strengths fit.

In the next section we use the collection of 1381 data points viable at 90% CL to an-

alyze the phenomenology of both charged and neutral vector resonance production signals

at the LHC.

2All the relevant expressions, including those of the coupling coefficients in terms of the independent

parameters of the model, are given in [21].
3The effective free parameters for the Higgs linear couplings are just three: one for the fermions, one for

the EW vector bosons, and one for the new physics contribution to the loop mediating the Higgs decay to

diphoton.
4Notice that the contribution of the charged heavy vector resonances to the diphoton decay rate is

proportional to the squared sum of their coupling coefficients, given that their masses are much heavier

than the light Higgs mass.
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q

q̄ l̄

l

Z ′

q

q̄

W

W

Z ′

Figure 2. Feynman diagrams for the Drell-Yan production of a Z ′ subsequently decaying to a

dilepton or a diboson.

4 LHC signals

In order to compare the predictions of the composite 2HDM with the experimental results

from the LHC, we implemented the model, defined by eqs. (2.1), (2.5) as well as by the SM

fermion and QCD sectors, in the Monte Carlo event generator Madgraph [34] by using the

Mathematica package Feynrules [35, 36]. We have validated the implementation by check-

ing that the values of the relevant couplings of the vector boson mass eigenstates evaluated

with Madgraph at a sample data point matched the analytical result for the same values of

the input parameters. We have performed the collider analysis at parton level, neglecting

higher order effects such as parton showering, intial and final state radiation, and detector

resolution. The most constraining final state turns out to be dimuon production for the

neutral vector resonance, and charged lepton and neutrino for the charged vector reso-

nance. These are electroweak processes and therefore are not too sensitive to QCD effects

or NLO corrections. Furthermore, the uncertainty associated with our neglect of the de-

tector resolution effects is mitigated by the fact that the experimental resolution for lepton

momentum is very high. Thus we find it justifiable to perform the initial analysis at parton

level. The relevant production channels we present here are the Drell-Yan production of a

Z ′ subsequently decaying to a dilepton or a diboson, expressed by the Feynman diagrams

in figure 2, and the production of a W ′ decaying to a charged lepton and a neutrino.

The ATLAS dilepton search [1] looks for two opposite sign isolated charged leptons

within the pseudorapidity window |η| < 2.5. The corresponding production cross section

evaluated with Madgraph at each of the 1381 collected data points is shown in figure 3

together with the upper limit (red solid line) from [1] and the projected limit with 45 fb−1

(black dashed line) and 200 fb−1 (black solid line). The color code of the data points

corresponds to that of figure 1. We find that out of the scanned data points, 86% are already

ruled out by the dilepton search, 94% can be ruled out with the currently existing data of

45 fb−1, and 99% with the projected integrated luminosity of 200 fb−1 for the current run.

As explained above, we have limited the mass of the vector resonance to mZ′ ≤ 2.5 TeV,

in order to stay safely below the TC confinement scale ΛTC ∼ 3 TeV. Increasing further

the composite vector boson masses, while generally allowed by naive dimensional analysis,

would be less desirable based on naturalness arguments, which disfavor a large hierarchy

between the confinement and the electroweak scales.

The most relevant constraint for the charged vector resonance W ′ is given by the search

for a charged lepton and missing energy [2]. This search selects events with a single muon

– 7 –
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]

Figure 3. Upper bounds on the cross section for the Drell Yan production of a Z ′ subsequently

decaying to a dilepton: the solid red line is the observed exclusion limit from [1], the black dashed

line shows the projected limit with 45 fb−1, and the black solid line shows the projected limit with

200 fb−1. The plot also shows the cross section for each of the 1381 viable data points evaluated

with MadGraph. The color code of the data points corresponds to that of figure 1.

with transverse momentum pT > 55 GeV or a single electron with pT > 65 GeV in the pseu-

dorapidity window |η| < 2.5 for the muons and |η| < 2.47 for the electrons. Additionally,

the events must contain significant missing energy, /ET > 55 GeV in the muon channel and

/ET > 65 GeV in the electron channel, and the transverse mass of the charged lepton plus

neutrino system must be above 110 GeV in the muon channel and above 130 GeV in the

electron channel. The corresponding cross section as a function of the W ′ mass for the data

points is shown in figure 4, together with the constraint from [2]. The expected exclusion

limits for 45 fb−1 and 200 fb−1 are shown by the black dashed and solid lines, respectively.

We find that 90% of the scanned data points are already ruled out by the W ′ search,

98% can be ruled out with the data set of 45 fb−1 and nearly all (99.8%) of the scanned

parameter space points are within reach with 200 fb−1.

The limit on the diboson channel is less tight, as can be seen from figure 5, and most

of the scanned data points are below the current limit [4], shown by the red solid line.

The expected exclusion limits for 45 fb−1 (black dashed line) and for 200 fb−1 (black solid

line) reach larger portions of the data points, but all of these points are already ruled out

by the dilepton search. From the color code of the data points in figures 3, 4 and 5 one

can see that the lower χ2 points shown in green tend to have a higher production cross

section. This feature seems more pronounced in the diboson channel, but is present also

in the dilepton and lepton plus neutrino channels.

5 Conclusions and outlook

The latest LHC direct searches of heavy vector resonances [1–7] have an energy reach com-

parable to the TC scale (∼ 3 TeV), and their constraints are therefore relevant for TC

models. In this paper we briefly reviewed a template TC model for which EW symmetry

– 8 –
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Figure 4. Upper bounds on the cross section for the production of a W ′ subsequently decaying to

a charged lepton and a neutrino: the solid red line is the observed exclusion limit from [2], the black

dashed line shows the projected limit with 45 fb−1, and the black solid line shows the projected

limit with 200 fb−1. The plot also shows the cross section for each of the 1381 viable data points

evaluated with MadGraph. The color code of the data points corresponds to that of figure 1.

0 500 1000 1500 2000 2500 3000
10-6

10-5
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0.001
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1
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p
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Z
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W
W
)
[p

b
]

Figure 5. Upper bounds on the cross section for the Drell Yan production of a Z ′ subsequently

decaying to WW : the solid red line is the observed exclusion limit from [4], the black dashed line

shows the projected limit with 45 fb−1, and the black solid line shows the projected limit with

200 fb−1. The plot also shows the cross section for each of the 1381 viable data points evaluated

with MadGraph. The color code of the data points corresponds to that of figure 1.

breaking, triggered by the new TC strong interaction between EW doublet technifermions,

is transmitted to SM fermions via a scalar field coupling the TC matter sector to the SM

one. The model features two (partially) composite Higgs bosons and several new heavy

vector bosons, which are fully composite states and represent a clear signature common to

all TC models [37]. We tested the viability of this model first of all by performing a fit of

the lighter Higgs scalar couplings to SM vector bosons, bottom quarks, and tau leptons.

We performed the goodness of fit analysis by scanning the model’s parameter space for data

points producing a viable SM particle mass spectrum, and selecting those points that satisfy

– 9 –
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at 90% CL the experimental constraints on those couplings as well as the lower bound on the

mass of a heavy Higgs scalar. The selected data set consists of 1381 viable data points. We

then implemented the model in the event generator Madgraph [34] and calculated, for each

viable data point, the cross section at the parton level for the dilepton and diboson channels

of Drell-Yan production of heavy neutral vector bosons, and lepton plus neutrino channel

for the production of a charged vector boson at the LHC. By comparing these results with

the latest LHC constraints we showed that a major portion of the otherwise viable data

points is already excluded by the direct searches of heavy vector resonances in the dilepton

and lepton plus neutrino channels, while almost the entire parameter space we have consid-

ered will be tested by the end of LHC Run II in 2022. On the other hand the experimental

constraints on the diboson channel are less tight as they are able to rule out only a smaller

portion of the selected data set. These results show that the LHC experiments have the po-

tential to discover signatures of TC in direct resonant production channels. Alternatively,

if no new heavy vector boson resonances are discovered, very stringent constraints will be

imposed on the TC framework of the type we have considered here, as a significant portion

of parameter space naturally selected by naive dimensional analysis would be ruled out.

Heavy vector boson direct searches at the ATLAS and CMS experiments can in prin-

ciple complement flavor experiments carried out at LHCb, whose 2015 data show large

deviations from the SM predictions in flavor violating observables which might well be ex-

plained by a new heavy neutral vector particle [38–41]. Flavor violating interaction terms

in extended TC models are a natural by-product of fermion mass terms, and therefore

would be a well motivated extension of the present template TC model.
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A Vector mass matrices

The neutral vector squared mass matrix, obtained from eq. (2.5), is

M2
Z =


ε2m2

At
2
θ+m2

W̃
(z1+1) t2θ −m2

W̃
(z2 + 1) tθ − εtθm

2
A√

2
− m2

W̃
(z1−z2)tθ√

2ε

εtθm
2
A√

2
+

m2
W̃

(z1+z2)tθ√
2ε

−m2
W̃

(z2 + 1) tθ ε2m2
A +m2

W̃
(z1 + 1) − εm

2
A√
2
− m2

W̃
(z1−z2)√
2ε

− εm
2
A√
2
− m2

W̃
(z1+z2)√
2ε

− εtθm
2
A√

2
− m2

W̃
(z1−z2)tθ√

2ε
− εm

2
A√
2
− m2

W̃
(z1−z2)√
2ε

m2
A +

m2
W̃

(z1−z2)
ε2

0

εtθm
2
A√

2
+

m2
W̃

(z1+z2)tθ√
2ε

− εm
2
A√
2
− m2

W̃
(z1+z2)√
2ε

0 m2
A +

m2
W̃

(z1+z2)

ε2

 ,

(A.1)

and the charged vector squared mass matrix is

M2
W =


ε2m2

A +m2
W̃

(z1 + 1) − εm2
A√
2
− m2

W̃
(z1−z2)
√

2ε
− εm2

A√
2
− m2

W̃
(z1+z2)
√

2ε

− εm2
A√
2
− m2

W̃
(z1−z2)
√

2ε
m2
A +

m2
W̃

(z1−z2)

ε2
0

− εm2
A√
2
− m2

W̃
(z1+z2)
√

2ε
0 m2

A +
m2
W̃

(z1+z2)

ε2

 , (A.2)
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where

mW̃ =
gLvw

2
, tθ =

gY
gL

, z1 =
f2

v2
w

r1 , z2 =
f2

v2
w

r2 , (A.3)

while the remaining quantities are defined in eqs. (3.10).
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