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ABSTRACT: This paper extends an earlier one describing the Higgs boson H as a light
composite scalar in a strong extended technicolor model of electroweak symmetry breaking.
The Higgs mass My is made much smaller than Agpre by tuning the ETC coupling very
close to the critical value for electroweak symmetry breaking. The technicolor interaction,
neglected in the earlier paper, is considered here. Its weakness relative to extended techni-
color is essential to understanding the lightness of H compared to the low-lying spin-one
technihadrons. Technicolor cannot be completely ignored, but implementing technigluon
exchange together with strong extended technicolor appears difficult. We propose a so-
lution that turns out to leave the results of the earlier paper essentially unchanged. An
argument is then presented that masses of the spin-one technifermion bound states, py
and ay, are much larger than My and, plausibly, controlled by technicolor. Assuming
M,, and M,, are in the TeV-energy region, we identify py and ap with the diboson
excesses observed near 2TeV by ATLAS and CMS in LHC Run 1 data, and we discuss
their phenomenology for Runs 2 and 3.
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1 Overview

The discovery at CERN in 2012 of a Higgs boson, H, at 125 GeV [1, 2] — consistent so far
with the lone Higgs boson of the standard model — has made untenable the original idea of
technicolor as the source of electroweak symmetry breaking (EWSB) [3, 4]. In technicolor
(TC), the new boson H is interpreted as the lightest 0T bound state of technifermions.
But, then, one expects other bound technihadrons as light as this scalar, especially the
spin-one vector and axial vector states, and resonances this light have not been seen.!?

An attractive dynamical alternative to TC is that H is a composite state bound by
strong interactions active well above the weak scale Agy of several 100 GeV. But, unlike
TC, all composite models and, indeed, all models so far of H require some degree of fine-
tuning [11-14] to be consistent with ATLAS and CMS measurements [15] and searches.?
This tuning may be loosely characterized by A%y, /A%, where A is the physical scale of the
new dynamics or particles stabilizing My .

Motivated by these considerations, we proposed a new composite model of H employing
strong extended technicolor (ETC) as the main driver of EWSB [16]. As in the standard
model (SM) and TC, the fermions in this model transform as left-handed doublets and
right-handed singlets under (SU(2) ® U(1))gw . If the ETC interaction’s strength exceeds
a critical value, it generates nonzero top quark and technifermion masses, m; and my, thus
breaking electroweak (EW) symmetry. Generically, these masses are of order the ETC scale,
A = Agrc, of several 100 TeV. But this can be avoided if the ETC coupling is tuned to
within O(m?/A?) of its critical value [17]. It was shown in Ref. [18] that ETC then generates
a composite complex EW doublet consisting of a scalar H with vacuum expectation value
(vev) v = O(my) plus three Goldstone bosons, the longitudinal components of W and
Z. The scalar has a large Yukawa coupling I'; ~ m;/v to the top quark and a mass
My = O(my) < A. Such a model might account for the Higgs boson’s exceptional lightness.

In Ref. [16] we presented an explicit realization of such a model. The model is a gen-
eralization of the topcolor model of Bardeen, Hill and Lindner (BHL) [19], and followed
that paper’s demonstration of the massless poles in fermion-antifermion scattering channels
that couple to the weak currents and of the massive pole in the 07 channel. An impor-

1Refs. [5, 6] have argued that the mass of the lightest scalar technihadron is greatly reduced from its
expected value of 100s of GeV by the negative top-loop contribution. This requires a large top mass
from extended technicolor and a large coupling of ¢t to the scalar, neither of which are explained in these
references. These papers also ignore the strong-TC coupling of the scalar to the Goldstone bosons of EWSB.
A simple model calculation shows that this positive loop-contribution overwhelms the negative one from
top.
2Many papers have suggested that the light Higgs boson is a techni-dilaton, i.e., a pseudo-Goldstone
boson (PGB) of spontaneously broken conformal symmetry in walking technicolor. See Refs. [7—10] for a
sampling. This is an appealing idea, but it is difficult to understand how such a light PGB can arise when
the explicit breaking giving rise to its mass, namely spontaneous chiral symmetry breaking in technicolor,
is as strong as the near-conformal dynamics of technicolor itself.
Shttps://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEX0
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G



tant difference with Refs. [17-19] is that three four-fermion interactions, not just one, are
required and there is a special relation among their coupling strengths. The details are
summarized below. Another point of departure of the new model is that it pointed out the
likely presence of high-mass, p-like diboson resonances as an important, perhaps the most
important, experimental consequence of our model (see Secs. 3 and 4).

This model’s approach differs from the popular view that the Higgs is a pseudo-
Goldstone boson; see, e.g., Ref [11, 13, 20]. Not only is our model’s H not a PGB, but
there are no partners of the top quark and weak bosons to cancel their quadratically di-
vergent contributions to its mass. Rather, this quadratic divergence is removed by the
condition that m; and mp are much less than A. This is a significant fine-tuning but, as
explained below Eq. (1.7), this is the only one in the model. Thus, there is no need to
fine-tune partners’ masses and couplings to explain why they haven’t been seen in LHC
experiments.

In Ref. [16] TC dynamics were not included. But TC cannot be ignored. First, there
must be an unbroken T'C subgroup of ETC. If all its symmetries were spontaneously broken,
ETC would be infrared free at energies below the ETC boson masses. It is unclear whether
such a theory can be free in the ultraviolet [21]. Second, at the scale Ar¢ < 1TeV <«
Agre = A, the TC gauge coupling arc becomes strong enough that it can break EW
symmetry all by itself. So, this is a situation with two very different but nonetheless
important energy scales. ETC is the dominant force in driving EWSB and making the
Higgs boson light. But what sets the mass scale for the technihadrons, the bound states
of technifermions? Are they bound by TC alone or, like the Higgs boson, by ETC, or by
some cooperative combination? A major of purpose of this paper is to include the effects
of TC on EWSB and to estimate the mass scale of the spin-one technihadrons. Because of
their potential experimental importance, we need to know whether they are much heavier
than H and, if so, whether they are within reach of the LHC experiments.

That TC must play a minor role compared to ETC in EW symmetry breaking was
not emphasized in Ref. [16], even though it was one of the two main approximations of
that paper. The relative contributions that TC and ETC make in binding the spin-one
technihadrons and generating their masses, and the requirement that the Higgs boson is
much lighter than they, is what brings this issue to the fore.

We now review the main results of Ref. [16]: the fermions and their ETC interaction,
the fine-tuned gap equations for the fermions’ masses, the Higgs mass, and the principal
results of EWSB. Then we preview the rest of this paper.

The model of Ref. [16] involved the third-generation quarks and a single doublet of
technifermions transforming under (SU(2) ® U(1))gw, ordinary color SU(3)¢c and techni-
color SU(Nr¢) as follows:

t
qr = (b) €(2,4,3,1), tr€(1,%2,3,1), bre(1,-3%,3,1),
L

(1.1)

U
Tp, = <D> €(2,0,1,drc), Ure€(1,3,1,drc), Dg€(1,—35,1,drc).
L



Here, dp¢ denotes the dye-dimensional TC representation of the technifermions, not nec-
essarily the fundamental representation of dimension Np¢. Light quarks and leptons and
other technifermions were not dealt with, but they may be included, e.g., as outlined in
Ref. [19].

The ETC interaction inducing EWSB at energies below A was taken to be the straight-
forward generalization for these fermions of the SU(2),®U (1) g-invariant model of Ref. [19]:

Lerc = G1a tra tharw + G2 (01 tra U Tria +h.c.) + G3Ti* Uga Uﬁ Trig.  (1.2)

The SU(2)pw and color-SU (3)¢c and SU(Np¢) indices, ¢ and a,b and «, 8 are summed
over. This interaction is obtained by Fierzing ETC contact terms of left times right-
handed currents. The color and TC indices appearing here do not correspond to exchange
of massless color and TC gluons. The couplings G123 are positive and of O(1/A2).*

In the neglect of EW interactions, the model has an (SU(2)r, ® U(1)r)q ® (SU(2)1 ®
U(1)g)r flavor symmetry that is explicitly broken to SU(2)r ® U(1) by the Ga-term. If
Lrrc generates both t and U masses and Go # 0, this flavor symmetry is spontaneously
broken to U(1) and just three Goldstone bosons appear. In fact, Gy must not equal zero; if
it were, this would be a two-Higgs doublet model with an extra triplet of Goldstone bosons.
They would acquire only very small EW masses [22] and, so, are excluded experimentally.
With Gy # 0, this model has exactly one Higgs boson. Its vev is v = 246 GeV, setting the
scale for my 17; see Egs. (1.10,1.12) below. The low-energy theory below the ETC scale A
is the standard model with spontaneously broken SU(2) ® U(1) and massive EW gauge
bosons, a dynamical Higgs boson and its couplings to ¢t and U, and technihadrons. Below
the technihadron masses, Mpc, their effects on SM Higgs couplings are suppressed by
1/M2, in accord with all measurements so far.”

The TC interaction was neglected in Ref. [16], and calculations were carried out in
the Nambu—Jona-Lasinio (NJL) approximation of large dpc and N¢. The gap equations
for the hard masses m; and my;, assumed to be much less than A and renormalized at the
scale A, are

my = —%G1<ft> — %GQ(Z?U>

U
my = —%G2<ft> - %Gg([jU>

We can treat the dimensionalities N¢ and dr¢ as independent and even continuous param-
eters for which the gap equations hold. Then, multiplying Eq. (1.3) by my and Eq. (1.4)

4The D-technifermion gets no hard mass from ETC in this model. It is not difficult to add terms that
generate mp # 0, but not so easy to maintain both mp = my and my, < m; at scale A. It was pointed out
in Ref. [18] that the renormalization group equations for the U and D Yukawa couplings have an infrared
fixed point that tends to equalize my and mp at Arc.

5This was emphasized in Ref. [19] in which the authors presented the effective Lagrangian with the Higgs
boson, and discussed its renormalization.



by m¢, and varying N¢o and dpo independently, the two resulting equations can be true for
nonzero m; and my if and only if

GiNemy  GaNemy . Gadremy  Gsdremy

= = 1.
872 872 872 872 (1.5)
Hence,
Go =G Y = g (1.6)
my my
Then, Egs. (1.3-1.6) yield the condition:
GiNc (2 oy A2 Gsdre (42 o A
o2 (A —my lnm—% + 82 A —mUlnm—QU
Nems (o o, A? dremy (o o A?
=G A —miln— A — In— )| =1 1.7
2 [SWQmU ( e m? * 8m2my T m#; (L7)

It was shown in Ref. [16] that m; and my are comparable and, so, the three G; are
comparable as well.

Eq. (1.7) is the expression of strong ETC in our model. This raises the question of
whether TC, the unbroken subgroup of ETC, must be strongly coupled at the ETC scale.
If it is, that would contradict the thesis of this paper that TC is and must be a weak
perturbation on ETC insofar as triggering EWSB is concerned. But the G; are in fact
independent of the ETC gauge coupling, ggrc. Just as in the standard weak interaction
at low energies, they are essentially equal to gngc /M%JTC, where Mgrc X ggrc times a
Goldstone boson decay constant. Thus, the gauge coupling may be relatively weak while
the four-fermion couplings are strong in the sense of Eq. (1.7).

Requiring my, my < A is this model’s only fine tuning. Once Eq. (1.7) is enforced in the
fermion-antifermion scattering amplitudes in the spin-zero channels, all other sensitivity
to the cutoff A is logarithmic. The mass parameters m;, my, My, My and A are not
independent. In the large-N approximation, their magnitude is set by requiring Eq. (1.12)
below, and the Higgs mass M is then determined by m;, my and N¢g, drc.

The fermion-antifermion scattering amplitudes (involving ¢ and/or U) have a pole in
the 01 channel at squared c.m. energy p?> = M%I, where My is the solution of

1 A2
Nem? (M% — 4m?) /0 dz In <m2 M2l a:))
t H

1 A2
d 2M2—42/dl =0. 1.8
+dremy (M — 4mi) ; z In m — MZa(l—2) (1.8)

This My is the Higgs boson mass at scale A. A good approximation to the solution of

Eq. (1.8) is
Nemi +d 7
My = 2\/ omy ¥ dremy (1.9)
Ncmt + chmU

Thus, My is indeed of order my, my and all these masses are much less than A because
the ETC couplings have been tuned to be very close to the critical point at which EWSB
first occurs.



The fermion-antifermion scattering amplitudes in the charged and neutral pseudoscalar
channels have Goldstone poles at p?> = 0. These poles appear in the W and Z propagators,
95 2Dy (p) and (g7 + g3) ' Dz(p), with residues

f2:(p?) ! /ld Nem?1 A +dpem?;1 A®

= xx|NemjIn mg In

wip 1672 J, crt mix — p2r(l — ) retty m¥z — p?z(l — )
10

1.10)
and
1 1 A2 A2
2/, 2 2 2
= —— dx | N, | d |
7300 = 5503 | [ o “(m%—p2m<1—m>>+ TC ™y “<ma—p2x<1—x>>}
Nep? /1 1 —p?z(l — )
drzx(1 —xz)1 . 1.11
* 1672 J, r3¢(l—2)ln m? — p?z(1 — x) (1.11)

The EW mass scale is introduced by setting
F2(0) = 1/(4V2Gr) = (123 GeV)? = M, /gl (0). (1.12)
The p-parameter,

L0 _ [Now (n(2 /) 1)+ drom, (o) + 5]y
— f2(0) [Nem? In(A2/m?) + dre mé; In(A2/m?)] ’ '

is just a few percent greater than one. This is spurious. The deviation of p from unity in
Eq. (1.13) is due to the factors of 1/2 in the numerator. Those factors should not have
been included in Ref. [16] because the calculations of f,(0) and f2(0) where done in the
leading-log approximation (in the cutoff/ETC scale A). Corrections to this approximation
are unknown.

Table 1 contains numerical results for the model obtained from a simple scheme de-
scribed in Ref. [16].

In Sec. 2 we discuss the difficulty of adding an interaction involving dynamical TC-
gluon exchange to the ETC contact interaction in Eq. (1.2) and propose an approximation
that surmounts the problem for fermion-antifermion scattering in the spin-zero channel.
The approximation is inspired by analyses of the effect of TC on the Schwinger-Dyson
equation for the technifermion dynamical mass function, ¥(p)[23, 24]. In Sec. 3 we take
up the matter of estimating the masses of the lightest spin-one vector and axial vector
bound states, analogs of p, w and a;. We shall refer to them as ppg, wy and ag to
emphasize their relation to the composite Higgs boson H. In this strong-ETC model, it is
not obvious a priori whether their masses are of order Agrc, Arc or something else, though
that is a question of obvious phenomenological importance. We present a calculation that
suggests they are of O(Ar¢). As in any strong interaction theory, a more precise estimate
is technically difficult. Assuming they are within reach of LHC Runs 2 + 3, their LHC
phenomenology is discussed in Sec. 4.° There we review our recent proposal [25] that pg
and ap are the source of the apparent diboson (VV and V H, where V = W, Z) resonances

A preliminary discussion appeared in Ref. [16].



’ A ‘ my ‘ my ‘ My ‘ Iy ‘ v = v2my /T ‘

20TeV | 134GeV | 167 GeV | 330 GeV 0.783 242 GeV
500TeV | 118 GeV | 126 GeV | 250 GeV 0.685 244 GeV

’ A ‘ p ‘ g1 ‘ 92 ‘ My (pole) ‘ Mz (pole) ‘
20 TeV 1.0520 0.3941 0.7187 80.8 91.0
500 TeV | 1.0301 0.4230 0.7714 80.6 93.0

Table 1: The fermion masses, Higgs boson mass, p-parameter, (SU(2)®U (1)) gw couplings
and the W, Z-pole masses calculated for ETC scales A = 20 and 500 TeV. The top mass
is an input determined by renormalizing from its value of 173 GeV. The Higgs boson’s
vev v = v/2m; /T is determined as a check on the calculation of the ft scattering amplitude
in the scalar channel, where I'?(A)/2 is the residue of the Higgs pole. The calculation
scheme used is described in Ref. [16]. As noted in the text, the deviations of p from one
are not reliably calculated.

near 2TeV observed by ATLAS and CMS in their Run 1 data [26-31] and we propose
refined tests of our hypothesis for Runs 2 + 3. New limits on diboson resonances from
Run 2 data of 36 fb~! are also discussed in Sec. 4.

There has been much previous work using the NJL mechanism [32, 33] to describe the
Higgs boson, including especially Refs. [19, 34-36]. Topcolor led to the top-seesaw models
of Dobrescu and Hill [37] and Chivukula, et al. [38] and, more recently, Refs. [39, 40].7
Bar-Shalom and collaborators proposed a “hybrid model” with a dynamical Higgs-like
scalar plus an elementary scalar to describe H [41, 42]. They used an NJL Lagrangian
with fourth generation quarks interacting via a topcolor interaction with scale A ~ 1TeV
to generate the dynamical scalar. Apart from the use of the NJL bubble approximation,
these models do not resemble ours, and the use of fourth generation quarks is reminiscent
of the top-seesaw mechanism. The top-seesaw models involve mixing the top quark with
another quark which is a weak isosinglet. That is not what happens in our model. The
technifermion U carries technicolor, not ordinary color, and its left-handed component is
in a weak isodoublet, like the quarks and leptons. It does not mix with the top or any
other quark.

Di Chiara, et al., proposed a model of H based on TC and ETC [43, 44|, using an
ETC Lagrangian similar to Eq. (1.2). Their model bears no further resemblance to ours.
They assume that ETC plays no role in EWSB. But, through a sequence of calculations,
they argue that ETC lowers their Higgs boson’s mass from O(1TeV) to 125 GeV. Finally,
the authors of Ref. [45] proposed an interesting variation on the Higgs boson as a PGB of
the familiar SO(5) — SO(4) model. They used strong ETC-like contact interactions to
drive this symmetry breakdown, and constructed a UV completion of this model.

"The last two papers contain a large bibliography of related work.
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Figure 1: The #t scattering amplitude in the J© = 0% channel with the four-fermion
kernel given by the terms in Eq. (2.1).

2 Adding TC to Strong ETC

In Ref. [16], the Higgs and Goldstone bosons were seen as poles in the fermion-antifermion
scattering amplitudes calculated in the large-INV, weak-TC limit. Figure 1 shows the first
few terms in £t — #t in the J© = 0% channel. The four-fermion vertices are the appropriate
terms in

Lere = i [Gl t%t, fbtb + Go ({ata U« U, + h.C.) + G3 U« U, Us Ug] . (2.1)

From Eq. (1.6), G3 = G1G3, and this condition makes the scattering amplitudes geometric
sums, with poles corresponding to the Higgs and three Goldstone bosons. The Higgs pole-
mass condition Eq. (1.8) follows once Eq. (1.7) is imposed to eliminate the A%-divergence
in the 0" scattering amplitude.

In the large-N approximation, the inclusion of TC-gluon exchange between the tech-
nifermions is accomplished by using the kernel Ky+ in Fig. 2. The TC-gluon term of this
kernel is the familiar ladder approximation. The difficulty with it is how to deal with the
momentum carried by the TC-gluon and, worse, whether the sum is a geometric series for
which something like Eq. (1.7) eliminates the A%-divergence.

The only situation we know in which the ETC+TC kernel in Fig. 2 has been used
successfully is in studies of the dynamical mass function X(p?) in the technifermion propa-
gator S71(p) = PpA(p?) — B(p?) (where A(p?) =1 in the Landau gauge ladder approxima-
tion) [23, 24]. Remembering that the ETC boson mass A is a physical cutoff of momentum
integrals whose integrands are strongly damped above A, a good approximation to the

Schwinger-Dyson gap equation for ¥(p?) is (for zero bare mass and Euclidean momentum
< A)
P~

A2 2 2 A2 2 2
2SR 1 KOS
s =a [ a2 / Ak aro(M?)— =) 9
) /0 N5 o ), FereM)yma gy (22

We consider a simplified model with just G3 contributing to 3. Then A = G3dpcA? / 8
arc is the running TC gauge coupling; . is the critical value of ar¢ for spontaneous chiral
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Figure 2: The kernel for scattering of UU — tt and UU — UU including ETC contact
terms and one-TC-gluon exchange.

symmetry breaking in a pure-technicolor theory [46]; its value in the ladder approximation
is 7/3Co(drc); finally, M? = max(k?, p?).

In a pure ETC theory, 3(0) = 0 for A\ < 1, there is a (presumed) second-order phase
transition at A = 1, and X(0) rises rapidly to O(A) just above the transition. In a pure
asymptotically-free TC theory, apc reaches a. at a scale A, 3(0) ~ 3(A;) = O(A.), and
3(p?) falls off approximately as A2/p? when arc becomes weak [47]. Ref. [23] studied
Eq. (2.2) for constant apc. For arc < ac, the behavior of ¥(0) was as in a pure-ETC
theory except that, for arc < a., the phase transition occurred at

2
1+\/1;aT0/ac] ' (2.3)

A =

arTc

Takeuchi studied the gap equation for a running apc governed by the one-loop beta
function B(arc) = —bi1akq, with by > 0 [24]. So long as A. < A (as we expect), he found
that X(0) = O(A.) for A < Ao
is a smooth but rapid transition up to ¥(0) = A/few. The transition is more abrupt for
small apc(A)/ac so that A

Aarc
for most of the momentum range in the gap equation integral. We have verified Takeuchi’s

8 Here, arc ~ arc(A). At this critical value of A, there

ape ~ 1. The reason that arc(A) is the controlling coupling for

is that, for this S-function and A, < A, arc ~ arc(A) < a. and it is slowly running

results for a more realistic walking-TC [-function, one with an infrared fixed point [48].

We also studied the momentum dependence of Y (p?). For A < A Ay, we found that 3

arc
is small and falls off approximately as 1/p? for A, < p < A, as for a( pure-TC dynamical
mass. At the critical A\, ¥(p) rises rapidly to O(A/10) and then remains nearly constant in
p, as for a hard mass.

This is an important result for us. In the weak dynamical-TC case needed for a light
composite Higgs with MIQJ <M ZH, this behavior of ¥ is nearly what we get in the complete

neglect of TC: it is much smaller than A below A and rises abruptly above, almost to

arTc

8Takeuchi’s definition of A. is lower than the scale at which arc = a.. This appears to be an artifact
of his calculation procedure at low momenta.



O(A). (Had arc(A) been large, the transition from small to large ¥ would have been
gradual and there could be no large separation between H and ppy masses.) The critical
Aare is smaller than one because, to a good approximation, TC produces an interaction
i the spin-zero channels of the same form and sign as the Gs-term in Lgpc. Thus, a
smaller value of G3, i.e., A, is needed to trigger the phase transition. The critical value of
the sum of the two interaction strengths is still fixed by a condition like Eq. (1.7); i.e., the
effective GG3 in Lgpc is essentially unchanged. Since Lgp¢ is the interaction determining
the Higgs and Goldstone poles and their couplings to fermions in the large-IN limit, the
results reviewed in Sec. 1 are also unchanged.

To see this in detail, we use the fact that the TC coupling involved in the EW phase
transition is approximately apc(A). The relevant TC interaction then involves exchange
of a technigluon with Fuclidean momentum transfer ~ —A2,

3ﬂaTc

A _ _
Lro = — 2A2( ) > TyAT Tyt aT, (2.4)
A

where T' = (U, D) is the technifermion doublet, t4 are the TC generators in the represen-
tation drc, and other indices are suppressed. A factor of 3/4 has been introduced into
L7¢ to compensate for using Landau instead of Feynman gauge.? Use

Csy(dre)dre ( 5 1
t)P (1) = 222G (5058 .~ 5850 ) . 2.5
EA (ta)n(ta)s B -1 a0 = GOty (2.5)

Then, in the large-Np¢ limit, Lo Fierz-transforms into

[: . 3WCQ(ch)aTc(A)
TC — dTCA2

[TwTja TPy — T Y5 Tja TP 35 Tig
_Ypia pup. piBa T ltan ., o T T. (2.6)
24 V" ja Yudig — 34 Y V51 ja YuYvsLig | - .
Adding this to the G5 term in Eq. (2.1), the effective A is

G3dT0A2 302 (ch)aTc(A) . arTo (A)
+ =X+ :
872 4T 4oy,

Aeff = (2.7)
For the critical value Ay = 1, A = 1 — arc(A)/4a. This is less than 20% higher than
Aare(n) for arc(A)/a. < 0.5, which is the range that Takeuchi considered. Thus, our
approximation for Lpc captures well the main effect of adding TC to ETC in the gap
equation and spin-zero scattering amplitudes.

We address at this point the following question: Is there an additional spontaneous
breaking of EW (or any other) symmetry when TC becomes strong and forms the con-
densate (DD)? The answer is no. The EW symmetry is already broken to U(1)gas by
the ETC interaction. Furthermore, there is no appreciable contribution to the EW order
parameter v because D-condensate gives rise to no Goldstone boson. The chiral current
D’Yu%D has a TC-anomalous divergence and explicit breaking of this symmetry is O(Ap¢).

9 Although this term is isospin-symmetric, its strength is not sufficient to produce mp # 0.

~10 -



3 Masses of the Spin-One Technihadrons

As we stressed at the outset, the challenge for a TC-based composite Higgs model is to
explain convincingly why H is much lighter than the lowest-lying spin-one technihadrons.
In our model, there is the additional matter that there are two scales, Apc and Agpre = A.
Which of these controls M, 7 If it is just A, are these masses of that order or, as for the
Higgs, very much lighter? In this section we present an argument suggesting they are at
least as heavy as Apc and therefore well above the Higgs mass. For this, we assume that
My, ...
implausible masses for these states.

We start by considering a simplified model with the doublet " = (U, D) as the only

fermions. Its SU(2)r ® U(1)g invariant ETC interaction is

are due entirely to an ETC interaction and find that this results in unphysical or

L1 = GsTi*UraUpTrip. (3.1)

This interaction produces nonzero my, but not mp, if

2
Gadro <A2 —m In 2) =1 (3.2)

2 2
8T o

While L7 can generate a light Higgs boson and three Goldstone bosons, it has the wrong
chiral structure to generate masses for the spin-one technihadrons in the large- Ny limit.
Therefore, we expand it to include terms capable of this. We assume that ETC generates
V'V and AA contact interactions which add to Lp. For simplicity, we can take them to be
V-A symmetric and flavor-U(2) invariant without affecting our argument:

Lr = G3|Ti*Una UpTris — 20575 _, (T“V“TaT o TPyumaTs + (= %’Vs)ﬂ ;o (3.3)

where 7, are Pauli matrices acting in the (U, D)-flavor space. The parameter § allows
freedom in the choice of the ETC coupling of the VV and AA terms. We write (with a
unit py coupling to the U(2) current)

(T, 5 Talps(p)) = eu(p)oas, (3.4)

where pe,(p) = 0. Then, to leading order in Npc, the technivector masses are given by
the poles in the p4 — pp amplitude

Tas(p) = ¢ (p)e" ()(~26G3) [WAB— L5Cadro AP (p)

(-~ 16Gsdre)? S IAC(ICE () + - ]

= " (p)e” (p)(—26Gs) [(1 + ;5G3chI(p)> 1] jB (3.5)
RNy PN /U TES I TSR S R
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In this model, with mp = 0, the fermion mass matrix is

M= (”BU 8) (3.7)

The momentum integral (3.6) is cutoff at A, just as the ones in the spin-zero channels were,

giving
T2 )——A—2 —i—i 1da:[( —pguw)z(l — 2) + imd 2g,,]
po \P) = T g Y T 5 ) PuPv — P Guv 2 My LYuv
A2 2 0 2 1—
x1n< +miye —pa x)) | .
mgx — p?x(l — x)

, A? ot
L™ (P) = ~ 59w + 5.5 /0 dz (pupy — P g ) (1 — )

x [m(AQ +mi; — pa(l _5”)) +ln<A2 — (1 ﬂj))] . (3.9)

m# — p?x(l — z) —p?x(l —x)

1 1
TB00) = 53 [ e~ o)l - 2)

x [m(AQ +mi; — pa(l _m)) - ln<A2 — (1 _x)>]. (3.10)

m# — p?x(l — z) —p?x(l —x)

The p,p, terms in these integrals do not contribute to 74p. Then, in the leading-log
approximation, the py-wy mixing term is negligible and the poles in T4p are at

| 0GadroA?  6Gsdro(p? — Jmp) m( A?

= 172 2) =0 for A=B=12; (3.11)
_ 0GzdrcN® §Gadrop? In

my
1
872 1272

A2
2 V=0 for A=B=3,0. (3.12)
mg

Using the gap Eq. (3.2), the poles in 711 20 and T33 00 are at p* satisfying

2 _ 2

P ln(ﬂ%) = 2(155> [AQ —m ln(%)] for pi ; (3.13)
A2 A2

P ln<m2> = % [(1 —80)A? —mi, ln<mg>} for pYy, wyr. (3.14)
U U

This is unphysical unless 0 < § < 1 for p3; and 0 < § < 1 —m¥ /A% In(A%/mZ,) for p9 and
wpr. For § at its upper limit, p> ~ 0, i.e., very much less than A%C. We believe this is
unreasonable because no symmetry is responsible for such light masses. Our calculations
break down beyond the A-cutoff, so M,, < A is an unreliable result. Over a large part of
the physical range of 6, A%, < p? ~ A?/In(A?/m?) < A%2. We cannot exclude this. But,
for a mass we have assumed is generated solely by strong ETC, it seems implausible to us.
A more believable result is that TC generates the py and wy masses and that they are of
order Arc, the scale at which apc becomes large and T'C interactions confine. In both the
latter two cases, the py, wy masses are significantly larger than the Higgs mass, and that
is a necessary condition for the viability of this type of model.
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Let us extend this argument to the full Gi-G3-G3 model. There are two obvious
possibilities for the V'V + AA terms: we could add just the dG3 interaction as we did in
Eq. (3.3) or we could add similar terms with the appropriate coefficient, —%(5Gi, to all three
interactions. The gap-equation condition is now given by Eq. (1.7). In the first case, the
poles are always at p> ~ A%/In(A%/m? ), which we believe is implausible. The second case
is similar to the pure-G3 model discussed above. Finally, similar results and conclusions
hold for ETC-generated masses of the axial vectors ag; they are either unreasonably small
or much larger than Arc but smaller than A. The conclusion we draw is that an ETC
origin of the technivector masses is less plausible than that they arise from the confined
TC interactions and are of O(1 TeV).

4 Phenomenology of py and apy

Preliminary remarks about the phenomenology of the model’s technifermion bound states
were made in Ref. [16]. They included, in particular, the expectations that: (1) the most
accessible low-lying states, in addition to the Higgs H and longitudinal weak bosons W,
and Zp (which really are bound by the ETC interaction, Eq. (1.2)), are the spin-one,
techni-isospin one and zero p and w-like composites; (2) their masses are ~ 1/2-2TeV and
they are produced at the LHC via the Drell-Yan process; (3) their principal decay modes
would be to WZFWL_, ch, Z, or W;WL_ZL and to W H, Z; H. In this section we refine
— and correct — these expectations, presenting some specific predictions of production and
decay rates. We concentrate on the I = 1 vectors and axial vectors, pg and ag, which
have simple two-body decay modes and Drell-Yan-size production rates.

The technicolor interaction governing py and ay is invariant under parity and techni-
isospin of (U, D). This symmetry is broken by the electroweak gauge interaction and the
U-D mass difference. The first is O(«) and the second is an I = 1 operator and does not
contribute to mass splitting within the isotriplet multiplets. Furthermore, because the ETC
interaction, Eq. (1.2), is tuned to be close to the EW phase transition, we expect that pg
and ap are nearly parity-doubled triplets with M, = M,,,. Thus, they can be adequately
described as the gauge bosons of a hidden local symmetry (HLS) [49], SU(2)r ® SU(2)g,
with equal gauge couplings g1, = gr = g,, [50-53]. This coupling is analogous to gpr» and
is expected to be large, g,, ~ 3-5. The equality g; = gr makes the py-ay contribution to
the S-parameter [54-58] small [50, 51]. The dimension-three and four interactions of prr, ap
with EW gauge bosons and the Higgs respect parity-invariance up to EW corrections.

The principal py, ay decay modes are to lighter states with 7T content, namely, the
longitudinally-polarized V;, = Wy, Z;, and the Higgs boson H.!° The two-body decays
allowed by parity and isospin are

Py = WiWo, ph—WiZy; (4.1)
ay — ZpH, a3 — WiH. (4.2)

101f py is coupled to third-generation quarks by an ETC interaction of strength O(G2), Egs. (1.6,1.7)
imply the resulting decay rate to &t or bt is suppressed by the tiny factor (M, /A)4. This is much smaller
than the small (’)(g4/ggH) tt-rate induced by mixing with the EW bosons.
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There is no allowed p(l){ — Z1,Z5. The fact that Vi, H also contain third generation quarks
may deplete somewhat the pg, ay couplings to them. This does not alter the major decay
modes in Eqgs. (4.1,4.2) nor affect their production rates at the LHC. In the absence of
significant depletion, the relevant pg,ap couplings are induced by their O(gM P2H /9pm)
mixing with the EW gauge bosons [25, 51]. They are

ﬁ(PH - VV) zg gPH ”7+W7 ig2ngU2 (P+ W — p— ”7+> 7 (.4.3)
2M2 Py 2M2, cos Oy, \"Huv mr o BHpy e )
L 990uY 0 .
Llag — VH) = ggp,v (aHuW + Wi ) H o+ oy 2 H (4.4)

iQQQPHU 0 + 17— -t
Llag - VV) = WGH;L(WWWV -WuW, )
PH

2 2
197 Gpp v n B B
" 902, cos O (071, (W Zyw = Wy Zy) —hc ], (4.5)

where G, = 0,G,—0,G,, g is the weak-SU (2) coupling, and v = 246 GeV. For M, 4,
My i, the decay rates implied by these interactions overwhelmingly involve Vi, and are

O(g°):

~ 95 Mp
D(py = WW™) 2 T(py - W*Z) = %; (4.6)
M,
Na® = ZH) = T'(a* - WHH) = %ZT; (4.7)
>
2 273
~ g WMa
PH

The decay rates I'(pg — VV) and I'(ag — V H) are nearly identical because, as explained
above, M,, = M,, and (H,V) are an approximately degenerate (2,2) quartet in the
Wigner-Weyl mode of the symmetry [53]. In Eq. (4.8), ag — V. Vr, hence the M, /M?
O(g%/ ng) suppression of that rate. The decay rate of p(}i — Z1, Z7 is similarly suppressed.

The py and ay are produced at the LHC mainly by the Drell-Yan (DY) mechanism
of gq annihilation. The py and ay have only very weak direct coupling to light quarks,
induced by ETC. Thus, their DY production also proceeds through their mixing with the
electroweak bosons.!'! A secondary source of py production is weak-vector boson fusion
(VBF). This VBF is dominated by V.Vj fusion and, so, it is negligibly small for ay
production in our model. This will be important in distinguishing the nearly degenerate
pr and ap from each other.

CMS [29-31] and ATLAS [26-28] reported studies of highly-boosted V'V and V H pairs
in their Run 1 data at 8 TeV. Both collaborations observed resonance-like excesses of 2—
30 at 1.8-2.0 TeV, near the upper end of the mass range at which we would expect to
find py — VV and ap — V H. These excesses were discussed and their significances and
production rates estimated from the Run 1 data in Ref. [59].

1By a slight abuse of language, we shall refer to the HLS gauge bosons and the corresponding mass-
eigenstates as pg and ag.
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| My, (GeV) | T(py = VV) (GeV) | T'(ayg — VH) (GeV) | T'(ag = VV) (GeV) |

1800 178 184 0.82
1900 188 196 0.78
2000 198 208 0.74

Table 2: Principal decay rates of the isovector bosons py and ay for g,, = 3.862 and
M,,, = 1.05M,,,; from Ref. [25]. These widths may be reduced by a factor of two or so by
the #t and bt content of H, Wp,, Z;,. Because the diboson decay modes are still dominant,
this does not affect their production rates.

| V5 | My (GeV) | olpi)py+ver (1) [ a(0%) pyaver () | alaf) (fb) | o(ad) (fb) |
8 1800 1.53 + 0.36 0.74 + 0.18 0.71 0.37
8 1900 1.05 + 0.24 0.50 + 0.12 0.51 0.27
8 2000 0.73 4+ 0.15 0.36 + 0.075 0.36 0.17
13 1800 761 + 3.67 3.74 + 1.93 4.65 2.23
13 1900 5.74 + 2.62 2.81 + 1.37 3.16 1.69
13 2000 4.37 + 1.90 2.16 + 0.99 2.39 1.27

Table 3: Production cross sections at the LHC of the isovector bosons py and ay for g,,, =
3.862 and M,,, = 1.05M,, (pﬁ = p}; + py). The individual DY + VBF contributions
are given for pg; the VBF rates for ay are very small and not given. For g,, = 2.73,
o(pg — VV) is 50% larger, o(ay — V H) is doubled, and their widths are half as large as
in Table 2. No K-factor has been applied to the cross sections; from Ref. [25].

We proposed in Ref. [25] that these excesses are due to production of the py and
apg modes in Egs. (4.1,4.2). The decay rates and cross sections for M,, = 1.8-2.0 TeV,
M,,, = 1.05M,, and g,, = 1.9TeV/2v = 3.862 (i.e., M,, ~ ig,,(4v)) are given in
Tables 2 and 3.!2 The diboson resonance cross sections in Table 3 for /s = 8 TeV are
~ 2-10 times smaller than those estimated in Ref. [59] from ATLAS and CMS Run 1 data;
see Fig. 3. On the other hand, they are typical of what would be expected for Drell-Yan
rates for ~ 2TeV p-like and W’'/Z" bosons decaying to dibosons. We shall have more to
say on this below.

The cross sections at /s = 13TeV are 5-7 times larger than at 8 TeV. Preliminary
reports of 2.6-3.2fb~! of 13-TeV data by CMS [62] and ATLAS [63-65] neither confirmed
nor excluded the Run 1 excesses. In August 2016, the LHC collaborations reported searches
for the heavy diboson resonances using 13-15fb~! of data taken at 13 TeV. In the diboson

12The Drell-Yan rates in Table 3 were calculated using the couplings of Ref. [60], appropriate to a single
fermion doublet, for which we assume electric charges i%. The DY cross sections given in Ref. [60] are easily
modified for the case at hand in which there are no other light PGBs. They are encoded in PYTHIA 6.4 [61].
Cross sections for (Qu,Q@p) = (0, —1) differ only slightly from these and give no contribution to the H — v
rate via a U-loop.
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Figure 3: Cross sections for ATLAS and CMS Run 1 diboson excesses estimated from

significances greater than 1.50; from Ref.[59]. The CMS dijet with an estimated cross
section of ~ 100fb was not seen in Run 2 data.

mass range 1.8-2.0 TeV, the ATLAS 95% CL upper limit on cross section times branching
ratio was & 20fb in the all-hadronic (ggqq) channels [66] as well as in the semileptonic
channels fvqq for £ = p,e [67]. Its upper limit was 5-8fb in the sum of the semileptonic
channels £/~ qq and vvqq (dominated, of course, by vvqq) [68]. The early Run 2 data from
CMS (12.9fb™1) put a 95% CL limit on the fvqq channel that was also 20fb [69]. The
ATLAS search for a W/Z + H resonance in the ggbb channel yielded a limit of ~ 12fb [67].
Results based on the current Run 2 data sets of 36 fb~! are appearing. In the all-hadronic
modes WW, W Z — qqqq CMS reported 95% CL limits of 10fb for Z/ — WW and W' —
WZ at My z ~ 2TeV [70] and 3-4fb for W — WH — qgbb and Z' — ZH — qqbb,
also at My 7 ~ 2TeV [71]. ATLAS has reported a search for 2/ — ZH and W' —
WH in these hadronic modes. Its 95% CL limits at My z» = 2TeV are 3fb and 6fb,
respectively [72]. Taking into account W, Z leptonic branching ratios where appropriate,
all these limits are above, but beginning to close in on our predictions in Table 3. In any
case, it is clear that the diboson excesses of Run 1 — especially those in the all-hadronic
channels depicted in Fig. 3 — were, at best, large up-fluctuations.

Our proposal leads to several observations, predictions and recommendations for Runs 2+
3 data analyses:

1) Given the rather small rates in Table 3 and the low efficiency of separating W and
Z in their hadronic decay modes, greater sensitivity to resonance signals may be had
in the early Run 2 data by combining them, i.e., lump together the presumed WW,
W Z and ZZ all-hadronic data, the fvW and fvZ data, etc.
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2) The only V'V diboson resonances come from pg production. Isospin invariance im-
plies equal decay rates to W*Z and W+W~, but no ZZ-signal.'® It is therefore
desirable that the separation of pr ~ 1TeV, hadronically-decaying W and Z-bosons
be sharpened, and the overlap between all-hadronic WW, WZ and ZZ selections
be minimized. Until that is possible, semileptonic and all-leptonic V'V events will
be needed determine the content of the diboson resonances. This may be feasible in
Run 3 with its planned luminosity of 300 fb~!.

3) The V H resonances in our model are due to ap, not pg, production, but they
are expected to be nearly degenerate with the V'V resonances. The pyg may be
distinguished by looking for forward jets. At /s = 13TeV, about 1/3 of pyg — VV
production is due to VBF, which is accompanied by forward jets with a rapidity
gap. The ay — V H process is due entirely to DY because ag — V'V is so strongly
suppressed and, so, it has no forward jets.

4) Table 3 shows that o(pf; — W*Z) : a(py — WHW~) ~ o(af; — WFH) : o(aly —
ZH) ~ 2. This is a consequence of the approximate parity-doubling and the proton’s
parton luminosities at high mass. Another consequence of the parton luminosities is
that o(pf,al;) ~2 x o(py,az).)

5) The large widths of py and ap reflect their underlying strong dynamics, i.e., g,, =~ 3-
5, as well as to their decays to V. Heavy W’ and Z’ bosons are also expected to decay
to WLiZ 1, and VVZr W, but to be relatively narrow because their gauge couplings
and mixings to W, Z are weak. In either case, greater sensitivity may be obtained
by detection methods favoring longitudinal polarization. It seems that, at least for
now, the best path to diboson width measurements is through semileptonic V-decays.
Again, we expect the same widths for V'V and V H resonances.

6) Our model is distinguished from ones in which the composite Higgs is a pseudo-
Goldstone boson in two ways. First, if H is a PGB, there generally are top and
W -partners that keep it light. They are not hadrons of the strong dynamics that
bind H and, so, are lighter than the 2-TeV py and ag. They should show up soon at
the LHC. On the other hand, there are no top and W-partners needed in the strong-
ETC model, and there aren’t any. Second, the PGB models predict corrections
to the H couplings with EW bosons and fermions that may be observable at the
LHC [59]. Such corrections in our model are suppressed by (My /M, )?, too small
to be detected at the LHC.

5 Summary and Plans

In this paper we developed further our strong-ETC model of electroweak symmetry break-
ing and updated our discussion of the diboson resonances py and ay and their standing
vis-a-vis the latest LHC data. We stressed that weak-TC — meaning a minimal role for

131f a, Z Z signal is confirmed, it must be due to production of another state, e.g., an analog of the fo(980).
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TC in EWSB — is a necessary ingredient of our model if it is to explain the large mass gap
between the Higgs boson H(125) and technihadrons. Our two main theoretical purposes
were to include the effect of weak TC on EWSB and to establish as well as we could that the
model provides a plausible explanation for the lightness of H relative to the technihadrons
pr and ag. For the first, we used Takeuchi’s analysis [24] to show that weak T'C modifies
only slightly the analysis of Ref. [16] in which TC was ignored altogether. Specifically,
in the J© = 0% channels of fermion-fermion scattering, the effective TC interaction has
the same form and sign as the corresponding ETC interaction, thus having the effect of
requiring only a slightly smaller ETC coupling to trigger EWSB with a light Higgs and
three Goldstone bosons (H, V).

Our argument that M,, > My was an indirect one: We showed that an assumed
ETC interaction designed to generate a py pole in technifermion scattering amplitudes
leads to values of M,, which are either nearly zero or else much greater than Arc but
less than Agrc. We have not found an argument more direct than this. We regard both
possibilities as implausible compared to M, ,, = O(Arc) — the scale of their binding
interaction — and significantly greater than Mpg. Neither did we address the question
of why Arc = O(1TeV) if TC has little to do with EWSB. Of course, we expect that
it is if the diboson excesses near 2TeV turn out to be confirmed in LHC Runs 2 + 3.
But that’s not an answer. If the dibosons are not confirmed, the question is moot. That
would be unfortunate because our model does not appear to have another readily accessible
“smoking-gun” prediction.

On the phenomenological side, in Sec. 4 we reviewed our expectations for the py and
ap widths and production cross sections [25], compared these with the latest data from
Run 2, and suggested and refined ways to search for them and distinguish our model for
the diboson resonances from others that have been proposed (reviewed in Ref. [59]). If they
are confirmed, there will be plenty for the experimentalists to do to reveal their nature and
the interactions responsible for them.

For our model, the main task remaining is to carry out a renormalization group analysis
for the Higgs and heavy fermion masses. If this analysis can produce results in accord with
experiment, particularly Mg below my, it will give strong support to our approach to
understanding the Higgs as a light composite state.
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