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Abstract We show that the presence of a lightish scalar res-
onance, o, that mixes with the composite Goldstone—Higgs
boson can relax the typical bounds found in this class of
models. This mechanism, inbred in models with a walk-
ing dynamics above the condensation scale, allows for a
low compositeness scale f 2 400 GeV, corresponding to
a misalignment angle sg < 0.6, contrary to the common
lore of a smaller angle. According to recent lattice results,
the light o emerges thanks to a near-conformal phase above
the condensation scale, consistent to the requirements from
flavour physics. We study this effect in a general way, show-
ing that it appears in all cosets emerging from an underlying
gauge-fermion dynamics, in the presence of top partial com-
positeness. The scenario is testable both on the Lattice and
experimentally, as it requires the presence of a second broad
Higgs-like resonance, below 1 TeV, that can be revealed at
the LHC in the ZZ and 7 channels.

1 Introduction

Modern composite Goldstone—Higgs (CH) models [1,2] are
promising candidates to dynamically and naturally gener-
ate the electroweak (EW) symmetry breaking: a condensate
breaks, non perturbatively, a global symmetry of the strong
sector that includes the EW gauge symmetry. The misalign-
ment of the vacuum condensate with respect to the EW group
thus induces a hierarchy between the compositeness scale f
and the EW scale v ~ 246 GeV, parameterised as

v=fso, ey

where 6 is the misalignment angle [3], and we adopt the short-
hand notation sinf = sy, cosf = ¢y and tanf = ty. The
Higgs boson h appears as a pseudo-Nambu—Goldstone boson
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(pPNGB), thus explaining its lightness compared to the other
composite states and its approximate EW doublet nature
[4]. In comparison, in Technicolor models [5—7], which are
matched in the limit & — /2, the role of the Higgs can
only be played by a light singlet scalar resonance [8—10] or
a dilaton-like light state [11-13].

One of the main model-building challenges encountered
in generic CH models written at the effective Lagrangian
level is obtaining the “little hierarchy” v <« f, in compli-
ance with EW precision observables (EWPOs). Due to large
corrections to the oblique S parameter [14—16], the compos-
iteness scale needs to be sizeably larger than the EW scale,
yielding a fairly model-independent bound sy < 0.2 [17-
19]. This, however, requires a tuning in the parameters of
the model, which can happen in the top sector alone [20] or
by tuning the current mass term of the underlying fermions
[21,22]. We remark that the pPNGB Higgs mass is always of
order m;, =~ fsg = v, and its precise value is encoded in
a generally incalculable strong form factor. A lot of effort
has been dedicated to this issue in the literature, with many
mechanisms designed to minimise the fine tuning in the CH
potential (for recent works, see Refs. [23,24]).

In this work we take an orthogonal approach, and show
that a mild hierarchy v < f may be an intrinsic property of
most CH models that feature a nearly conformal (or walk-
ing) phase right above the condensation scale. As we will
see, the key player is a light scalar resonance in the spec-
trum. Being an intrinsic property of the strong dynamics, the
mass and couplings of this state are completely determined
by the underlying dynamics, thus they cannot be tuned to be
in the favourable parameter region. Only Lattice results or
other non-perturbative techniques will allow to determine if
such parameters are in the right ballpark. We do not try to
estimate the fine tuning associated to this mechanism, judg-
ing that solving a several orders of magnitude hierarchy is
worthy the price of a fine-tuning, while we address the more
phenomenological question of how low the compositeness
scale could be while complying with all experimental tests.
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The manuscript is organized in the following way. In
Sect. 2 we discuss the vacuum alignment and argue that the
natural value of the misalignment angle would be in ten-
sion with experimental data if not for the presence of a light
scalar state mixing with the Higgs boson. In Sect. 3 we give
a prescription to describe the pNGB and the light scalar. In
Sect. 4 we discuss the constraints on the model including
Higgs measurements and EWPO. In Sect. 5 we study the
possibility to observe the light scalar decaying into ZZ or
tf at the LHC. In Sect. 6 we provide an interpretation of
the required parameters in terms of a light scalar originated
from confining dynamics. We finally offer our conclusions
in Sect. 7.

2 Misalignement and dynamics

Typically, the top quark couplings to the strong sector dom-
inate the misalignment dynamics at low energies. If the top
mass is generated by contact interactions a la extended Tech-
nicolor [25], then the natural alignment is towards the Tech-
nicolor vacuum sy = 1.Ithas been shown in Ref. [19] that the
introduction of a lightish scalar resonance o, that mixes with
the pNGB Higgs, can alleviate the tension between EWPOs
and the Technicolor vacuum. Increasing evidence of the pres-
ence of a light scalar state in theories with an infra-red con-
formal phase are being collected on the lattice [26-29], and
by the use of gravitational duals [30,31] and of holographic
models [32]. Such state, which may or may not be a dilaton,!
necessarily mixes with the Higgs boson. Furthermore, a con-
formal phase, also called “walking” [33], can help alleviating
the flavour issue of CH models [34,35] by increasing the gap
between the compositeness scale and the scales of flavour
violation. Finally, partial compositeness [36] has been iden-
tified as a promising mechanism to give a large mass to the
top quark provided that the fermion operators that linearly
mix with the top feature a large anomalous dimension in the
walking window.

All the features listed above, therefore, point towards real-
istic CH models where a light o is always present and it
should be included as part of the minimal set-up. Note that
here light refers to mass scales around or below f, thus
between the EW scale v and roughly 1 TeV. In this letter we
analyse the possibility of having low scale compositeness in
CH models with top partners thanks to the presence of such
a light 0. The details of the composite Higgs potential gen-
erated by the top couplings are very model dependent, as the
results vary greatly depending on the top partner representa-
tion and on the coset. In the following, to demonstrate how
the mechanism work, we will consider a simplified scenario
based on some reasonable assumptions.

1" A dilaton is a pNGB associated to the spontaneous breaking of con-
formal invariance at quantum level.

@ Springer

Firstly, we will consider the three minimal cosets deriving
from a gauge-fermion underling description, even though we
will see that the coset structure does not play a crucial role in
our discussion. Secondly, we will consider cases where the
top mass depends on the misalignment angle as follows:

m; o fs9. 2)

This case occurs in many instances, and we refer the reader
to Refs. [37-39] for a survey of different top partner rep-
resentations in the cosets SU(4)/Sp(4) and SU(5)/SO(5).
Thirdly, we will assume that the potential is dominated by
top loops, thus being proportional to mtzz the natural mini-
mum is, therefore, at 0 = /4 (s = 1 /ﬁ) and not at the
Technicolor limit. Besides the issue with EWPOs, a large
sp also induces large modification to the pNGB Higgs cou-
plings to SM states. Interestingly, such corrections for the
W and Z couplings are universal and model-independent
[40]: this is due to the fact that they are determined by the
0-dependence of the masses. The reduced couplings to mas-
sive gauge bosons V = W%, Z and top (normalised to the
SM values) are, therefore, equal to

Ky = — = ¢y, dom; = —. 3)
v fmy Co

Note that the coupling to the top vanishes at 6 = /4. This
property can be easily understood: the minimum of the poten-
tial is given by 0 = 9y V (0) ox m;(0) dgm;(0), thus at the
minimum one has either m;(0) = 0 or dgm;(0) = 0. As
K: X Jgm;, a vacuum with non-zero top mass implies x; = 0.
The recent detection of the ¢7h production channel by CMS
[41] and ATLAS [42] that definitely proves k; # 0, there-
fore, rules out the most natural minimum.? The presence of
a light o that mixes with the pNGB Higgs can alleviate both
issues of EWPOs and the Higgs coupling modifications.

3 Modelling the strong sector

In order to show the effect of the light o, we will use an
effective field theory approach to describe the properties of
the light pPNGB degrees of freedom, plus the o, without rely-
ing too much on the details of the strong sector.

The minimal chiral Lagrangian describing the pPNGBs and
the o is given, schematically, by [22,43]

2
1
L = k(;(o)%DMZ‘TD“Z‘ - E(a,m)2 — Vu(o)

+ki(0) %(gatcﬁ Tr [(PEZ P ET)] +he.
— ki @)V —kG(0) V. @)

2 The indirect probe from the top-loop induced gluon coupling is not
effective as the strong sector can give additional contributions.
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where ¥ = ¢/1// . % is the linearly transforming pNGB
matrix defined around the vacuum X)y. The term in the sec-
ond line is responsible for the top mass with the spurions Pg
and P; (x is an SU(2)1, index). V) is a potential for o, and
Vi,¢ are the terms in the pNGB potential generated by the
top and gauge loops respectively. We do not require o to be
a dilaton, even though our general expression can accommo-
date light dilaton effective Lagrangians [44,45]. The effective
Lagrangian is essentially the same for the different cosets.
In the simplest coset SU(4)/Sp(4) the pNGB matrix con-
tains the would-be Higgs %, a pseudo-scalar singlet n and
the eaten NGBs ¢, while additional pNGBs are present in
larger cosets.

We work in a basis where none of the fields defined in
Eq. (4) are allowed to develop a non-zero vacuum expectation
value, i.e. both pNGBs and o are defined around the proper
vacuum. In particular, Xy contains the misalignment along
the Higgs direction that breaks the EW symmetry, and the
o-potential Vj; (o) includes a tadpole that balances up the
contribution of the pNGB potential terms. Furthermore, we
normalise the o coupling functions such that k; (0) = 1 and

define k] = f%| k= f? 3gkz' )€t
We choose the t%p spurions in Eq. <(74) so that the top mass
reads
Cy fsoco

mey = 81L81RT, ©)

where &;7 /g encode the degree of compositeness of the left-
and right-handed tops respectively and C, is a strong dynam-
ics form factor. This expression is common to all the specific
scenarios we consider. The pNGB potential reads [38]

= —C)f*s3c5 +- Vo= —Cisftci+---. (6
where, for later convenience, we have defined

Cy(3g> +5") _

2 2
— CieiréiL
2C] ' !

) (4m)?

)

where C, and C; are strong dynamics form factors.> This
leads to the minimum condition

Vv

=5 =210 (fCi(c20 = &)ey) = 0. ®)

The zero at sp = 0 would imply that the EW symmetry is
unbroken (f = 0). However, as we expect the top loop to
drive the potential to break the EW symmetry (i.e., C; > 0),
the minimum of the potential sits at

8 =9, 9)

as long as 0 < § < 1. It is reasonable to assume that the top
loops dominate, i.e. § < 1, thus the most likely minimum
should sit at cp9 ~ 0, which is therefore the most “natural”

3¢ ¢ has been calculated on the lattice for a specific underlying model
in Ref. [46].

misalignment in this class of models. Moving away from
it would require either to enhance § by suppressing the top
contribution to the potential, or by adding a sizeable current
mass my, [21,22], thus falling into the fine tuning issue of
CH models.* We will show that there exist allowed regions
in the parameter space where the minimum can stay close to
the most natural value, 6 = /4.

From Eq. (4) it is straightforward to compute the masses
and couplings of the pNGB Higgs and the singlet by taking
derivatives with respect to 6 and o. A mixing between the
two is always present, proportional to k; and k. We find
the following relation between the mixing term and the mass
eigenvalues my, ,:

/ ’ 2 _ 2
kG_kt= My, —my

1

=04 ) (10)
5] thl Mp,

with |§4] < 1. See “Appendix A” for more details about the
scalar mass mixing and the §4 parameter. The couplings of
the two mass eigenstates to the gauge bosons V = W, Z and
top quarks read

Kl = cgeq + (ki /2)505 (11)
= 2y 4 K sosa, (12)
co

where « is the mixing angle between the two states s-o and
the mass eigenstates. The couplings of the heavier h, are
obtained by ¢ — 7/2 + «. The absolute value of the angle

o is small, bounded by |tan(2a)| < 2’;"% (see Fig. 6 in
2

“Appendix A”). A derivative-coupling of o to the pNGBs is

also present, leading to an effective coupling

2
gon2 = ki, L P2, +ﬁ(’" ) (13)
v v

where 7 includes the Higgs and other pNGBs, which will be
crucial for a correct calculation of the width of the heavier
state. All the formulas above are universal and valid for all
CH cosets, where only the total width of 4, will depend on
the total number of pNGB in the cosets (assuming they are
all lighter).

4 Constraints on the model

We now discuss the constraints on the general model pre-
sented in the previous section. The scalar sector /11 > has only
four free parameters: the mass mj, (we fix mj,, = 125 GeV),
the misalignment angle s = v/f, and the two o couplings,
kg, and k;. We probe the parameter space of the model by
imposing the constraints listed in Table 1. The main goal is

4 The effect of fermion current mass on the vacuum alignment is further
discussed in “Appendix B”.

@ Springer
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Table 1 List of theoretical and experimental constraints on the model

Constraint Value

1. Perturbativity kg | < 4m
S _omy

Unitarity [47] Y=7 \/ﬁz Fi <1

Small width Iy, < my,
2. Combined fit (Run-I) [48] Kl = 1.035 + 0.095

tth production [41,42] i = L1240

Higgs width [48] BH(hy — BSM) < 0.32
3. EWPOs [49] S =0.04 £0.08

T =0.08 £0.08

Correlation o7s = 0.92

to determine whether large values of the misalignment angle
0 are allowed. We recall that the mass of o and its couplings
are not free parameters, but fully determined by the underly-
ing dynamics. Thus our goal is to find the favourable values,
which can be tested on the Lattice in specific cases. The
excluded regions in cos(26) x ki, plane are shown in Fig. 1
with further discussion in the text below.

4.1 Perturbativity and unitarity

We require that all couplings stay in the perturbative regime.
To this effect, we demand that all the o-couplings respect
|klf| < 4m,i = t, G. Furthermore, to guarantee perturba-
tive unitarity we demand that the pNGB scattering remains
perturbative up to the condensation scale 47 f. This require-
ment is connected to the one above, as we expect that the
o plays a crucial role in taming the growth with energy of
the amplitude, like in QCD [50]. We will base our estimate
on the leading order calculation, even though radiative cor-
rections typically tend to increase the amplitude and push
the resonance mass to lower values [47]. Neglecting effects
from the potential, which are irrelevant at high energies, the
asymptotic behaviour of the pNGB scattering in the sigma
channel (projection on zero isospin and angular momentum,
I = J = 0)is given by

N
alys) ~ =L s, (14)

where N is the number of Dirac fermions in the underlying
gauge-fermion theory. We thus require that the mass of the o
lies below the energy scale where the above amplitude grows
larger than 1. This bound can be expressed as

M, 2
Y 4ﬁf§‘,N_f’ (15)

where N% = 1, for the minimal case Ny = 2.

@ Springer

Finally, we also require that the heavy scalar width remains
small compared to the mass. Although a broad state is a
plausible scenario, we require I'/M < 1 in order to trust our
perturbative calculations. In fact, for heavy masses (mp, ~
my >> v) the total width of the heavier scalar /1, is dominated
by the o component, and given by the model-independent
derivative coupling in Eq. (13). It reads

2 2
th ~ 1.2 Nnmhz ” 3’/nt

mp, 0 1287f2 " 8af?

with N, being the number of light pNGBs. The first term
can be recognised as the partial width into pNGBs, while
the second is the partial width into tops. For our perturbative
treatment of the mixing between % and o, we need to make
sure that the width remains small or comparable to the mass
of the scalar.

(16)

4.2 Higgs measurements

Since the discovery of the Higgs boson, both ATLAS and
CMS have been measuring its couplings with increasing pre-
cision. These measurements provide relevant limits on any
model that modifies the Higgs sector. The reduced couplings
of hi to V.= W*, Z and the top are given in Eqs. (11)—(12).
In general, the couplings to light fermions, like the bottom
and tau, will also be affected, while direct contributions of
the strong sector may affect the couplings to gluons and pho-
tons, which are loop induced in the SM. However, the details
are model dependent. Here we want to be conservative, so we
will extract only bounds on «y and «; that are independent
on other measurements.

For the coupling to vectors, we use the combined fit of
ATLAS and CMS after Run-I [48] and extract the bound on
ky from the most general fit. The coupling to tops is bounded
indirectly by the measurement of the gluon fusion cross sec-
tion. However, if we allow for a generic contribution to the
gluon coupling from new physics, the only solid bound comes
from the observation of the 74 production mode [41,42]. We
thus translate the most stringent bound on the signal strength,
w= 1.26f8:3é from CMS, to a bound on «;. The Higgs cou-
pling bound we impose are indicated in Table 1. Note that
Run-IT bounds on the couplings to vectors are becoming more
constraining, however a combination is still not available and
we refrain to do it as taking into account systematics of the
experiments cannot be reliably done.

The constraints at 20 level on the parameter space coming
from the Higgs coupling measurements are shown in red in
Fig. 1, where the recent observation of 774 production mode
plays a crucial role in constraining the top Yukawa.> This

5 K,h ! is indirectly constrained from the global fit [48]. As the uncer-

tainties are similar to the ones from the direct measurements, we do not
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mp,[GeV]

Fig. 1 Excluded regions in ké;—cos(ZG) for a benchmark model. Plot
a has negative AS, (r = 1.1), while b has positive AS, (r = 0.9). The
black curves indicate where I, = my, for the three minimal cosets.
The excluded regions come from perturbativity (blue), Higgs couplings

constraint is the most sensitive to the mixing parameter 4.
In Fig. 2 we test different values of this parameter and display
the excluded regions as coloured contours. It can be noticed
thata value [84| 2 0.7 is required for the mechanism to work
(note that changing the sign 64 — —d4, the exclusion plot
is left-right flipped requiring positive k;), mainly due to the
Higgs-top coupling.

The constraint from the new physics decays of the Higgs
can be relevant if additional pNGBs are lighter than my,, /2:
the potential impact of this constraint is indicated with a
dashed red line in panels (a) and (b) of Fig. 1 in the case of a
very light n for SU(4)/Sp(4), note however that this bound
is eluded by adding a small current mass my that can make
n heavier without sizeably affecting the misalignment (see
“Appendix B” for more details).

4.3 Electroweak precision observables

The effect of the Higgs coupling modification and /,-loops
can be described in the oblique formalism as [19]

hiy2 ha2y2
1 — (k! A K A
ASzﬂlog——(V) log — + AStc,
67 mp, Mp,
h h
=31 — (ky")? A 30kp)? A
AT:wlog_ﬁ_(K—vz)log_,
8nc€w mp, 8ncgw mp,

A7)

where AStc = N Ds92 /(67) is the contribution of the strong
sector [15,51], with the Np factor counting the number of

Footnote 5 continued
expect stricter bounds and therefore conservatively rely on the direct
bound.

cos(26)
m,,z[GeV]

(red) and EWPOs (green). The green dashed (continuous) lines show
the EWPO bounds if the o (o plus vectors) is removed from the model.
In both plots §4 = —0.9, ¢ =3,and y = 0.2

10 u T T T T T 3

0.6

cos(26)

0.4

0.2

0.0 k& N N N N N b

Fig. 2 Higgs coupling excluded regions for different values of §4 and
y =02

EW doublets in the underlying theory and we use A> =
272 f2 as the compositeness scale.

Vector and axial-vector resonances are also known to con-
tribute to the oblique parameters and cause cancellations
[52,53]. Following Ref. [54], we computed the contribution
to the S-parameter under the assumption of vector meson
dominance for the three cosets SU(4)/Sp(4), SU(5)/SO(5)
and SU(4) x SU4)/SU(4). We find that the result is para-
metrically the same, and it amounts to replacing the term

@ Springer
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AStc with

16 (1 —r?)s?

AStc — AS, = ,
T T a2+ ) - g2 - )]

(18)

with g and r being non-perturbative parameters of the chiral
Lagrangian (see “Appendix C” for details on the calculation).
A cancellation thus happens for » > 1, where the new cor-
rection to § is negative. Note that this result is not present
elsewhere in the literature.

Other pNGBs also contribute to the EWPOs at one loop
level. For example in the coset SU(4) x SU(4)/SU(4) they
contribute [55]

s
ASy = —-0 (19)
4
2 2 2
m4,. —m A
ATy = 0 [ ZHE A ) 1og <—2) (20)
167 sy, my, my

with H* and A being the charged and pseudo-scalar com-
ponent of the second pNGB Higgs doublet generated by the
coset. This effect is sub-dominant compared to the Higgs
and the vector and axial-vector ones. In SU(5)/SO(5) extra
care must be taken to avoid that the EW triplet pNGB gets a
vacuum expectation value thus generating a large tree-level
contribution to the T parameter [39].

The exclusion from EWPOs is shown by the green region
in Fig. 1. These plots reveal the presence of two “valleys”
reaching large 6, one of which compatible with other bounds.
This is genuinely due to the scalar o, as proven by comparing
the two panels in Fig. 1, which differ by the sign of AS,, that
is negative in (a) and positive in (b). Thus, the effect of the
vector cancellation for AS, < 0 is merely to shift the valleys
towards smaller ké;. For comparison, we show with dashed
green lines the bounds without ¢, and in solid green without
both o and the vectors.

In Fig. 1 we also show the values of the &, mass corre-
sponding to cos(26): in order to achieve large misalignment,
a sub-TeV scalar resonance is required that may be acces-
sible at the LHC. This is to be considered a prediction of
sigma-assisted low-scale CH models. This state will domi-
nantly decay into two massive gauge bosons, W W~ and
ZZ, and rt, however current LHC searches cannot directly
apply because of the large width. The ZZ resonance CMS
search [56] explores widths up to 30% of the mass and could
cover this region, however larger widths would need to be
included in the search. We also estimate that resonant produc-
tion of 77 could be competitive to the ZZ channel for larger
couplings to gluons. The presence of this sub-TeV broad res-
onance in Z Z and ¢7 is a smoking gun of this scenario, and our
estimates clearly motivate dedicated large-width searches at
the LHC. In the next section we estimate the present reach of

@ Springer

the LHC in observing this state using the available searches
and tools.

5 Direct searches for the heavy scalar at the LHC

The main signature of sigma-assisted low-scale CH models
is the presence of a second heavier “Higgs” hy, which may
be observed at the LHC. Its mass is a free parameter, how-
ever, as we have seen, it is limited below a TeV by requiring
perturbative control of the effective theory. The production
mechanisms are the same as for the SM Higgs, namely gluon
fusion (ggF) and vector boson fusion (VBF), with associated
production with tops to a lesser extent.

The production of &, via ggF is difficult to estimate due
to its loop-nature-besides the top loop generated by the top
coupling in Eq. (12), the strong dynamics can give an addi-
tional direct coupling term. To understand the structure of
the latter, we analyse the possibility that it is generated dom-
inantly by a loop of a heavy top-like resonance 7', a.k.a. top
partner. The coupling of the o will have the form

- , Mr -
kr (o) MTTT=(MT —i—kTTO—i-“-)TT, 21)
where the top partner mass My = gr f, with g7 = 0(1) <
4. Thus, one can define a reduced coupling

KT =k8rs0, (22)

which is explicitly suppressed by a power of the misalign-
ment angle. This suppression will appear in the effective cou-
pling to gluons, which will thus be ng o Sg.

To estimate the production cross section of s, we use the
N3LO result for ggF [57] and the NNLO for VBF production
[58,59], and rescale the SM Higgs production cross section
as follows:

h h
g k2 AR(T) + kg2
o = O’O B
|AF(%)]

where A (t;) is the standard loop amplitude for the top quark
in the SM. Following the argument above, in the following
we will fix the strong dynamics contribution to the coupling
to gluon as /cg 2 /sg = const.

The strongest experimental constraint on a heavy Higgs-
like resonance comes from ZZ searches. The main issue
with reinterpretation of the experimental result is due to the
fact that 45 in this class of models tends to be very broad.
In Ref. [56] the CMS collaboration considered broad scalar
resonances decaying into ZZ final states, with widths up to
I'/M < 0.3. We can thus extract expected exclusions by
simply comparing the production rates of the Z Z final states
directly with the experimental results. This is shown in Fig. 3
for the parameters specified in the caption. The yellow region
is thus disfavoured at 95% CL, and we show in dashed the

+ oy B (k)2 (23)
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result for a narrow resonance and in solid for I'/M = 0.3.
The fact that the two curves are close shows that the large
width effect is not very important at these levels, however we
should stress that the region of interest features larger widths
than 0.3 M, so that care should be taken when extending the
projected exclusions. In magenta we also show the contours
with I'/M = 0.3 and I'/M = 1, showing that the large
misalignment region does have larger widths than 30% of
the mass. In the right side of each plot we show the mass of
hy, which is not fixed in the plot but varies with ¢y following
Eq. (15) once we fix y = 0.2 or 0.4. The increase of the mass
for 8 — 0 is compensated by an increase of the branching
ratio into gauge bosons in the same limit, thus explaining why
we do not lose too much sensitivity for larger /; masses. We
also remark that the exclusion crucially depends on K?Z , thus
the yellow regions should be considered as a motivation for
further studies rather than actual exclusions.

In this scenario, decays into tops are also relevant: for
instance, in the allowed region of the left panel of Fig. 3,
the branching ratio of hy — tf lies between 70 and 90%.
However, this is a very challenging search due to large inter-
ference between signal and background. Here we have used
the framework developed in Ref. [60] to access the power to
discover the heavy scalar via top pair production taking these
specific parameters as benchmark. The analysis is based on
the comparison of the measurement of the differential cross
section of the 7 invariant mass distribution in 77 process at
particle level done by the ATLAS collaboration in a resolved
[61] and a boosted regime [62]. Only for large values of
ng 2 4sp this search becomes competitive with the ZZ
search. In the right panel of Fig. 3 the bound from top pair
production appears as we chose Kg 2 = 5s9. The exclusion
is derived by a line-shape analysis on the m(¢7) distribution,
which assumes that the data fit exactly the SM prediction for
collisions at a centre of mass energy of v/s = 13 TeV and
integrated luminosity of 20fb~!. We used a m (¢7) resolution
of 40 GeV, uncorrelated systematic errors of 15% on all bins
and a theoretical uncertainty of 5%. However, a dedicated
experimental analysis searching for this kind of broad reso-
nances, with variable values of the total width and effective
gluon couplings, would be necessary to ascertain the reach
at the LHC.

6 Tecni-o interpretation

As already mentioned, the o discussed in the text can be
associated with a light scalar resonance, evidence of which
emerge in Lattice studies of theories with an approximate
walking behaviour in the Infra-Red (IR). In this section, we
summarise the results and also discuss which values for the
couplings kg; and k; can be expected in this scenario. We

recall that the o under discussion can be identified with the
lightest J¥ = 0% resonance of the composite dynamics.

The mass of the singlet scalar 0T is a difficulty quantity to
be measured on the lattice [63]. Some results are available for
a theory based on SU(3) with fermions in the fundamental,
which can play the role of a template for composite Higgs
models based on SU(4) x SU(4)/SU(4) if some of the many
flavour are heavy [64]. This theory features 12 flavours, eight
of which are heavier while the remaining four determine the
low energy properties of the theory. Lattice results thus find
the presence of a 0T state that remains degenerate with the
pNGBs for all the masses probed on the Lattice [26,64,65].
Similar results have been obtained for eight light flavours
[29,66,67], which are believed to be near-IR-conformal (see
also Ref. [28]).6 A light 0T state has also been identified in
an SU(3) model with two Dirac fermions transforming as a
sextet [69] and an SU(2) model with one Dirac adjoint [70].

The main result contained in these works is that, in theo-
ries with enough fermion flavours to be close to an IR con-
formal fixed point, a light o resonance seems to appear, near-
degenerate with the pNGBs. Note that it is very challenging
to interpolate this result in the chiral limit, precisely because
the value of the light o mass is close to the pion one (which
should tend to zero). Nevertheless, the closest results to the
chiral limitindicate that the o remains at least lighter than 1 /2
of the mass of the p. Note that this is not a result applicable
to all theories: for instance, for SU(2) with 2 Dirac fermions
in the fundamental, it was found m, /f = 19.2(10.8) [71],
where the large error comes from the difficulty to extract
this mass on the Lattice. For an Sp(4) gauge model there are
only preliminary results available for a pure glueball state
[72]. Progress with dynamical fermions has been reported in
Refs. [73,74].

Besides lattice results, information on the 07 mass can
be inferred indirectly by its role in unitarising the pNGB
scattering amplitude. From the unitarity of the partial wave
amplitudes, the following bound can be extracted:

3277 7 f (Nf =2),
me < |2Zfal 5 f (Ny=4), (24)
Ny 351 (Ny=8).

Estimates based on Schwinger—-Dyson equations, similar to
the QCD ones [75], also indicate a low value for m, [76],
however the computation has been done for a Technicolor
theory with f = v and cannot be extrapolated straightfor-
wardly to our case. Gravitational dual results also indicate
the lightest scalar mass is low compared to the other states
[30,31]. All these results seem to point to the presence of a
light scalar in theories near the conformal window.

We now turn our discussion to the couplings. The value
of kg;, which can be identified to the coupling of the o to

6 For recent results in QCD, see Ref. [68].
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1.0F

Fig. 3 Region potentially excluded at 95% CL by the CMS ZZ search,
in yellow, superimposed on #7 search, in magenta in the right plot, and
previous indirect bounds in orange. The yellow shaded region with solid
contour correspond to the limit for I"/M = 0.3, while the dashed line

! 2206
1273
986
833

735

cos(26)
Mpy, [GEV]

665

611

Fig. 4 Values of ; in red contours for y = 0.2 and §4 = —0.9. For
EWPOweuseg =3 andr = 1.1

pNGBs, see Eq. (13), have also been discussed in the litera-
ture. For QCD, it has been noticed that the linear sigma model
describes amazingly and intriguingly well the data [10]. This
corresponds to k¢; & 2. This coupling has been reproduced
on the lattice [77] as well as using dispersion and unitari-
sation methods [78]. A similar approximative approach has
been used in CH context in Refs. [47,79].

In Ref. [10] the coupling of o to SM fermions was
addressed under the assumption of a bilinear giving mass to
the fermions a la Extended Technicolor, which leads to a SM-
like coupling &, ~ 1. This result, however, does not apply to
our case where the top mass is generated by partial compos-
iteness. Furthermore, in our case larger k; values are neces-
sary to fulfil the considered constraints, as shown in Fig. 4 for
y = 0.2and §4 = —0.9. We see that the large misalignment

@ Springer

corresponds to I'/M = 0. Weusedr = 1.1, ¢ = 3,54 = —0.9 and in
the left panel y = 0.2, kg = s¢, in the middle panel y = 0.4, k; = 50,
and in the right panel y = 0.2, kg = 5s¢ (note the different range and
inverted order in k(;)

region (low values of cos 20) requires 4 < |k,| < 7. Such
large couplings would indicate a considerable mixing of the
top quark with the top partners. Schematically the origin of
the o7r coupling can be parameterised as the effect of the
mixing of the top with the composite partners, which couple
directly to the resonance, yielding (see Eq. (21)):

- MreLe -
k’T%MTTT = k;% it (25)
with &, g being the mixing of the left and right-handed tops.
Therefore, we can estimate

MréerpeR
S

which can be achieved with natural coupling values (we recall
that &,/ ~ 0(1) and # = gr < 4n).

In conclusion, we have shown that the o we consider in
this work can be matched to the light resonance found in
theories with a walking dynamics above the condensation
scale.

ki ~ ky ~ 04 -1), (26)

7 Conclusions

We have shown that composite Goldstone—Higgs models
with compositeness scale as low as f ~ 400 GeV are still
allowed by low energy date, provided the presence of a sub-
TeV Higgs-like resonance. This state is always present in
theories with a walking dynamics above the confinement
scale, as required by flavour physics. We have shown in a
simplified scenario that this result can be achieved rather
generally, independently on the details of the coset generat-
ing the composite Higgs. Furthermore, the light o state can
be associated to the light 07 resonance, evidence of which
has been accumulated in recent Lattice studies. The presence
of allowed low-scale parameter regions require large values
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of the couplings of the o to gauge bosons and top quarks,
and we have shown that such values are indeed reasonable
in dynamical models. We remark that the mass and the cou-
plings of the o are an intrinsic non-tunable property of the
underlying dynamics.

This phenomenon, which may occur generically in all
composite Higgs models with walking dynamics, predicts the
presence of a sub-TeV Higgs-like resonance below =~ 1 TeV
and with large width, which decays into ZZ/WW and r7. We
have shown that the LHC may be able to discover such broad
resonance, thus validating or confuting this mechanism, how-
ever dedicated large-width searches are needed to provide a
definite answer. Finally, Lattice results can provide a further
validation of the mechanism by computing the couplings of
the resonance to the pNGBs and to the baryonic resonances
that couple to the top quark, aka top partners.

Our analysis shows that the common lore that a “little hier-
archy” between the electroweak scale and the compositeness
scale is required should be reconsidered.
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Appendix A: Scalar properties
From the Lagrangian in Eq. (4), we can extract the masses,

mixing and couplings of the would-be pNGB Higgs & and
the singlet 0. The mass matrix is given by

_ l(h o) mizz m%t{el (kg — k) h
2 m2ty,! (kp; — k) m2 o)

(A. 1)

where
G 5

2
m; = —8 m
h t
ICy|?

(A.2)

while we consider the mass of o as a free parameter as it
receives its dominant contribution from the strong dynamics,
in the form m2 ~ V/,/f% + 0/(m?). As already highlighted,
the mass structure above is general and coset-independent.
The masses of the physical eigenstates /1 > are given by

1
LA 2 2
Mhyhy = 5 1Mo +mj,

:I:\/(mg — m%)2 + 4(kg; — k,’)ztzgzmﬁ} .
(A.3)

In principle, either state can play the role of the 125 GeV
Higgs, however we expect the o to be heavier than the EW
scale and its couplings to depart from the SM Higgs ones.
Thus, we will conservatively associate the Higgs boson with
the lighter state, mj,, = 125 GeV, and make sure that in the
limit of no mixing, where (k/G —k;) — 0,wehavemy, — my
and my, — m. This is justified in the context of a compos-
ite sector heavier that the EW scale. The relation between
the mass eigenvalues and the mass parameters in the mixing
matrix of Eq. (A. 1) can thus be inverted as follows:

, 1
mh,a 12 N2
20k, — k2152 + 1]
. Jmd, —m? )2 — 4k, — k) tm? m?, }
(A. 4)

2 2
{mh2 +my,

We remark that both solutions are real and positive, provided
that the argument of the squared root is positive. This requires
the following relation to hold:

k/ k/ 2mp,mp,

<1. (A.95)

This relation explains the definition of § 4 in Eq. (10) and the
fact that |64| < 1. Because mj, grows monotonically with
mp, > my,, the relation also implies bounds on my, i.e. the
mass term for the pNGB Higgs candidate £, reading

m%l < m%l < 3 mp, . (A.6)
4
In the extreme cases |54| = 1, it yields m;, < \/Emhl. In

Fig. 5 we show values of my, as a function of §4. For mj,, >
1500GeV the lines fall on top of the others, so the dependence
of my on 84 is quite rigid and mj quickly saturate to its
maximum value in Eq. (A. 6). This result shows that m; can
be larger than the physical value of the Higgs mass, thus
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Fig. 6 1, as a function of 84 for fixed my, (and m;,, = 125 GeV)

contributing on relaxing the tuning associated to the pNGB
Higgs mass value.
The mass eigenstates are related to i, o by a rotation

h h
()=(5 %)) A7
ho —Sa Caq o
with the mixing angle « given by
kg — ki)tyy m
tan 2o = —2# (A.8)
m2 —mj

The mixing angle has extremal values tr, = Oford4 = Oand
thy = :|:2 mhlmh2 :|:2 L for §4 = =1, thus it always
hz hl

tends to be small and suppressed by the mass ratio my,, /mp, .
For illustration, in Fig. 6 we show some numerical values.

Appendix B: Current mass of the underlying fermions
and constraints on Higgs BSM branching ratio

The details provided in the previous section are general as

they equally apply to all cosets under study. However, the
presence of a current mass for the underlying fermions mod-

@ Springer

ifies the effective Lagrangian in a different way for different
cosets. As it may be relevant to give a mass to all the addi-
tional pPNGBs, we will describe its effect here.

The main one is the presence of an additional potential
term —k,, (0)V,,, whose dependence on the misalignment
angle depends on the specific coset. We always consider here
a common mass term for all fermions, aligned with the 6 =
0 vacuum, knowing that mass differences do not affect the
results. We find that for cosets SU(4)/Sp(4) and SU(4) x
SU(4)/SU(4) we have

VA = —4C,my f3co+--- (case A), (B.9)
while for SU(5)/SO(5)
= —2Cmy f3ch + (case B), (B. 10)

where the dots replace terms containing the pNGB fields.
In either form, this term adds two extra parameters to our
study, C,ymy and k;,, and modifies the vacuum condition
and the scalar mass mixing. It is convenient to replace the
first parameter with the mass term

iy = —4Cyumy f, (B.11)

which provides an additional contribution to the pNGB Higgs
mass i equal to n?%ce for case A and rh}zlczg for case B.
To avoid cancellations and fine-tuning in the Higgs mass,
we will work under the assumption that rﬁ% < mi, so that
the results presented in the main text are only marginally
modified. This is consistent with the requirement of generat-
ing a small but non-zero mass to some potentially massless
pNGBs, as required by phenomenology.

The vacuum condition of Eq. (9), i.e. § = cpg, iS now
modified to

7 h =2C] f%ch(cap — ) (case A), (B. 12)
mh =C, f (cp9 — &) (case B). (B. 13)
The mixing matrix between 4 and o is now
1 2 2 ~2 h
~_h o) 2mh i Amh—l—zBmh ’
2 Amj + Bmj, mg o
(B. 14)
with A = t2_91 (ki; — k7) as in Eq. (A. 1) and
/ / ’ Iy ’ /
B = sqg(k,, + k; — 3ks) + ?(kc —k;) (case A),
6
(B. 15)
B = 529(2k; — ky,) (case B). (B. 16)
my, is also modified in case A
52
mi = —8 c, |2 m? + —mi (case A), (B.17)

where the vacuum condition has been used to get rid of §.
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The masses of the physical eigenstates /1 > are given by

1
2 2 2
My = 5 o Tmy

+/(m2 — m2)? + 4(Am3 + Bﬂzfl)z} . (B.18)

We again conservatively associate the Higgs boson with the
lighter state, my, = 125 GeV, and make sure that in the
limit of no mixing, where A, B — 0, m;, — my,, andm, —
mp,. The relation between the mass eigenvalues and the mass
parameters in the mixing matrix of Eq. (A. 1) can be inverted
as follows:

5 1

2 2 ~2
my . = AT 1 1 {mhz +mj, —2ABm;,

i\/(mi2 +mi] - 2ABn~1%)2 _4(A2 4+ 1)(32,;1% —I—mﬁ]m%z)} _
(B. 19)

This expression reproduces Eq. (A. 4) for B = 0. Similarly
to the massless fermion case we require the argument of the
squared root to be positive and define §4 as

2 2
My, Fmy, Bmy,

2mp,mp, mp,mp, ’
(B. 20)

and 54 isboundtobe —1 < 64 < 1.

These results show explicitly that the effect of the current
mass for the underlying fermions does not have a strong effect
on the numerical results we present in the text.

Higgs decay constraint

The Higgs properties are also affected by the presence of
other light pPNGBs, whose masses can be below the threshold
to contribute to the Higgs decay width. The global fit of Ref.
[48] provides the following bound on the branching ratio of
the Higgs into undetected non-SM states

Bpsm < 0.32, (B.21)

at2 sigmas. This imposes a strong constraint on the parameter
space due to the Higgs decay. We estimate the Higgs total
width as

I = (coca)*(Tp + It) + (k)2 Ty + Ty + Tsm, (B.22)

where I are the SM partial widths. This expression assumes
that the bottom and tau get their masses from a bilinear term,
as in Ref. [22]. For the decay into gluons we use the SM
value as a first approximation.

To compute the BSM partial width Igsm we consider
a particular model base on the coset SU(4)/Sp(4), where
only one extra pseudo-scalar pNGB 7 is present. The decay

h — nn is driven by the couplings g, and g,,> which we
computed exactly. The bound from Eq. (B. 21) is shown as a
dashed line in the left panels of Fig. 1 form,, ~ 0. We see that
it allows to exclude the large values of 6, thus it is necessary
to give mass above threshold to the singlet m, > my, /2. The
mass of 1 in this model is given by

(B.23)

where epo < 1 for the anti-symmetric top spurion, and zero
otherwise. The actual value of €5 depends on the embedding
of the top singlet tz. Therefore, in the anti-symmetric case,
the condition m; > my, /2 might be fulfilled even for van-
ishing underlying fermion mass. Note that Higgs off-shell
production pp — h* — nn might also be sizeable and give
interesting final states as n — Zy below the WW thresh-
old [19,21]. Thus the final state ZZyy (with off-shell Z if
m, < mz) may be a smoking gun for this model.

Appendix C: Vector meson dominance in EWPOs

To include vector resonances, we construct the Lagrangian
using the hidden symmetry technique [80]. This method has
already been employed in Ref. [54] for the SU(4)/Sp(4),
and the same results can be used for SU(N)/Sp(N) and
SU(N)/SO(N), while the Lagrangian for the QCD-like case
SU(N) x SU(N)/SU(N) can be found in Ref. [80].

Here we will briefly summarise the key features of this
technique in the case of a Higgs coset G/ H . We first duplicate

the group structure
G()XG[/H()XH[, (C.24)

with two independent sets of NGBs, defined as matrices

gy = eT/f g = (N/f (C.25)
that transform nonlinearly as
& — & = gi€h(gi, )", (C. 26)

where g; is an element of G; and & the corresponding trans-
formation in the subgroup H;. We also introduce a new set
of NGB from the breaking

Hy x Hy/Hp, (C.27)
defined as:

K =exp[ik®S*/fx]. (C.28)
S% being generators of H, and transforming as

K — K' = h(g0.70) K h' (g1, 71). (C.29)
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To include derivatives and gauge interactions, we define
the gauged Maurer—Cartan one-forms as

Wi = E;Dﬂgi s

where D), are the appropriate covariant derivatives. The core
of the hidden symmetry technique is to embed the SM gauge
bosons by partly gauging Gy, so that

D& = (8, — igW, —ig'B,)ko,

where VNVM and B, are the gauge bosons of SU(2); and U(1)y
respectively, as embedded in G¢. They can be written as

(C.30)

(C.3D)

W, =WiT{, B, =B,T}. (C.32)

where T}' and Ty are proportional to generators of Go (T
for the custodial SU(2) ). On the other hand, the vector ¥,
and axial 7, resonances are introduced as gauge bosons
associated to G, so that

Dyé1 = (3 — i87), — ig 81, (C.33)
where
V= VN2 Sa, oty = o N2 X, (C.34)

where S and X¢ are the unbroken and broken generators
of G1/H; respectively (canonically normalised), and t =
Tr T, T;, = Tr Tg Tg. The normalisation factor ¢ is needed in
order to compensate the mismatch in the normalisation of the
gauged T, and Tk generators and the canonically normalised
generators of G/ H . The spin-1 fields %{ (J = 1tonyunbroken)
and .;z/li (I = 1 to nproken) are the composite resonances
generated by the strong dynamics.

To simplify the calculation, we define the broken/unbroken
generators with respect to a vacuum that does not contain the
Higgs VEV, i.e. 6 = 0. The misalignment angle can thus
be re-introduced by rotating the generators associated to the
gauging of the EW symmetry. Namely, we define
Ti =QTiQ" T)=9T7i27, (C.35)
where 2 is a rotation of G. Now the generators YA“L /R corre-
spond to the custodial symmetry SO(4) ~ SU(2)r x SU2)g
preserved by the & = 0 vacuum (i.e. they are contained in
the unbroken generators S), while the rotation is generated
by the Higgs VEV as

2 =%l (C. 36)
where X, (part of the broken generators X¢) corresponding
to the Higgs component of the doublet that misaligns the
vacuum.

The projections to the broken and unbroken generators are
defined respectively by

Xpi =2 Tr (Xawiu) Xa, (C.37)
a

@ Springer

Vui =2 Tr (Sawi ) Sas (C.38)
a

so that v, ; transforms inhomogeneously under G;

Vui = V= h(gi ) Wui +i0) h (g ), (C.39)

while x,,; transforms homogeneously

Xpi = X) = h(gi m) xui h' (g i) (C. 40)

and can be used to construct invariants for the effective
Lagrangian. Note that the 7,,proken NGBs contained in K
are needed to provide the longitudinal degrees of freedom
for the vectors ”f/,f, while a combination of the NGBs ;
from G;/H; acts as longitudinal degrees of freedom for the
axial %/ﬁ The remaining combination provides the pPNGBs
of the Higgs coset G/ H.

To lowest order in momentum expansion, the effective
Lagrangian is given by

1 ~ o~
L= = oW, W
T

1 1
— — TrB,,B" — —
4 O 4t

75 It
20 Ty xoltx(’; + N—lz Tr xlux{l

Tr F 0
f2
—|—2rN—12 Tr xoﬂl(x{LKT
fI% mn T
+mTr@ K 2,K", (C.41)

where the stress-energy tensors are defined, as usual, by

W =8, W, —,W, —ig[W,, W,], (C.42)
B,, = 0,B, — 3,B, —ig'[B,,B,], (C. 43)
Ty = 04Ty — 0. Fy — 1810, o). (C. 44)

Note that the parameter r, which plays a crucial role in
EWPOs, corresponds to an operator that mixes the SM gauge
bosons and the spin-1 resonances, as it multiplies the oper-
ator containing the breaking of Hy x H;/Hp. The relation
between the decay constants fo and f; and the EW scale
v = 246GeV is fixed to:
1

=gy = o~ i

The computation of the oblique parameters follows in a
standard way [14, 15]: we first canonically normalise the vec-
tor fields and compute the mixing mass matrices that contain
the SM fields B, and Wﬁ, My, and Wui, M. We then pro-
ceed by computing the tree-level contributions to the self-
energies ITww, I133, [13p and I1pp due to the mixing,

<

(C. 45)

Mww(s) = [(s—ac) 7 TnGs) = [s—aty) '

ij
(C. 46)
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Fig. 7 EWPO bounds, with a, = —1 and M, = 4xf. Left: y = 0.2 and 64 = —0.9. Right: § = 3,84 =0

with i, j = 1,2 and IIgp(s) = IIN(s)11, I138(s) =
ITN(s)12 and I133(s) = IIn(s)22. The S and T parameters
are given by

H/
s = 167 20508 | (C. 47)
g1y () g
M33(s) — 1T
T — 167 33(8) ww (s) (C. 48)

2 l .
miy Iy (5) —0

By explicit calculation, we obtain the same expression for the
three cosets under consideration, matching the result given
in Eq. (18).

This result can be easily understood by tracing back the
origin of the correction to the term in the Lagrangian which
induces the mixing between the EW gauge bosons, and the
massive resonances: the term proportional to r. Because of
the traces, the EW gauge bosons can only mix with the vectors
and axial-vectors aligned to the same generators in the par-
allel coset. The effect of the misalignment is to also involve
the spin-1 resonances corresponding to the generators asso-
ciated to the Higgs doublet that develops a VEV. Thus, as
long as the misalignment involves a single doublet, we can
always identify the same set of resonances that contribute to
S and T'. Thus, the only non-universal effects would arise if
the misalignment involves more then one direction, besides
the Higgs doublet.

In Fig. 7 we show how the excluded region from EWPOs
varies as a function of some parameters in the model to prove
the robustness of the results presented in the main text. To
fix » we choose the unitarity motivated value [47]

V2M, (1 —r?)
rg

a, =1, (C. 49)

with M, = 4 f. Furthermore, in the left panel we fix y =
0.2 and 64 = —0.9 and vary g = 1,2, 3,5. In the right
panel we fix ¢ = 3 and §4 = 0 (no mixing) and vary y
from 0.2 to 0.5. The excluded region in the figure is obtained
using a X2 method with § = 0.04, T = 0.08, o = 0.08,
or = 0.07 and correlation ors = 0.92 [49]. The figure
shows that the valleys always appear for typical values of
the parameter space, and they only tend to disappear if g is
small. However, g being the vector coupling, it is expected
to be substantially larger than one. This result again proves
the robustness of our general results.

References

1. B. Bellazzini, C. Csdki, J. Serra, Composite Higgses. Eur. Phys. J
C74, 2766 (2014). arXiv:1401.2457

2. G. Panico, A. Wulzer, The composite Nambu-Goldstone Higgs.
Lect. Notes Phys. 913, 1-316 (2016). arXiv:1506.01961

3. M.J. Dugan, H. Georgi, D.B. Kaplan, Anatomy of a composite
Higgs model. Nucl. Phys. B 254, 299 (1985)

4. D.B. Kaplan, H. Georgi, SU(2)xU (1) breaking by vacuum mis-
alignment. Phys. Lett. B 136, 183 (1984)

5. S. Weinberg, Implications of dynamical symmetry breaking. Phys.
Rev. D 13, 974-996 (1976)

6. L. Susskind, Dynamics of spontaneous symmetry breaking in the
Weinberg—Salam theory. Phys. Rev. D 20, 2619-2625 (1979)

7. S. Dimopoulos, L. Susskind, Mass without scalars. Nucl. Phys. B
155, 237-252 (1979)

8. P. Di Vecchia, G. Veneziano, Minimal composite Higgs systems.
Phys. Lett. 95B, 247-252 (1980)

9. D.D. Dietrich, F. Sannino, K. Tuominen, Light composite Higgs
from higher representations versus electroweak precision mea-
surements: predictions for CERN LHC. Phys. Rev. D 72, 055001
(2005). arXiv:hep-ph/0505059

@ Springer


http://arxiv.org/abs/1401.2457
http://arxiv.org/abs/1506.01961
http://arxiv.org/abs/hep-ph/0505059

28

Page 14 of 15

Eur. Phys. J. C (2020) 80:28

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

A.Belyaev, M .S. Brown, R. Foadi, M .T. Frandsen, The technicolor
Higgs in the light of LHC data. Phys. Rev. D90, 035012 (2014).
arXiv:1309.2097

K. Yamawaki, M. Bando, K.-I. Matumoto, Scale invariant techni-
color model and a technidilaton. Phys. Rev. Lett. 56, 1335 (1986)
M. Bando, K.-I. Matumoto, K. Yamawaki, Technidilaton. Phys.
Lett. B 178, 308-312 (1986)

G.V. Dzhikiya, The dilaton as the analog of the Higgs boson in
composite models. Sov. J. Nucl. Phys. 45, 1083-1087 (1987)
M.E. Peskin, T. Takeuchi, A new constraint on a strongly interacting
Higgs sector. Phys. Rev. Lett. 65, 964-967 (1990)

M.E. Peskin, T. Takeuchi, Estimation of oblique electroweak cor-
rections. Phys. Rev. D 46, 381-409 (1992)

R. Barbieri, A. Pomarol, R. Rattazzi, A. Strumia, Electroweak sym-
metry breaking after LEP-1 and LEP-2. Nucl. Phys. B 703, 127-146
(2004). arXiv:hep-ph/0405040

R. Barbieri, D. Buttazzo, F. Sala, D.M. Straub, A. Tesi, A 125 GeV
composite Higgs boson versus flavour and electroweak precision
tests. JHEP 05, 069 (2013). arXiv:1211.5085

C. Grojean, O. Matsedonskyi, G. Panico, Light top partners and
precision physics. JHEP 10, 160 (2013). arXiv:1306.4655

A. Arbey, G. Cacciapaglia, H. Cai, A. Deandrea, S. Le Corre, F.
Sannino, Fundamental composite electroweak dynamics: status at
the LHC. Phys. Rev. D 95, 015028 (2017). arXiv:1502.04718

O. Matsedonskyi, G. Panico, A. Wulzer, Light top partners for a
light composite Higgs. JHEP 01, 164 (2013). arXiv:1204.6333

J. Galloway, J.A. Evans, M.A. Luty, R.A. Tacchi, Minimal con-
formal technicolor and precision electroweak tests. JHEP 10, 086
(2010). arXiv:1001.1361

G. Cacciapaglia, F. Sannino, Fundamental composite (Goldstone)
Higgs dynamics. JHEP 1404, 111 (2014). arXiv:1402.0233

C. Csdki, T. Ma, J. Shu, Maximally symmetric composite Higgs
models. Phys. Rev. Lett. 119, 131803 (2017). arXiv:1702.00405
C. Csdki, T. Ma, J. Shu, Trigonometric parity for the composite
Higgs. arXiv:1709.08636

S.K. Dimopoulos, J.R. Ellis, Challenges for extended technicolour
theories. Nucl. Phys. B 182, 505-528 (1980). (31 p)

A. Hasenfratz, C. Rebbi, O. Witzel, Large scale separation and
resonances within LHC range from a prototype BSM model. Phys.
Lett. B 773, 86-90 (2017). arXiv:1609.01401

A. Athenodorou, E. Bennett, G. Bergner, D. Elander, C.J.D. Lin, B.
Lucini et al., Large mass hierarchies from strongly-coupled dynam-
ics. JHEP 06, 114 (2016). arXiv:1605.04258

Y. Aoki et al., Flavor-singlet spectrum in multi-flavor QCD. EPJ
Web Conf. 175, 08023 (2018). arXiv:1710.06549

LATTICE STRONG DYNAMICS collaboration, T. Appelquist
et al., Nonperturbative investigations of SU(3) gauge theory
with eight dynamical flavors. Phys. Rev. D99 (2019) 014509.
arXiv:1807.08411

D. Elander, M. Piai, Calculable mass hierarchies and a light
dilaton from gravity duals. Phys. Lett. B 772, 110-114 (2017).
arXiv:1703.09205

D. Elander, M. Piai, Glueballs on the Baryonic branch of Klebanov—
Strassler: dimensional deconstruction and a light scalar particle.
JHEP 06, 003 (2017). arXiv:1703.10158

K. Bitaghsir Fadafan, W. Clemens, N. Evans, Holographic gauged
NJL model: the conformal window and ideal walking. Phys. Rev.
D98, 066015 (2018). arXiv:1807.04548

B. Holdom, Raising the sideways scale. Phys. Rev. D 24, 1441
(1981)

O. Matsedonskyi, On flavour and naturalness of composite Higgs
models. JHEP 02, 154 (2015). arXiv:1411.4638

G. Cacciapaglia, H. Cai, T. Flacke, S.J. Lee, A. Parolini, H. Serodio,
Anarchic Yukawas and top partial compositeness: the flavour of a
successful marriage. JHEP 06, 085 (2015). arXiv:1501.03818

@ Springer

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

D.B. Kaplan, Flavor at SSC energies: a new mechanism for dynam-
ically generated fermion masses. Nucl. Phys. B 365, 259-278
(1991)

M. Golterman, Y. Shamir, Effective potential in ultraviolet comple-
tions for composite Higgs models. Phys. Rev. D 97, 095005 (2018).
arXiv:1707.06033

T. Alanne, N. Bizot, G. Cacciapaglia, F. Sannino, Classification
of NLO operators for composite Higgs models. Phys. Rev. D 97,
075028 (2018). arXiv:1801.05444

A. Agugliaro, G. Cacciapaglia, A. Deandrea and S. De Curtis, Vac-
uum misalignment and pattern of scalar masses in the SU(5)/SO(5)
composite Higgs model. arXiv:1808.10175

D. Liu, I. Low, Z. Yin, Universal imprints of a Pseudo-Nambu-
Goldstone Higgs Boson. Phys. Rev. Lett. 121, 261802 (2018).
arXiv:1805.00489

CMS collaboration, A. M. Sirunyan et al., Observation of
ttH production. textitPhys. Rev. Lett. 120 (2018) 231801.
arXiv:1804.02610

ATLAS collaboration, M. Aaboud et al., Observation of Higgs
boson production in association with a top quark pair at the
LHC with the ATLAS detector. Phys. Lett. B784 (2018) 173-191.
arXiv:1806.00425

M. Hansen, K. Langable, F. Sannino, Extending chiral perturbation
theory with an isosinglet scalar. Phys. Rev. D 95, 036005 (2017).
arXiv:1610.02904

M. Golterman, Y. Shamir, Low-energy effective action for
pions and a dilatonic meson. Phys. Rev. D 94, 054502 (2016).
arXiv:1603.04575

T. Appelquist, J. Ingoldby, M. Piai, Dilaton EFT framework for
lattice data. JHEP 07, 035 (2017). arXiv:1702.04410

V. Ayyar, M.F. Golterman, D.C. Hackett, W. Jay, E.T. Neil, Y.
Shamir et al., Radiative contribution to the Composite-Higgs poten-
tial in a two-representation lattice model. Phys. Rev. D 99, 094504
(2019). arXiv:1903.02535

D. Buarque Franzosi, P. Ferrarese, Implications of vector boson
scattering unitarity in composite Higgs models. Phys. Rev. D 96,
055037 (2017). arXiv:1705.02787

ATLAS, CMS collaboration, G. Aad et al., Measurements of the
Higgs boson production and decay rates and constraints on its cou-
plings from a combined ATLAS and CMS analysis of the LHC
pp collision data at /s = 7 and 8 TeV. JHEP 08 (2016) 045.
arXiv:1606.02266

J. Haller, A. Hoecker, R. Kogler, K. Monig, T. Peiffer, J. Stelzer,
Update of the global electroweak fit and constraints on two-Higgs-
doublet models. Eur. Phys. J. C 78, 675 (2018). arXiv:1803.01853
M. Harada, F. Sannino, J. Schechter, Simple description of pi
pi scattering to 1-GeV. Phys. Rev. D 54, 1991-2004 (1996).
arXiv:hep-ph/9511335

F. Sannino, Mass deformed exact S-parameter in conformal theo-
ries. Phys. Rev. D82, 081701 (2010). arXiv:1006.0207

R. Casalbuoni, A. Deandrea, S. De Curtis, D. Dominici, F. Feruglio,
R. Gatto et al., Symmetries for vector and axial vector mesons.
Phys. Lett. B 349, 533-540 (1995). arXiv:hep-ph/9502247

R. Contino, M. Salvarezza, One-loop effects from spin-1 res-
onances in Composite Higgs models. JHEP 07, 065 (2015).
arXiv:1504.02750

D. Buarque Franzosi, G. Cacciapaglia, H. Cai, A. Deandrea, M.
Frandsen, Vector and axial-vector resonances in composite models
of the Higgs boson. JHEP 11, 076 (2016). arXiv:1605.01363

T. Ma, G. Cacciapaglia, Fundamental composite 2HDM: SU(N)
with four flavours. JHEP 03, 211 (2016). arXiv:1508.07014

CMS collaboration, A. M. Sirunyan et al., Search for a new scalar
resonance decaying to a pair of Z bosons in proton—proton colli-
sions at /s = 13 TeV. JHEP. 06 (2018) 127. arXiv:1804.01939


http://arxiv.org/abs/1309.2097
http://arxiv.org/abs/hep-ph/0405040
http://arxiv.org/abs/1211.5085
http://arxiv.org/abs/1306.4655
http://arxiv.org/abs/1502.04718
http://arxiv.org/abs/1204.6333
http://arxiv.org/abs/1001.1361
http://arxiv.org/abs/1402.0233
http://arxiv.org/abs/1702.00405
http://arxiv.org/abs/1709.08636
http://arxiv.org/abs/1609.01401
http://arxiv.org/abs/1605.04258
http://arxiv.org/abs/1710.06549
http://arxiv.org/abs/1807.08411
http://arxiv.org/abs/1703.09205
http://arxiv.org/abs/1703.10158
http://arxiv.org/abs/1807.04548
http://arxiv.org/abs/1411.4638
http://arxiv.org/abs/1501.03818
http://arxiv.org/abs/1707.06033
http://arxiv.org/abs/1801.05444
http://arxiv.org/abs/1808.10175
http://arxiv.org/abs/1805.00489
http://arxiv.org/abs/1804.02610
http://arxiv.org/abs/1806.00425
http://arxiv.org/abs/1610.02904
http://arxiv.org/abs/1603.04575
http://arxiv.org/abs/1702.04410
http://arxiv.org/abs/1903.02535
http://arxiv.org/abs/1705.02787
http://arxiv.org/abs/1606.02266
http://arxiv.org/abs/1803.01853
http://arxiv.org/abs/hep-ph/9511335
http://arxiv.org/abs/1006.0207
http://arxiv.org/abs/hep-ph/9502247
http://arxiv.org/abs/1504.02750
http://arxiv.org/abs/1605.01363
http://arxiv.org/abs/1508.07014
http://arxiv.org/abs/1804.01939

Eur. Phys. J. C (2020) 80:28

Page 150f 15 28

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

C. Anastasiou, C. Duhr, F. Dulat, E. Furlan, T. Gehrmann, F. Herzog
etal., CP-even scalar boson production via gluon fusion at the LHC.
JHEP 09, 037 (2016). arXiv:1605.05761

P. Bolzoni, F. Maltoni, S.-O. Moch, M. Zaro, Higgs production
via vector-boson fusion at NNLO in QCD. Phys. Rev. Lett. 105,
011801 (2010). arXiv:1003.4451

P. Bolzoni, F. Maltoni, S.-O. Moch, M. Zaro, Vector boson fusion
at NNLO in QCD: SM Higgs and beyond. Phys. Rev. D85, 035002
(2012). arXiv:1109.3717

D. Buarque Franzosi, F. Fabbri, S. Schumann, Constraining scalar
resonances with top-quark pair production at the LHC. JHEP 03,
022 (2018). arXiv:1711.00102

ATLAS collaboration, G. Aad et al., Measurements of top-quark
pair differential cross-sections in the lepton+jets channel in pp
collisions at /s = 8 TeV using the ATLAS detector. Eur. Phys. J.
C76, 538 (2016). arXiv:1511.04716

ATLAS collaboration, G. Aad et al., Measurement of the differ-
ential cross-section of highly boosted top quarks as a function of
their transverse momentum in /s = 8 TeV proton-proton colli-
sions using the ATLAS detector. Phys. Rev. D93, 032009 (2016).
arXiv:1510.03818

USQCD collaboration, R. C. Brower, A. Hasenfratz, E. T. Neil,
S. Catterall, G. Fleming, J. Giedt et al., Lattice gauge theory for
physics beyond the standard model. arXiv:1904.09964

R.C. Brower, A. Hasenfratz, C. Rebbi, E. Weinberg, O. Witzel,
Composite Higgs model at a conformal fixed point. Phys. Rev. D
93, 075028 (2016). arXiv:1512.02576

LATKMI collaboration, Y. Aoki, T. Aoyama, M. Kurachi,
T. Maskawa, K.-i. Nagai, H. Ohki et al., Light composite scalar
in twelve-flavor QCD on the lattice. Phys. Rev. Lett. 111, 162001
(2013). arXiv:1305.6006

T. Appelquist et al., Strongly interacting dynamics and the search
for new physics at the LHC. Phys. Rev. D93 (2016) 114514.
arXiv:1601.04027

LATKMI collaboration, Y. Aoki et al., Light composite scalar in
eight-flavor QCD on the lattice. Phys. Rev. D89, 111502 (2014).
arXiv:1403.5000

R.A. Briceno, J.J. Dudek, R.G. Edwards, D.J. Wilson, Isoscalar
mr scattering and the o meson resonance from QCD. Phys. Rev.
Lett. 118, 022002 (2017). arXiv:1607.05900

69

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

. Z. Fodor, K. Holland, J. Kuti, S. Mondal, D. Nogradi, C.H. Wong,
Toward the minimal realization of a light composite Higgs. PoS
LATTICE2014, 244 (2015). arXiv:1502.00028

A. Athenodorou, E. Bennett, G. Bergner, B. Lucini, Infrared regime
of SU(2) with one adjoint Dirac flavor. Phys. Rev. D91, 114508
(2015). arXiv:1412.5994

R. Arthur, V. Drach, M. Hansen, A. Hietanen, C. Pica and F. San-
nino, SU(2) gauge theory with two fundamental flavours: a minimal
template for model building. arXiv:1602.06559

E. Bennett, D.K. Hong, J.-W. Lee, C.J.D. Lin, B. Lucini,
M. Piai et al., Sp(4) gauge theory on the lattice: towards
SU(4)/Sp(4) composite Higgs (and beyond). JHEP 03, 185 (2018).
arXiv:1712.04220

J.-W. Lee, E. Bennett, D.K. Hong, C.J.D. Lin, B. Lucini, M. Piai
et al., Progress in the lattice simulations of Sp(2/N) gauge theories.
PoS LATTICE2018, 192 (2018). arXiv:1811.00276

Bennett, D. K. Hong, J.-W.Lee, C.J. D. Lin, B. Lucini, M. Piai etal.,
Sp(4) gauge theories on the lattice: Ny = 2 dynamical fundamental
fermions. arXiv:1909.12662

R. Delbourgo, M.D. Scadron, Dynamical symmetry breaking and
the sigma meson mass in quantum chromodynamics. Phys. Rev.
Lett. 48, 379-382 (1982)

A. Doff, A.A. Natale, Technicolor models with coupled systems
of Schwinger—Dyson equations. Phys. Rev. D 99, 055026 (2019).
arXiv:1902.11072

L. Wang, Z. Fu and H. Chen, Hadronic coupling constants of go 7
in lattice QCD. arXiv:1702.08337

J.R. Pelaez, G. Rios, Chiral extrapolation of light resonances from
one and two-loop unitarized Chiral Perturbation Theory versus lat-
tice results. Phys. Rev. D82, 114002 (2010). arXiv:1010.6008

S. Fichet, G. von Gersdorff, E. Pontéon and R. Rosenfeld, The
Global Higgs as a Signal for Compositeness at the LHC, JHEP.
01, 012 (2017). arXiv:1608.01995

M. Bando, T. Kugo, K. Yamawaki, Nonlinear realization and hid-
den local symmetries. Phys. Rept. 164, 217-314 (1988)

@ Springer


http://arxiv.org/abs/1605.05761
http://arxiv.org/abs/1003.4451
http://arxiv.org/abs/1109.3717
http://arxiv.org/abs/1711.00102
http://arxiv.org/abs/1511.04716
http://arxiv.org/abs/1510.03818
http://arxiv.org/abs/1904.09964
http://arxiv.org/abs/1512.02576
http://arxiv.org/abs/1305.6006
http://arxiv.org/abs/1601.04027
http://arxiv.org/abs/1403.5000
http://arxiv.org/abs/1607.05900
http://arxiv.org/abs/1502.00028
http://arxiv.org/abs/1412.5994
http://arxiv.org/abs/1602.06559
http://arxiv.org/abs/1712.04220
http://arxiv.org/abs/1811.00276
http://arxiv.org/abs/1909.12662
http://arxiv.org/abs/1902.11072
http://arxiv.org/abs/1702.08337
http://arxiv.org/abs/1010.6008
http://arxiv.org/abs/1608.01995

	Sigma-assisted low scale composite Goldstone–Higgs
	Abstract 
	1 Introduction
	2 Misalignement and dynamics
	3 Modelling the strong sector
	4 Constraints on the model
	4.1 Perturbativity and unitarity
	4.2 Higgs measurements
	4.3 Electroweak precision observables

	5 Direct searches for the heavy scalar at the LHC
	6 Tecni-σ interpretation
	7 Conclusions
	Acknowledgements
	Appendix A: Scalar properties
	Appendix B: Current mass of the underlying fermions and constraints on Higgs BSM branching ratio
	Higgs decay constraint

	Appendix C: Vector meson dominance in EWPOs
	References




