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Abstract

We consider a fully dynamical origin for the masses of weak gauge bosons and heavy quarks of the Stan-
dard Model. Electroweak symmetry breaking and the gauge boson masses arise from new strong dynamics,
which leads to the appearance of a composite scalar in the spectrum of excitations. In order to generate mass
for the Standard Model fermions, we consider extended gauge dynamics, effectively represented by four
fermion interactions at presently accessible energies. By systematically treating these interactions, we show
that they lead to a large reduction of the mass of the scalar resonance. Therefore, interpreting the scalar
as the recently observed 125 GeV state implies that the mass originating solely from new strong dynamics
can be much heavier, i.e. of the order of 1 TeV. In addition to reducing the mass of the scalar resonance,
we show that the four-fermion interactions allow for contributions to the oblique corrections in agreement
with the experimental constraints. The couplings of the scalar resonance with the Standard Model gauge
bosons and fermions are evaluated, and found to be compatible with the current LHC results. Additional
new resonances are expected to be heavy, with masses of the order of a few TeVs, and hence accessible in
future experiments.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

The discovery of the Higgs boson at the Large Hadron Collider (LHC) [1,2] established the
Standard Model (SM) as an accurate description of elementary particle interactions [3—5]. How-
ever, it is know that the SM is incomplete: for example, the SM itself does not provide any clue
towards understanding the generational structure and mass patterns of the matter fields. Further-
more, understanding the origin of dark matter or the baryon—antibaryon asymmetry continue to
provide motivation for searches of viable beyond-the-Standard-Model (BSM) scenarios.

So far the LHC has shown no sign of new particles typically predicted by various BSM se-
tups, such as Technicolour (TC) and its variants (see [6,7] for review). Furthermore, the lightest
resonance in a model of dynamical electroweak symmetry breaking is naturally expected to be
much heavier than Mg =~ 125 GeV [8]. These premature concerns rest on treating new strong
dynamics in isolation, i.e. without taking the interaction with the SM fields into account. A light
scalar can arise from approximate global symmetries, as in models where the Higgs is a pseudo
Goldstone boson associated with chiral symmetry [9-11] or scale invariance [12—16]. Another
possibility is that the light SM-like scalar arises from strong dynamics due to peculiar decoupling,
see [17]. However, only recently it has been realised that also with QCD-like TC dynamics the
scalar particle can become light because of loop corrections originating from extended sectors,
which are always required in TC models to account for the generation of fermion masses. In [8]
a preliminary analysis, using simply SM-like Yukawa couplings to parametrise the effects from
the coupling with the top quark, was carried out to point out this effect. In [18] this effect was
investigated in a fully dynamical model setup of simple extended Technicolour (ETC). Within
this model, a computation in the large-N limit was carried out, where N is the dimension of
the technifermion representation under the TC gauge group. It was then possible to rigorously
demonstrate a large reduction of the scalar mass from the value arising solely from new strong
dynamics. The amount of fine tuning involved is on the tolerable level of a few per cent [18].
However, the model considered in [18] was simple and devised only to illustrate this effect, and
it could not be used for a realistic description of the origin of all mass scales of the SM.

In this paper we present a necessary further development of the model framework described
above. We use a chiral fermion model, similar to the Nambu—Jona-Lasinio model (NLIJ), to ac-
count for TC dynamics, and augment it with a whole set of four-fermion operators, low-energy
remnants of ETC interactions. We show that the mechanism featured in [ 18] for the reduction of
the scalar mass also works in this case, and that the effective couplings of the composite Higgs
particle with the SM particles are very close to the SM-Higgs couplings, and hence compatible
with the LHC data." We also compute the oblique corrections and demonstrate the viability of
the model with respect to the electroweak precision data. One of our robust and generic findings
within this framework is that in order to reduce the Higgs mass from values near 1 TeV, natural
for new strong dynamics, to 125 GeV, the ETC interactions must be strongly coupled. However,
we only consider scenarios in which the ETC interactions, although strong, are not strong enough
to generate fermion condensation. Therefore, we complement the analysis of [20], where a model
with strong ETC dynamics and weak TC interactions was considered.

Model building of the full gauge dynamics required by ETC theories is challenging [21]. Our
effective theory, formulated in terms of four fermion couplings, and taking into account only the
third generation quarks, can hopefully be seen as a stepping stone towards more complete dy-

1 See also [19] for a related study.
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namical theories of flavour. There exists lots of earlier work using NJL-like models to describe
dynamical electroweak symmetry breaking and the associated Higgs physics, see e.g. [22-30].
There is also a large lattice program motivated by applications to BSM physics and aimed at
studying strong dynamics in isolation [31-40]. For lattice studies concerning four fermion in-
teractions see e.g. [41,42]. Our analysis should be applicable in refining the phenomenological
interpretation of the lattice results.

The paper is organised as follows. In Sections 2 and 3 we introduce the effective description
of the strong TC dynamics, and the interactions arising from the ETC theory, in terms of a
chiral-techniquark model augmented with four fermion interactions. In Section 4 we show how
confinement and cutoff are realised in the model when smearing the momentum integrals with a
mass distribution density for the techniquarks. In Section 5 we demonstrate how the fundamental
SM fields acquire mass dynamically, whereas in Section 6 we prove that a strongly-coupled yet
subcritical ETC theory may lead to a large reduction of the mass of the lightest scalar resonance
from values near 1 TeV to 125 GeV. In Section 7 we compute the coupling of the scalar resonance
with the fundamental SM fields, and in Section 8 we evaluate the oblique electroweak parameters.
In Section 9 we present the numerical results of our analysis for two different TC theories, and
compare with precision data as well as LHC results. Finally, in Section 10 we conclude and
discuss the further prospects.

2. Chiral-techniquark Lagrangian

We focus on TC theories featuring one colourless weak technidoublet, Q = (U, D), in the
complex N-dimensional representation of the TC gauge group. We assume that there are no
additional weak doublets. Therefore, in order to avoid the topological Witten anomaly, N must be
an even number. Since the spinorial representation is not complex, we musthave N =4,6,8, ....
Cancellation of the standard gauge anomalies, and requiring the electromagnetic gauge group to
remain unbroken, impose the hypercharge assignments

Yo, =0, YURZ%’ YDRz—%. (1)
In the limit of zero electroweak gauge couplings, the techniquark kinetic terms feature a global
SU2)r x SU(2)g chiral symmetry, which is dynamically broken by the TC force to SU(2)y .
The lightest states, and the only ones that we include in our analysis, are therefore expected to
be the massless technipion triplet — which upon electroweak gauging become the longitudinal
component of the W and Z boson — and a scalar singlet H, which will be identified with the
Higgs particle. In order to model TC dynamics, we employ a chiral-techniquark Lagrangian
featuring both constituent techniquarks and resonances. This reads

L=Lgz+ OLiPOr + UgiPUg + Dgilp D
y = — m*
~Mo (14 2—H+) (0L20r+0rT'QL) = - H 4+ Lprc. ()
Q

where Lgg; is the SM Lagrangian without the terms containing the Higgs doublet, the covariant
derivatives are with respect to the electroweak gauge fields, the ellipses denote higher-order terms
in H, and the TC gauge indices have been suppressed from the techniquark fields. The field X is
the standard non-linear sigma-model field,

21 T
Y =exp ——, 3)
v
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where IT' is the technipion triplet, 27" are the Pauli matrices, and v is the vacuum expectation
value. The composite nature of the H and IT’ fields in (2) is manifest because the corresponding
kinetic terms are absent. These are generated radiatively, and vanish at some large compositeness
scale. Finally, Lgrc contain four-fermion operators which are obtained by integrating out the
heavy ETC gauge bosons. These are considered in more detail in the next section.

3. Four-fermion operators from ETC

In Lgrc we only consider four-fermion operators containing the techniquark doublet and the
top-bottom doublet g = (¢, b). In fact, operators built out of lighter SM fermions are expected
to arise from exchanges of very heavy ETC bosons, and are therefore highly suppressed at the
electroweak scale. We focus on ETC theories in which left-handed and right-handed fields belong
to different representations, and classify the four-fermion operators according to the quantum
numbers of the exchanged ETC gauge bosons. We assume that there is only one ETC gauge
boson with a given set of quantum numbers, and that, under the TC and QCD gauge groups, the
ETC bosons are either singlets or N- and N .-multiplets, respectively. This categorizes the ETC
bosons into five distinct classes which we call A, B, C, D, and E: The classes A and B correspond
to bosons which are TC and QCD singlet with hypercharge ¥ = 0 (for class A) and ¥ = 1 (for
class B). The classes C, D and E consist of bosons which are N- and N.-multiplets of TC and
QCD, respectively, with hypercharge ¥ = 1/6 for class C, Y = 5/6 for class D and Y = 7/6 for
class E.

Below the ETC scale the ETC gauge bosons G, are heavy with masses M. Integrating out
the heavy bosons leads to effective four fermion interactions. Generally, the relevant terms in the
fundamental Lagrangian are of the form

LG~ gxx X yu X' G* + M%5G,GH, 4)

where X and X’ are any of the fermions Q, g, U, D, t, b, and all interaction terms allowed by the
representation of the ETC boson under consideration should be taken into account. Integrating
out the ETC boson G, at tree-level gives first

8XX < Y
Gt ~-22XX %y x (5)
iz 2 H o
Mg

and, after plugging back in EgTC, one obtains the effective four fermion interaction

lgxx|?

= 2
Lore~ =~ o [Xvu X" 6)
G
valid below the ETC scale. For example, for the class D and E bosons this procedure leads to
2 2
D lgusl” = = E lgprl” = -
Lgre = Ve (Uryubr) (brY"Ur). LErc = M (Dryutr) (irY" Dr)
D E

)

where the quark colour index a = 1,2, ... N, has been suppressed. The complete results of this
classification are given in Appendix A. Also, it is convenient to Fierz rearrange some of the
products of fermion bilinears. The formulas which we use are given in Appendix B.

Note that the diagonal couplings gxyx are real, but the off-diagonal couplings gxy, with X # Y,
can be complex. We assume that also these couplings are real,

gxy = &XY » )
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i.e. we assume that there are no new sources of C P violation. Furthermore, for simplicity we
assume that all ETC masses are identical:

Muy=Mp=Mc=Mp=Mg=M. )]

Putting together all ETC operators from Appendix A and using the Fierz rearrangement formulas
from Appendix B, under the above assumptions, gives the ETC Lagrangian

Lerc =2Goqui [(OLUR) (frqr) + @rtr) (UrQL)]
+2Gguop [(QLDr) (braL) + GLbr) (DROL)]
+2Goouu (0LUR) (UrQL) +2Goopp (0L Dr) (DrOL)
+2G gque G11R) (TRGL) +2G gqib @ 1LbR) (brRL) + ALETC . (10)

where the couplings are defined as

80q8 80q8
Goqur = Q/(q/lzm » Gogpb = %2Db ,
G UUEgQQgUU G DDEgQQgDD
00 NMZ 0. NM2
8qq8 8qq8bb
Gaan =305+ Caarw = 55 an
The contribution A Lgtc is more complicated and reads
18 182 1¢2, —
ALgrc = _EML (OLyuOr ) - Eﬁ (CILV;LCIL) - 5% (URV;LUR)Z
1g3) 2 gk - > 183,
BENYE (DRJ/MDR) - Eﬁ (fRVutR) - 2./\/12 (bRVubR)
80084q + 85,12 — _ _ ]
- # (QLvu Q1) (Gry*qL) — gQan (QLvuOL) (TrRY"tR)
M
gQngb (QLyu0OL) (bry"br) — gqjj;’” (QLV;J.CIL) (Ury"Ur)
- % (7vunar) (Dry"Dr) — ng\ijD (UryuUr) (Dry" Dr)
+ 80 - ; +
_ 78UU§3\1/12 8us (UR)/MUR)(Z‘RV“t ) —guugj\l;ﬂ Sub (URV;LUR)(bRVMbR)
+ 8% = ] +
— SR8 Dy D) iy 1) — %fgmwmm)(bww
_ 8118bb T g%}p =  ou
e (trYutr) (brRY"bR) — v (UryuDr) (Dry"Ug)
2
8t

— L2 (iryubr) (bry"1R)

_ 8up&th + 8U18Db

2 [(UrvDr) (bry"1r) + (DRYWUR) (V" DR)]
2g

MZ

% (Quyat 00) (@r"Tar) + 2228 (0, 14U (UnTieon)
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4 DD (~ = 4849811 ( - ;

+ 2800800 (5, 1. Dy ) (DT QL) + S48 (7, Tieptn ) (i Tienar )
484980 ( -

+ =23 (31 Tenbr) (PaTGepar ) (12)

where TT‘% are the TC generators for the N representation, and TQaCD are the generators for the
fundamental representation of SU(N,). These matrices are normalised as

1 1 1
TeT'T/ =28, T T8cnToep = 55“” , TrT{eTE = 55/‘3 : (13)

As we shall see below, the operators not included in A Lgtc contribute both to scalar and fermion
masses, whereas the operators included in A LgTc contribute to neither.?

We compute observables in the large-N limit, with N/N, finite. For a consistent large-N
expansion, the ETC couplings gxy must scale like l/ﬁ . Therefore, the Go,ur and Gogpp
couplings in (11) scale like 1/N, whereas the diagonal couplings Gppxx and G44xx scale like
1/N?, the extra factor of 1/N arising from the Fierz rearrangement of the class-A operators. It
is clear that the operators in (11) contribute to mass, as they involve bilinears mixing left-handed
and right-handed fermions. Therefore, we get mass contribution at leading order (LO) in N
from the G g4ur and G gypyp operators, and contributions at next-to-leading order (NLO) from the
Gooxx and Gg4xx operators. On the other hand, the operators contained in ALgrc contribute
to fermion and scalar masses neither to LO nor to NLO in the large-N expansion. At LO this is
evident from the presence of uncontracted y,, matrices in separate loops. The NLO is zero either
because of the appearance of products P Pg = 0 (as in the case of left-left bilinear products
and the operators with the TC and QCD generators), or because it is manifestly absent (as in the
case of left-right bilinear products mixing quarks and techniquarks). Hence, we can consistently
compute masses to LO and NLO by only considering the operators in (11). However, NLO
computations are rather complicated. In this paper, we find it more convenient to formally treat
the Ggpxx and Gggxx couplings as quantities scaling like 1/N, and compute all observables
to LO in the large-N expansion. The error is still NLO in 1/N, but this approach allows us to
account for the important mass contribution from the class-A operators.’

4. Cutoff and confinement

There are two physical cutoffs in the model: A, associated to TC dynamics, and the ETC
scale M. Therefore, we are naturally led to use a cutoff regulator for the standard loop integrals.
It is not clear, though, which one of the two cutoffs should be used to evaluate the integrals.
A possible approach consists in using the smaller mass scale, which we assume to be A. This,
however, would imply losing information from the dynamics occurring between A and M. Fur-
thermore, it is well know that making the techniquark loop integrals finite with a sharp cutoff
does not account for confinement, as the fermion propagators go on-shell for sufficiently large
external momenta. A solution to both problems is provided by models of confinement. In the
model of [43], for instance, the interaction of n external mesons is given by amplitudes of the
form

2 Note that in TC theories with near-conformal dynamics, four-fermion operators with techniquark bilinears may be en-
hanced relative to operators with quark bilinears. In this paper we will not pursue such more model dependent questions,
but treat all four fermion interactions appearing in (10).

3 This approach is similar to the one adopted in topcolour—assisted Technicolour for treating the new hypercharge
interactions.



S. Di Chiara et al. / Nuclear Physics B 900 (2015) 295-330 301

lT(fZlvaZ,-,Qn—l)

_ d*k [ dMg ik =1+ M)
:_/(27{)4/ 2mi PMO T S e

_Mé
x il ik —di — ¢2+MQ) ..ianli(k_ﬁl_ﬁz_“'_ﬁnfl-i-MQ)
(k 511—‘]2)2 (k_ql_qZ_"’—qn,])z—
M
Xir"l/(fitiMz) (14)

where I'; are matrices in Dirac space, and are determined by the quantum numbers of the external
mesons. Here the fermion mass M is a complex variable which is integrated along a closed
contour enclosing the external momenta. Confinement and convergence of the integrals are both
guaranteed by taking the function p(z) to be holomorphic everywhere and decreasing faster than
any polynomial for |z| — oo. Under these assumptions we may use the Cauchy integral formula
to obtain

p(z)=/di.QM=l /K2)+ ! S 2b(=27/k%) (15)
2ni Mg —z «

where « is an intrinsic mass scale of confinement, and a(§), b(§) — 0 faster than any polynomial
for |£| — oo. The equation above gives

dMy p(Mo) M /dM o(Mg)
2,2 o pMg) Mg 2,2 2 0 0

— . b(— = —= 16
=2/ K/ 2mi M} — 22 (/) =« 2wi M7 — 22 (1o

Consider for instance the two-point function for two external scalar mesons, thatis 'y =T, = 1:

d*k /dMQ( o i Lk —d+Mg) i(k+Mo)
(2m)* k—q)?—M} k-

iT(g) =— (I7)

After combining the denominators, reducing the powers of M in the numerator, Wick rotating,
shifting to Euclidean momentum, and changing the integration variable to u = k2 we obtain

1 00
iT(q)—ﬁ—z dx/du[ 2u %—u] (u/K —x(1 = x0)q%/ ) . (18)
0

Integrating by parts, and using the hypothesis that b(&) decreases faster than any polynomial for
|&] — o0, leads to the result

3
T(@) = [? Bitg) +4* Bo())] . 19)
where
1 e’}
Bo(¢®) E/ /sxa—x)b(s—xa—x)q /).
0 0

o0

1
Bi(¢*) = / dx / dg —x(l—x)qz/xz) b(E —x(1—x)q*/x?) . (20)
0

(=}
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These functions are finite and, featuring no pole singularity, imply fermion confinement.
It is interesting to compute the three-meson and four-meson interactions at zero external mo-
menta. For three external mesons we have to compute integrals like

4 M M ] M ] M
d*k /d Q (M) TriT i(f+ Q)l.rzl(k‘i‘ Q)l.r3l(k+ 0)
Qm* ) 2wi k2 — Mé k2 — Mé k2 —

In general, this requires evaluating an integral of the form

, d* [ dMp c1 Mg k? + 3 M),
iteren= [ S5 [ G2 oo e @

where the coefficients ¢; and c¢3 depend on the I'; matrices. Employing the same techniques
leading to (19) gives

2d2

1 1OO u d 5
I(Cl,CS)ZW;/ (c1+e3)= > g Teu a(u/k”) . (22)
0

Integrating by parts twice, and using the hypothesis that a (&) decreases faster than any polyno-
mial for |£€| — oo, leads to

I e3) = —— [ dta) . (23)
1672
0

In the case of four external mesons at zero external momenta, the integrals to be computed are
like

d*k dMQ i(f+Mp) . i(k+Mp)
/(271)4/ p(Mo) Trily K2 — M) SEE
ik+Mp) . . ik+Mo)

x il
Yeomy e

This requires evaluating an integral of the form

d*k [ dMg co (k*)? + e My k? + ca M,
i I (co, ca,cq) =— M , 24
iI(co, c2,ca) (27_[)4/ i P 0) (kz—Mé)‘* (24)
which eventually gives
o0
I(co, c2,c4) = Tom 2/d§b(§) (25)
0

The interesting aspect of (23) and (25) is that only the highest power of momentum contributes to
the loop integral. This is important, as it preserves the special relation between form factors which
is implied by the underlying chiral symmetry. In fact, using a sharp cutoff, rather than a confining
function, the terms with the highest power of loop momentum, in the three-point and four-point
vertices, correspond to the leading divergent logarithm, which preserves the underlying chiral
symmetry [44].
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If we use a distribution density p (M) to smear the integrals over techniquarks, we may cutoff
the full theory at M. The integrals over SM quarks are cutoff at M, whereas the integrals over
techniquarks are naturally finite. Clearly we must choose an appropriate function p(M), and
integrals are unavoidably more difficult to evaluate than the standard loop integrals, especially
in the presence of isospin mass splitting. However in our analysis we are only interested in
small external momenta, and thus we are not concerned with unphysical thresholds. Therefore,
we make the approximation of using a sharp cutoff A for the loop integrals over techniquark
momenta, rather than a distribution density, while still cutting off the SM-fermion loop integrals
at M. This approach allows the dynamics between A and M to contribute to the low-energy
observables, and at the same time preserves the symmetries of the Lagrangian [ 18]. In accordance
with the above results, our prescription is the following:

1. Compute integrals over techniquarks with a cutoff A, and integrals over ordinary quarks with
a cutoff M.

2. In evaluating interaction vertices, retain only the logarithmically divergent part of the inte-
gral.

3. Evaluate the integrals at zero external momenta.

We will need to evaluate fermion loops with external weak bosons, hence we must use a reg-
ulator preserving gauge invariance. Since we are using a cutoff, we find it convenient to employ
the regularisation prescription of [45], and require that the relation

Al lpuley g [ dYE 1
Qo) (Z +m>r+t 20 ) Qm)* (% + m?)

(26)

is satisfied, for integrals in Euclidean space, for any n > 1. After this condition is imposed,
integrals may be evaluated with a sharp cutoff. In [45] this prescription is shown to satisfy the
Ward identities.

We end this section by enlisting the standard integrals used for computing the two-point func-
tions. In accordance to the prescription above, we evaluate these at zero external momentum:

d*k 1
Qm)* k2 — M2

; /d / d*l 1
Xy = — X
QoY (12 = x M2 — (1 — x)M2)?

Ix =

© /dx/ d*l X
Xy = (27_[)4 )2(_ (1 —X)M}z,)z
d*l x(1=x)
Lyvy = — . 27
Xy = 1/ / (27T)4 12 xM)z{ . (1 _x)M%/)Z ( )

In order to evaluate the scalar wavefunction renormalisation, as well as the S parameter, we
also need to consider Jyy at finite external momentum ¢, take the derivative with respect to qz,
and evaluate the resulting integral at ¢g> = 0. Since the latter has dimension 1/M2%, we find it
convenient to define
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e O
Nes
a8

Fig. 1. Diagrams contributing to the fermion masses at LO in the large-N expansion. The dominant contribution to U
and D mass arise from TC dynamics, and is denoted by the tree-level mass insertions.

oo / 't My (28)
XX = 3 (27.[)4 (12 . M§)3 :

O
Q)
OO

We provide explicit expressions for these integrals in Appendix C.
5. Mass of the fundamental particles
5.1. Fermion masses

To LO in the large-N expansion, the fermion masses are given by the diagrams of Fig. 1.
These lead to the coupled equations

My =Mgp+4N Goouu My Iy +4 N Goqu: M; I
Mt=4NGQqUIMU Iy +4NchqttMt I, (29)

and

Mp =My +4N GgooppMp Ip +4N:Gogpp My I
Mp=4N Gogprb Mp Ip +4 N Gyqpp Mp I . 30)

Note that unlike the model of [18], in which the only ETC operator was the one proportional
to Gggur, now we have additional ETC contributions to mass. In particular, the U — D isospin
splitting may be softened or even set to zero by adjusting the Gpgyy and G ggpp operators. This
removes the major obstacle of [18]: There, in order to obtain a large reduction of the TC-Higgs
mass, the value of Gg,ur X M had to be increased. This, in turn, made U considerably heavier
than D, and the 7" parameter unacceptably large. Now, instead, contributions from Gggyy and
G gopp have a double effect: they reduce the amount of U — D isospin splitting, and, as we shall
see, contribute to further reduce the TC-Higgs mass.
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U t
W\O\/\N + ’V\/\O\M
D b
N\AOV\A« + M\/\OVW + ’V\/\O\/W + @\N
U D t b

Fig. 2. Diagrams contributing to the coefficient of gV in the W (top) and Z boson (bottom) VPAs. Contributions from
the operators contained in A LgTc are suppressed by a factor of the order of M é /M2, and may therefore be ignored.

5.2. Weak boson masses

We may compute the W mass in terms of the fermion masses. In order to do so we must
compute the corresponding vacuum-polarisation amplitude (VPA), which is required by gauge
invariance to be transverse:

Hw v
My (@) = Mww(g?) (g*” - %) . (31)

The expression for Iy (g?) can be extracted from the g*¥ part of the amplitude. Ignoring con-
tributions from ALgrc, which are suppressed by a factor of the order of M é //\/12,4 the only
contribution to g" arises from the one-loop diagrams of Fig. 2 (top). In order to recover a fully
transverse result, one needs to include an infinite chain of fermion loops, as well as tree-level
Goldstone bosons exchanges. Using the fermion mass equations, we have verified in the simpli-
fied case Ggouu, Goopp — 0O that transversality is recovered. From the one-loop diagrams we
obtain

Mww(g?) = —282[1\’ Lyp + N, Ltb]qz
+ 82| N Mg Kup + N M} Kpu + Ne M? Kup + Ne M3 Kt | (32)

Since the W boson has a tree-level kinetic term, to leading-order in the weak coupling g we may
ignore the first term. Then My is given by’

M2, =g [N M3 Kup + N M3 Kpy + Ne M2 Ky, + No M2 K;,t] . 33)

We may rewrite this equation as

! :4[NM,2] Kup + N M2 Kpy + Ne M2 Ky + N M2 Kb,] , (34)
V2Gr
where G r is the Fermi constant, («/f Gp)~! ~246 GeV. Equation (34) generalises the Pagels—
Stokar equation by taking into account the ETC contributions. Using this equation, together with
the fermion mass equations (29) and (30), we can solve for Mg, My, Mp, Goqur, Gogpp, as a
function of A, M, Goguu, Goopp> Gyqit» Ggqbp, N, and the experimental values of G g, M;,
Mp, and N..

4 The ALEgTc contribution to My and M7 may be ignored as long as the corresponding contribution to the T param-
eter is within experimental bounds, which is anyway a strict requirement for viability.

5 Clearly the contribution from M}, is completely negligible: however we display it in order to show the contribution
from all isospin components.
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U Ut U

Fig. 3. The diagrams contributing to the TC-Higgs self-energy are shown in the top figure, including the tree-level mass.
The shaded circles represent the sum of fermion-bubble chains, as shown in the bottom figure.

We finally compute the mass of the Z boson. The result is

:g2+g/2

2
M7 >

[N M3 Juw+ N M3 T + Ne M Jyg + Ne M3 T | (35)
6. Mass of the TC Higgs

The TC-Higgs self-energy is given by the chain of diagrams shown in Fig. 3. Including the
tree-level mass M2, we obtain

) Ty )
Yup=—-M"+Ny 2 55 755 T 2 5S 7SS | (36)
1-NN, GQqUtIUUI” 1—- NN, GQquIDDIbb
where
ISS
%7 X=U,D
o 1 — N Gooxx Iy
Iyxy = (37)
Ja
%’ X = t, b ,
1—-N, quxx IXX
and
ss . [ dY% i (k+ My) i(k+4q+ Mx)
Iyy=—i 7 Ir 7 2
Qm)* K2 —My+ic(k+q9)?—Mg+is
=2 (4> = (Mx + My)?) Jxy +2(0x + 1) (38)
We trade M for the one-loop mass Mgo:
~M2 N (I8 15) L, =0, (39)
q°=Mp;,

This is a quantity with a precise physical meaning: after including the ETC corrections to the TC
vacuum, which are encoded by the expression for G in (34), My is the scalar mass due to TC
dynamics alone, and can be estimated, for instance, by scaling up the mass of the o meson from
QCD. Using this definition, ¥ g becomes
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> Ly p
Xuu =Ny 2 S5 755 T 2 55 7SS
1= NNeGhy, I8 TS 1= N NG Ton Tsy
(155, + 158 ) . 40
(UU+ D) 2y (40)

The physical Higgs mass, Mg ~ 125 GeV, is found by solving the equation
SHH (M%,)zo. (41)
This can be solved for Mg by using (38) in (40)

1 73S 758
M%{O _ [( uu + DD >
2(Juu + Jop) L\ 1 = N Ne G0, Ty T 1= N NeG ooy Ton Loy /) g2=m?y

+8(M{, Juu + M3, Jpp) — 4y + ID)] : (42)

To understand the implications of (42), we assume for a moment that we can expand in the
ETC couplings. Expanding up to the linear term in the four-fermion couplings, and ignoring
corrections of the order of M}z{ /A2, leads to the approximate relation

2 , N (Goouu + Goopp) A? A?
My = My — 5 ———— (43)
4 (fog(A2/ M)
where we defined
__ A2 A?
log— =log— — 1, (44)
2 2
My My
and
<1_A2> 1(1_ A’ +log A2) (45)
og—)=-|log— +log—-
My 2\ T ME M2

The last factor in (43) is reasonably of the order of (1 TeV)?2. Estimates obtained by scaling
up the mass of the o meson from QCD to a TC theory suggest Myo < 1 TeV [46]. Therefore,
the factor containing the ETC couplings, in (43), must be O(1). Bounds on the ETC couplings
can be derived by requiring that the series leading to (36) and (37) are convergent. This gives the
constraints

NGQQUUA2<4-7'L’2 s NGQQDDA2<4-7'L’2 s
Ne G M? <41® | No G gqpy M? < 47?2, (46)

which guarantee, respectively, no UU, DD, it, and bb condensation from ETC, and the con-
straints

N NeGhy AP M2 <161* . N NGy A* M? < 167% (47

which prevent the ETC force from generating Ut and Db condensates, respectively. If the
ETC couplings are large enough, yet subcritical, we obtain N (GQQUU + GQQDD) A?/An? ~ 1,
which, according to the estimate (43), is the order of magnitude required for the ETC interac-
tions to reduce the TC-Higgs mass from O (1 TeV) to O (100 GeV). Clearly, as the four-fermion
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couplings reach the critical value for condensation, the expansion (43) becomes less and less
accurate. On the other hand, (43) shows unambiguously that four-fermion couplings much be-
low the critical value cannot lower the scalar mass from values around 1 TeV to values of
O(100) GeV. Therefore, we conclude that only strongly-coupled ETC interactions can lower
the mass of the TC-Higgs to the observed value of 125 GeV. This argument does not apply to TC
theories with near-conformal dynamics, which are expected to feature a light scalar resonance
even in isolation, i.e. with the ETC interactions switched off.

As this discussion implies, there will be some amount of fine tuning involved in this scenario.
However, the same applies to practically any BSM scenario which explains the relatively small
mass of the observed Higgs boson. For example, in walking TC the fine tuning is associated with
engineering the matter content or couplings so that the theory is only slightly within the critical
region for the onset of spontaneous chiral symmetry breaking. In our case the amount of fine
tuning can be quantified in a simple way as

2
_ My
=—=.
MHO
The concrete values are on the level of few percents. For example, for My >~ 1 TeV, FT ~ 1.6%,
whereas for Mgo ~ 600 GeV, FT >~ 4.3%.

We end this section by evaluating the wave function renormalisation Zy = £/, ;. In order to
compute the latter, we need

FT (48)

dIgy q’ ,
e =2Jxx +8 Pyve: — 1) Jyx - (49)
We obtain
N y?
Zy= 5 5
(1= N Ne Gl TETS) " (1= N Goouu 1)
2 §5\2 (7S5 )?
dIfy,  NNeGoy, (Z0)" (Igy)” arss
2 2 2
dq (I;ES) dq
N 2
+ Y 3 5
SS 7SS SS
(1 — NN G2QquIDDIbb> (1= N Gooop Ipp)
2 $5Y2 (7SS \2
drss, n N NeGoupp (Zp)" (Ipp) dIsy (50)
2 S5\ 2 2
44 (7o) 44
Neglecting terms of order M)Z( /AZ?, and using the fermion-mass equations, gives
2 SS SS SS SS
~ Y 2 dIUU 2 dIDD 2 dly 2d1bb
ZH—M—é|:NMU dqz +NMD dqz +NCMt dq2+Nchd—q2 . (51)

To a good approximation we may also ignore J,’(X/ Jxx, and set Jyx ~ 2Kxy >~ 2Kyx, where X
and Y are U and D or t and b. Using (34), this gives

y2

Iy~ — . (52)
" \/EGFMé
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Fig. 4. Diagrams contributing to the UU H and ti H Yukawa vertices. The DD H and bbH vertices are just obtained by
replacing U and ¢ with D and b everywhere.

7. Couplings of the TC Higgs

In this section we compute the coupling of the TC Higgs with the constituent techniquarks,
the SM quarks, and the weak bosons. The TC Higgs coupling to gluons is the same as in the
SM, given that all new particles in our model are colourless: since the Higgs is produced at LHC
mainly via gluon—gluon fusion, the TC Higgs production rate is SM like. On the other hand the
triangle loop responsible for the TC Higgs coupling to two photons receives new contributions
from the technifermions and, at next to leading order in N, from charged composite technivector
bosons. Contrarily to the SM, where the W boson gives the largest contribution to the loop ampli-
tude, the technivectors contribution is suppressed by a factor of N~!: it is therefore foreseeable
that, assuming that the technifermions and technivectors’ respective couplings to the Higgs are
SM-like, for some value of N larger than one the contributions to the Higgs coupling to diphoton
of the technivectors and technifermions simply cancel each other. A full calculation of the Higgs
coupling to diphoton goes beyond the limits of this study, as it would require us to introduce a
whole new sector involving also the technivectors. On the other hand the assessment made above
shows that the TC-Higgs coupling to two photons can be matched to the experimental value for
a suitable value of N in the same region of parameter space producing SM-like tree level Higgs
couplings: for this reason we postpone to future work the computation of the TC-Higgs coupling
to two photons.

7.1. Coupling to fermions

To leading order in the large-N expansion, the diagrams contributing to the coupling of the
TC-Higgs to fermions are shown in Fig. 4. These lead to the effective Yukawa vertices
Lyuawa=—YyyUUH —ypDDH —y,itH—y,bb H (53)
where
1+ N Ggguu I(‘S}‘ng y

2 SS 7SS
1= N Ne G I8 T30 N Zn

Yu =

9
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Fig. 5. Diagrams contributing to the coupling of the TC-Higgs with the W boson (top) and the Z boson (bottom). The
Yukawa vertices are denoted by a black disk, and correspond to the diagrams of Fig. 4

_ NGoguiTijy + N Ne Guqu Goqui T Ty ¥

Yt , 54
I =NN:Gyu, T Ty VZn
and
SS
y 1+N GQQDDIDD y
D = s
1= NNeGoupy Ton Toy NZn
N Goup I35, + N Ne. Gygv G oy L33 T3S
yp = QgDb+pp ¢ Yqqbb U QqDb Lpp £pp Y (55)
L= N NG T Ty VZy

Neglecting terms of order M}z{ /A2, and using equations (29), (30), as well as the approximation
(52), leads to

1/2

o= (VaGr) My, y=(vice) m,, (56)
and
o~ («/EGF>1/2 Mp, ype~ (\/EGF)I/2 M, . (57)

Therefore, the top and bottom Yukawa couplings are close to their SM values. We shall evaluate
the Yukawa couplings numerically in Section 9.

7.2. Coupling to weak bosons

To leading order in the large-N expansion, the diagrams contributing to the coupling of the
TC-Higgs to the W and Z bosons are shown in Fig. 5. These are given in terms of the effec-
tive Yukawa vertices computed above. At zero momentum, these diagrams lead to the effective
vertices

1/2 172
Loww =2 M2, (ﬁGF) aw HW,F W+ M3 (ﬁGF) az HZ, 7" (58)
where

12
aw=4(V2Gr) " (N yu My Kup+ N yp Mp Kpu + Ne i My Kup + Ne o My Kiy)

x \/1 — 4V2G p(N:MP Ky + NeMZ K )
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172
=2(V2Gr) " (N yu My Juu + N o Mp Jpp + Ne i My Jit + Ne v Mo Jop)

X \/1 — 4V2Gp (N M2 Ty + NeMjy Jop) - o9

The factor under the square root is due to the fact that we must keep the SM reference value con-
sistent with the leading order computation in our model, and therefore include the contribution
from top and bottom loops. Expressed in terms of My and G r, we have

2MZ (V2G )2
gHWW
\/1 4G p(NM2Kop + NeMPKpo)

(60)

and similarly for g?,l\z/lz with the replacement of K;;, and K, with J;; and Jpp, respectively. The
effect of the correction from top and bottom loops is small: the reduction due to the factor in the
square root is on the level of 1-5%.

We may use the approximation Jyy >~ 2Ky, which is only valid as long as the isospin mass
splitting is small, and thus for phenomenologically viable My and Mp. However, we can use
this approximation also for M; and M, as the corresponding contributions to ay and az are
much smaller. Then, using (56) and (57), as well as (34), gives

az = aw =2Gr x 4(N M} Kup+ N M} Kpu + Ne M? Kip + Ne M3 Ko ) = 1.
(61)

The guyww and gpzz couplings are therefore close to their SM values. We shall evaluate numeri-
cally aw and az in Section 9.

8. Electroweak parameters

The general form of the electroweak vacuum polarisation amplitude (VPA) is

v
I%(q) = Mag(g®) (g“” - %) . (62)

As explained in Section 5, in order to recover a fully transverse result, all contributions have to
be taken into account, including tree-level exchanges of Goldstone bosons. However ITap(g?)
can be more easily extracted from the g"¥ part, which requires computing less diagrams. For
instance, the four-fermion operators not included in ALgtc only contribute indirectly to g*",
by affecting the fermion masses. Therefore, their contribution to l'IAB(qZ) can be extracted
from one-loop diagrams. On the other hand, the operators contained in ALgrc contribute di-
rectly to the g"” part of the VPAs, and a chain of fermion loops must be computed to obtain
the full leading-N contribution. However the fermion bubbles with external vectors are only
logarithmically divergent, and each loop brmgs a suppression factor of the order of M2 //\/l2
Therefore, the full contribution to IT4z(g?) from the operators contained in ALgrc is of the
form Ipp(g?) = two loop x [l + O(M)z(//\/ﬂ)] ~ two loop. As a consequence, in order to eval-
uate TT4p(g%) we only need to compute one-loop and two-loop diagrams, as shown in Fig. 6:
the one-loop diagrams give the contribution from the four-fermion operators not contained in
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Fig. 6. One-loop and two-loop diagrams giving the dominant contributions to the g"V part of the electroweak VPAs. See
text for details.

ALgtc (through modified fermion masses), whereas the two-loop diagrams give, to an excellent
approximation, the contribution from the operators contained in AL’ETC.(’
The S and T parameters are defined by

16w _,
S:anw(oy (63)
1
T = e [My3ws (0) — Dy+w-(0)] , (64)
w

where « is the electromagnetic coupling evaluated at the Z pole. We define standard units for S
and T:

1 2Gp M?
So=—>~0.05, TOEQ
61 1672«

Now we shall consider the different contributions to S and 7 from the four-fermion operators.
Unlike done so far, we will neglect the bottom mass, except, of course, in log M2 / M,f. The
building-block integrals for evaluating the VPAs are

~0.40. (65)

IBR oV 4 gig” terms
= )%% g"’ +q"q" terms
d*k i (f+ My) v p i(k+d¢+ Mx)

=i Try* P 66
et Lk2—M§+isy et —Mitie (©0)
and
IRE ¢V 1 gHgY terms
= )%)Ifglw + g*q" terms
d*k ' M ' M
Ei/ STyt Py l(k+2 v p l(k+¢+2"). . (67)
(2m) k> — My +ie k+g)?—Mg+ie
In order to compute S and 7 we need the integrals
(IF) 220 = (166) oo = =2 (Koer M} + Kyx MF) |
(I;?%)qzzo = (1;%5)4220 =2Jxy Mx My , (68)

and the derivatives

6 There are also one-loop diagrams with scalars and electroweak gauge bosons running in the loop, but these are
subleading in N. As we aim to perform a consistent calculation to leading order in N, we neglect these contributions.
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dIRR dILL
( XX> :< XX) :4LXX_2J)/(X9
dqz ¢%=0 qu ¢%=0

dl;?;%) <d1§§> :
XX ==X =2J}y . 69
<dq2 om0 \dg? )y T ©

together with (C.4). The one-loop contributions are simple and reproduce the usual results,
namely

N N, N,
Sone loop = 16 I:? (Jl/]U + Jl/)D) + 76 (Jz/t + Jl;b) + 1_2; (Jzt - Jbb)i| - SSM

M2 M?
o[ o(5) o ()]

for the S-parameter and

426G Juu J
7& F [N <KUD_ T) MU +N<KDU— %) Mlz)

Jit 2
+ N. Ktb_7 M; | — Tsm

:NTOMg—M“D—ZM?]M%)log(Mlz//M%)) o M2 +O<M2>
(Mg, — Mp) M7 M?

Tone loop =

(71)

for the T parameter. Then we consider the leading contributions, in the large-N expansion, from
the operators contained in ALgtc. As argued above, these are dominantly given by two-loop
diagrams. We label them according to the corresponding product of ETC couplings. The formulas
are collected in Appendix D.

9. Numerical results

The model parameters are g, g/, v, Mo, M, A, M, 800, 844+ 804> 8UU> 8DD> EUD> it
8hbs 8tbs Ut EDts 8Ub> &Db> and N. The Yukawa coupling y disappears after renormalisation,
whereas M can be exchanged for the dynamical mass M. We trade g, g’, M 0> MHo, gu:, and
gpp for the experimental values of o, Gr, Mz, My, M;, and My, respectively. Therefore, we
end up with the free variables A, M, g00, 84q> 804> 8UU> &DD> 8UD> 811> &bb» &tb> &Di> 8Ub>
and N. We may obtain an estimate of A by scaling up the corresponding quantity from QCD.
Putting together the Pagels—Stokar equation and the NJL formula for the mass of the o meson,
leads to the equation

N. A2

2 c )i QCD
= m: lo

S T it ™ m2 /4"’

where Agcp here is the mass scale of the non-Goldstone states and should not be confused with

the standard one defined in the literature (of the order of 200 MeV). We may solve for Aqcp,
and use the scaling law

\/ — AQCD , (73)

(72)
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where Fr1 = (v/2G )~ /2 ~ 246 GeV. Setting f,; ~ 93 MeV, m, ~ 441 MeV [47], and N, = 3,
gives

A2{2.7T6V N=4

22TeV N=6. (74)

We take these as an input to the numerical calculation. The ETC scale M remains as a free
parameter, and we consider values increasing from M = A. Then, we perform a random scan
over the couplings 00, 8q¢- £0g»> §UU> EDD»> 8UD» &1t» &bb» &tb> &Dt» Ub-

The conditions of sub-criticality (46) and (47) imply direct bounds on the ETC couplings.
Using (11), we obtain

M, M, 2 2
gQQgUU<F4T( , gQQgDD<F47T v 8qq8t <A4TT ., gqq8bb <4m”, (75)
and
M 4Ax? M A4x?

< — < — . 76
80q8Ut A UNN 80q8Db A NN (76)

To further restrict the values of the parameters we consider the following:

e Taking gyy # gpp causes large corrections to 7', as one can see by adding together (D.4),
(D.6) and (D.9). To avoid this we impose gyy = gpp- One can think of this relation as arising
from an approximate custodial symmetry in the ETC Lagrangian. With this motivation we
also set g;r = gpp-

e The coupling gyp gives an unbalanced large and negative contribution to 7', and thus we
choose to set gyp = 0. As for gyy = gpp and g;; = gpp, also this relation can be thought
of arising from a custodial symmetry in the ETC sector. This prompts us to set g, = 0,
although the corresponding contribution to the oblique parameters is negligible.

e The mass My is always larger than Mp because of the contribution from Gy, and the
imposed relation gyy = gpp. From (D.24) we see that |gy,| cannot be too large, or else a
large and positive contribution to 7" appears. Since Gy, = g4 gu: /M? is fixed by the top
mass, this means that |g, | cannot be too small. We impose 77/3 < |gg,| <27.

e Equation (D.26) shows that a positive contribution to 7' can be balanced by increasing |g p;|
which, by a similar argument as above for |g, |, should not be too small. Thus we require
/3 <|gp:| <2m. This implies also a negative contribution to §, as shown by (D.25).

e The coupling |gyp| should be large enough to give a negative contribution to S, see
Eq. (D.27). Also note that this coupling does not contribute to 7, see Eq. (D.28). We re-
quire 77/3 < |gup| < 27.

e As we have discussed earlier, large ETC couplings are required to lower the Higgs mass to
the observed value. This is particularly true for gpo and gyu = gpp, and thus we require
these to be large enough by imposing /3 <|gool, |gvu| = |gpp| < 2m.

Therefore, we scan the parameter space by assigning random values for the couplings within
the following ranges:

w/3=<lgool,lguul,180ql; lgD:tl, 1g8Up| <27, =21 <|g4ql, |81 | < 2m, a7

and we also set

gpp=8uu, 8&w=28:,» 8&up=0, gp=0. (78)
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Fig. 7. Result over the random scan of the model parameter space for N =4 and A = 2.7 TeV. The four figures corre-
spond to M =2.7,3.2,3.7 and 5 TeV as indicated in the figure labels. The details of the scan are explained in the text
and all points shown in the figure correspond to the Higgs mass 125 GeV. The shown points have the dynamical Higgs
mass between fractions 0.5 to 1.25 of the scaled up mass of the sigma meson.

For each generated data point we compute masses, the couplings of the Higgs particle, and
evaluate the S and T parameters. As shown in Section 7, the Higgs couplings are expected to
be close to their SM values. Numerical computations show that this is true within ~ 10% for
any value of the ETC couplings and mass. In particular, the Higgs coupling to the weak boson
is always slightly larger than the SM value, the top Yukawa is slightly smaller, whereas the
bottom Yukawa is standard within a few per cents. Hence, we conclude that tuning the model to
reproduce the observed value of the Higgs mass is sufficient to also tune its couplings close to
their standard model values.

For each considered value of A and M, we sampled 25 000 points satisfying (77) and (78),
and plotted these in the S, T plane, together with the experimentally viable 30 contour. The
dynamical mass Mg is of course highly dependent on the ETC couplings. In Fig. 7, for N =4,
and 8, for N = 6, we only show those points for which Mg is between the fractions 0.5 and
1.25 of the scaled up mass of the sigma meson:
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Fig. 8. Result over the random scan of the model parameter space for N = 6 and A = 2.2 TeV. The four figures corre-
spondto M =2.2,2,7,3.2 and 5 TeV, respectively.

Fno |N. Fno /N,
0.5 — = <M 1.25 — . —. 79
My A N < MHo < Mg A N (79)

The reason to allow for smaller values of My is to account for possible effects from walking
dynamics. The colour coding of the points shown in the figure is related to the different couplings
as follows: The bigger the value of |gp;|, the greener the point, and the larger the value of |gyp|,
the redder the point. Furthermore, the larger the value of |g g, | the darker the shade of the colour,
with a clear border at |gp,| = 3. Larger values of |gy,| imply smaller S whereas larger values
of |gp;| imply smaller S and also smaller 7. Therefore, as we can observe from the figure, the
redder points are towards the top-left of the plot while the greener points are towards the bottom.

For small values of M the green points are disfavoured. This is because T is too large and
negative. The favoured points on the other hand are orange, corresponding to approximately
equal values of |gp;| and |gyp|. Increasing the ETC scale M makes the mass splitting My — Mp
larger. In the gap equations this splitting originates from G4y, the latter being fixed by the
top quark mass. The large My — Mp splitting implies a large positive one-loop contribution
to the T parameter, and this needs to be balanced by a negative contribution. Such a balancing
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Fig. 9. The plots on the top-left corner in Figs. 7 and 8 are reproduced here with the additional constraints |gp;| < 2.5
and [goq| <3.5 (1804l <2.0), for N =4 (N =6).

contribution can only arise from g p;, as shown by (D.26), and therefore for large M the favoured
points are the greener ones.

Overall, for large values of M, e.g. 5 TeV, there are less points since larger values of gpp guv
and gpopgpp are required to have sufficient reduction for the Higgs mass. In other words, the
portion of the sampled points shown in the figure shrinks as M increases. Finally, we note that
varying A within, say, 20% range around the values we have used does not change the results
qualitatively. For slightly smaller A one needs slightly larger values of gpoguv and gpogpp to
have correct reduction in the Higgs mass. However, the values of S and T are only little affected
by these couplings in the limit gy = gpp which we have imposed.

We note that T' can take on values from a very large interval, making the agreement with
experiment challenging. On the one hand this is due to the fact that the natural size Tj, in (65), is
relatively large, unlike So which is small. On the other hand this occurs because we have allowed
for a wide range of ETC couplings. To illustrate this, we plot in Fig. 9 points satisfying |gp;| <
2.5 and |gog4| < 3.5 (Iggqgl <2.0), for N =4 (N =6) and M = A. We see that only a small
portion of the original points are selected, and the electroweak parameters can take on values
from much smaller intervals. This can be projected on the amount of fine tuning in the model:
Restricting the values of the ETC couplings as done for the points shown in Fig. 9 corresponds
to fine tuning on the level of O (10%). This is less severe than the fine tuning we have estimated
from the precision of the Higgs mass, which is on the level of few per cents; see Eq. (48) and the
related discussion in Section 6.

In Table 1 we show the average values of the Higgs couplings over the sample of points
compatible with the precision data on the 3o -level. These numbers can be compared with results
of global fits; see e.g. [48]. The precision of these numbers must of course be taken within the
context of our computation at leading order in N and N.. Nevertheless, it is encouraging that
we have demonstrated in a fully dynamical setting of electroweak symmetry breaking that the
composite Higgs particle can be light, there are no large deviations from the experimental values
of S and T and the couplings between the composite Higgs and electroweak gauge bosons and
SM fermions are compatible with current experimental data.

In general the scatter plots in Figs. 7 and 8 can be considered as instructions on how to build
an ETC theory satisfying the experimental constraints from precision electroweak observables.
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Table 1

The values of Higgs couplings averaged over the sample of points compatible with the precision data on the 3o -level.
N, A, M values Vi Vb SHWW 8HZZ
N=4A=27,M=37 0.92 1.04 1.08 1.07
N=4A=27,M=32 0.93 1.03 1.08 1.07
N=4A=2T,M=27 0.93 1.01 1.09 1.08
N=6,A=22, M=32 0.92 1.04 1.08 1.07
N=6,A=22, M=27 0.92 1.03 1.09 1.08
N=6,A=22, M=22 0.92 1.02 1.09 1.08

We leave for future work the more thorough analyses highlighting different domains and their
relevance for microscopic ETC model building.

10. Conclusions

In this paper we have considered a realistic effective model where the electroweak scale and
the masses of the weak gauge bosons arise dynamically from a TC force. We assume that the
technifermions are coupled with the SM matter fields via four-fermion interactions, low-energy
remnants of an ETC theory, and classified all four-fermion operators based on the quantum
numbers of the exchanged ETC gauge bosons. We have demonstrated that the lightest scalar
resonance can be as light as 125 GeV, and has SM-like couplings with the particles of the SM.
We have also evaluated the contribution of the four fermion operators to the oblique electroweak
parameters, and demonstrated that the model is viable in some region of the parameter space.
This instructs us on how to build an ETC theory satisfying the experimental constraints on the
precision electroweak parameters.

Observables have been computed in the large-N scheme, where N is the dimension of the
technifermion representation under the TC gauge group, and this has allowed us to obtain rig-
orous and robust results. One of our main conclusions is that in models of this type, in order to
obtain a light composite Higgs, the ETC theory needs to be strongly coupled. We considered the
case where ETC couplings were nevertheless required to be subcritical, and the success of this
setup to produce a light scalar necessarily implies some amount of fine tuning. With the scales
relevant for strong dynamics we considered, this fine tuning is on the level of few percents.

In addition to the phenomenological results, we have outlined features of the computation
which are important for theories where multiple cutoff scales are introduced and gauge invariance
needs to be maintained. These results are expected to have applications for a range of models
involving strong dynamics.

The results we have obtained here provide a solid benchmark model to investigate in light of
current and future collider data. One can think of several further prospects which can be pursued:
For example, additional composite states with masses of O (1 TeV) are expected to appear in
the spectrum, and their properties and couplings could be analysed in more detail. Also, the
momentum dependence of the couplings of the scalar boson to the SM fields should be studied
in more detail, as they could provide an important window into the possible composite nature of
the Higgs boson.

Finally, our results can be applied to strengthen the analysis of the phenomenological implica-
tions of the lattice results on new strong dynamics. On the one hand, the lattice computations are
performed on strong dynamics in isolation, and these first principle analyses provide valuable in-
put on the scales appearing in the model setup we have analysed in this paper. On the other hand,
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our results for the corrections to the scalar mass from external four fermion interactions, when
implemented on the lattice results of the scalar particle, can help in estimating the applicability
of new strong dynamics within the TC/ETC framework.
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Appendix A. Classification of the four-fermion operators from ETC
A.l. Class A: TC-singlet and QCD-singlet ETC bosons, with Y =0
At zero-momentum, the Lagrangian for type-A ETC bosons reads
ﬁéTc = [gQQ O1vuOL + 849 G vudr + guu UrYuUr + 800 DRV DR + 811 IRV IR
+ 8bb ERVMbR]AH + %MﬁAMA", (A.1)

where TC and colour indices are suppressed, and all couplings are real. Integrating out the ETC
field A, at tree-level gives

1

Ay=——on
13 Mi

[gQQ O1vuOL + 849 dLYudr + uu UrYuUr + gop DrYuDr

+ 8t TR Vulr + 805 PRV, | (A2)

whence, plugging back in EQTC,

180 °00 1854 (- 2 gy
Lirc = Ve (QLylLQL) EW(QLV/LLIL) - 2M2 (URV,uUR)
L 8o (p R T gbb
_ EML?‘ (DRVMDR) - 2/\/72 (IR)/,JR) 2/\/12 (bRyMbR)
- 7gQQ§qq (Orvu0r) (Gry*qr) — gQQgZUU (QLv. QL) (Ury"Ug)
M M,
— gQAQ/lé;DD (@LVMQL) (BRV/LD ) gi/Qlfn (@ J/MQL) (fRV”lR)
A
giﬁf’”’ (QLvu0L) (bry"bR) — %ﬂ (7rvnar) (Ury*Urg)
A A
8qq8DD ,_ —= 8qq8tt (— -
7%124 (7vuar) (Dry" Dr) — /q\i—z (Fryuar) (Try"r)
S8 (Grvar) (bry"br) — S22 (UvaUr) (Dry" Dr)
A A

S OrnaUg) (" aw) = =052 (O
A A

URryuUr) (bry"br)
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gDDgtt (ERV;LDR) (fR)/“l‘R) gDngh (DRVII«DR) (I;RyMbR)
A A

gtté’é)b ( V;JR) (ER)/MbR) . (A.3)
A

A.2. Class B: TC-singlet and QCD-singlet ETC bosons, with Y = 1

At zero-momentum, the Lagrangian for type-B ETC bosons reads

L8 = [gUD UryuDr + g fRyMbR]B“ +he.+ M}BEB (A4)

Integrating out the ETC field B, at tree-level gives
1 — i
Bﬁ=—m[8w) URVMDR"I'gtblRVubR] , (A5)
B

whence, plugging back in L5,

2 2
Lhre = —50L @y, 1) (Diy"Ur) — B2 (i) (B 1)
B B
[g;’\i‘g’b (U kv Dr) (bry"tr) +h.c.i| (A.6)

A.3. Class C: TC-N and QCD-N. ETC bosons, with Y =1/6
At zero-momentum, the Lagrangian for type-C ETC bosons reads

EETC = [ng éLyﬂqL + gur UR)/;JR + gpb l_)RJ/;LbR:ICM +h.c. -i-./\/lch;CM . (A

Integrating out the ETC field C,, at tree-level gives
1 — — —
C,= _M_%[ng Orvuqr + gurt URYutr + Db DRVubR] ) (A.8)

whence, plugging back in /.ISTC,

120417 _ (@ ;
LErc= iiqz (Orvuar) (qLy" Q1) — % (Uryutr) (iry"Ur)
2 _ -
|ng| (Dryubr) (brY" D) — [g%lgw (Qryuqr) (iry"Ur) +h~°':|
C C
8048 P
[ %z])b (Qrvuar) (bry* Dr) +h-¢}

(URV;JR) (ER)/MDR) + h.C.:| . (A9)
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A.4. Class D: TC-N and QCD-N, ETC bosons, with Y =5/6

At zero-momentum, the Lagrangian for type-D ETC bosons reads
L2rc = gub Uryubr D" +h.c.+ M3, D! D" .
Integrating out the ETC field D, at tree-level gives

1 _
* __
D, = _M—%g’”’ URryubr ,

whence, plugging back in EETC,

2
Lre = —% (Uryubr) (bry"UR) .
M

A.5. Class E: TC-N and QCD-N_. ETC bosons, with Y =7/6

At zero-momentum, the Lagrangian for type-E ETC bosons reads
LErc = 8Dt DRYutrE* +hc.+ MLERE" .
Integrating out the ETC field E,, at tree-level gives
E, = —ﬁgm DRYutr
E

whence, plugging back in LETC,

2
S0 (Dryuta) (iry" i)

E _
ﬁETC__ 2
E

Appendix B. Fierz rearrangement formulas
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(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)

We use the following Fierz rearrangement formulas for anticommuting fields to simplify the

products:
2

—(Quvu Q1) (Try"Ur) =+ (01Ur) (UrQL) +4 (0L TeUr) (UrTicOL) .

N
2

—(Q1vu QL) (Dry"Dr) = — (QLDg) (DrQL) + 4 (@LTTACDR> <5RTTACQL) )

N

[\

—(qryugr) (Try"tr) = A

Oryuqr) (try*Ur) =2(QLUr) (trqL)
Oryuqr) (bry"Dr) =2(Q1Dr) (brqr) .

— _ 1

Oryuqr) (Gey"0L) = —3

rYuUR) (Ury"tg) = — (UryuUr) (irv"tr) .

~

= (
= (
= (
= (
=

(Grtr) (Trqr) +4 (q_LTéIchR> (ERTSCD‘IL) ;

_ _ 2 _ B )
gryuqr) (bry"br) = A (GLbr) (brqL) +4 <QLT5CDbR) (bRTSCDQL> ,
c

(0rv.01) (Gry"ar) _2<§LVILTiQL) (éLY“TiQL),
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— (brvuUr) (Ury"br) == (UryuUr) (brY"bR) .

— (brvuDr) (Dry"br) == (DrYiDr) (brY"]R) |

= (irvuDr) (Dry"tr) = = (DrvuDr) (fRY"18) |

— (Uryutr) (bry" Dr) = — (UryuDr) (brY"1R) - (B.1)

Appendix C. Integrals

We provide expressions for the standard integrals shown at the end of Section 4. For definite-
ness, we use the cutoff A.

1 A%+ M3
Iy = A2 — M%log ———X | | C.1
X 167'[2 |: x 108 M}z( ( )
1 M2 A% + M2 JE A% + M2
JXYZ16 [ —— X - ——L—log — (C.2)
2 | M2 - M M2 M% — M2 M
1| M2 (M2 -2 M2 A2+ M3 M3 A2+ M3
KXY= = |: X( X 2Y) log > X Y - log > )4
27| (M} - M) My (M3 — M7) My
A A+ My A?
+ log — - — > (C.3)
(M2 — Mg) A2+ M Mi-M

The expression for Lyy is rather complicated for X # Y. However for our computations we only
need Ly, which is much simpler. We have

Jxx =2Kxx =6Lxx = ! 1 ’ X i (C4)
= = = (0] — .
XX XX X= 138 2

Finally, we have

1 1
967> (1 + M2 /A?)

/ —_—
JXX -

(C.5)

Appendix D. Two-loop contributions to S and T parameters
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Tiwp =0 (D.37)
Svupw = Supy =0, Tupw =Tyipp =0 . (D.38)
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