PHYSICAL REVIEW D 96, 095036 (2017)
Precision tests and fine tuning in twin Higgs models
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We analyze the parametric structure of twin Higgs (TH) theories and assess the gain in fine tuning which
they enable compared to extensions of the standard model with colored top partners. Estimates show that, at
least in the simplest realizations of the TH idea, the separation between the mass of new colored particles
and the electroweak scale is controlled by the coupling strength of the underlying UV theory, and that a
parametric gain is achieved only for strongly-coupled dynamics. Motivated by this consideration we focus
on one of these simple realizations, namely composite TH theories, and study how well such constructions
can reproduce electroweak precision data. The most important effect of the twin states is found to be the
infrared contribution to the Higgs quartic coupling, while direct corrections to electroweak observables are
subleading and negligible. We perform a careful fit to the electroweak data including the leading-
logarithmic corrections to the Higgs quartic up to three loops. Our analysis shows that agreement with
electroweak precision tests can be achieved with only a moderate amount of tuning, in the range 5%—10%,
in theories where colored states have mass of order 3—5 TeV and are thus out of reach of the LHC. For these
levels of tuning, larger masses are excluded by a perturbativity bound, which makes these theories possibly

discoverable, hence falsifiable, at a future 100 TeV collider.
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I. INTRODUCTION

The principle of naturalness offers arguably the main
motivation for exploring physics at around the weak scale.
According to naturalness, the plausibility of specific
parameter choices in quantum field theory must be assessed
using symmetries and selection rules. When viewing the
standard model (SM) as an effective field theory valid
below a physical cutoff scale and considering only the
known interactions of the Higgs boson, we expect the
following corrections to its mass.’
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where each A represents the physical cutoff scale in a
different sector of the theory. The above equation is simply
dictated by symmetry: dilatations (dimensional analysis)
determine the scale dependence and the broken shift
symmetry of the Higgs field sets the coupling dependence.
Unsurprisingly, these contributions arise in any explicit UV
completion of the SM, although in some cases there may be
other larger ones. According to Eq. (1.1), any given (large)
value of the scale of new physics can be associated with a
(small) number e, which characterizes the accuracy at
which the different contributions to the mass must cancel
among themselves, in order to reproduce the observed
value m;, = 125 GeV. As the largest loop factor is due to
the top Yukawa coupling, according to Eq. (1.1) the scale
Ayp where new states must first appear is related to m7
and € via

a2 ml 1
o2 Ty A ~ 0.45\/:TeV. (1.2)
€ €

A2

The dimensionless quantity ¢ measures how finely-tuned
m% is, given Ayp, and can therefore be regarded as a
measure of the tuning. Notice that the contributions from g3
and 4, in Eq. (1.1) correspond to Ayp = 1.1 TeV/\/e and
Ayp = 1.3 TeV/ /e, respectively. Although not signifi-
cantly different from the relation in the top sector, these
scales would still be large enough to push new states out of
direct reach of the LHC for € ~ 0.1.

Indeed, for a given €, Eq. (1.2) only provides an upper
bound for Ayp; in the more fundamental UV theory there
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can in principle exist larger corrections to m7 which are not
captured by Eq. (1.1). In particular, in the minimal super-
symmetric SM (MSSM) with high-scale mediation of the
soft terms, 6m3 in Eq. (1.1) is logarithmically enhanced by
RG evolution above the weak scale. In that case, Eq. (1.2) is
modified as follows:

272 1 m;
~N X x 1.3
NP 3y;  InAyy/Anp € (1:3)

where Ayp corresponds to the overall mass of the stops and
Ayy > Ayp is the scale of mediation of the soft terms.
However, for generic composite Higgs (CH) models, as
well as for supersymmetric models with low-scale media-
tion, Eq. (1.2) provides a fair estimate of the relation
between the scale of new physics and the amount of tuning,
the Higgs mass being fully generated by quantum correc-
tions at around the weak scale. If the origin of my is
normally termed soft in the MSMM with large Ayy
[Eq. (1.3)], it should then be termed supersoft in models
respecting Eq. (1.2). As is well known, and shown by
Eq. (1.3), the natural expectation in the MSSM for Ayy 2
100 TeV is Ayp ~ myz ~ my,. In view of this, soft scenarios
were already somewhat constrained by direct searches at
LEP and Tevatron, whereas the natural range of the scale of
supersoft models is only now being probed at the LHC.
Equation (1.2) sets an absolute upper bound on Ayp fora
given fine tuning €, but does not give any information on its
nature. In particular it does not specify the quantum
numbers of the new states that enter the theory at or below
this scale. Indeed, the most relevant states associated with
the top sector, the so-called top partners, are bosonic in
standard supersymmetric models and fermionic in CH
models. Nonetheless, one common feature of these stan-
dard scenarios is that the top partners carry SM quantum
numbers, color in particular. They are thus copiously
produced in hadronic collisions, making the LHC a good
probe of these scenarios. Yet there remains the logical
possibility that the states that are primarily responsible for
the origin of the Higgs mass at or below Ayp are not
charged under the SM, and thus much harder to produce
and detect at the LHC. The twin Higgs (TH) is probably the
most interesting of the (few) ideas that take this approach
[1-22]. This is primarily because the TH mechanism can, at
least in principle, be implemented in a SM extension valid
up to ultrahigh scales. The structure of TH models is such
that the states at the threshold Ayp in Eq. (1.2) carry
quantum numbers under the gauge group of a copy, a twin,
of the SM, but are neutral under the SM gauge group. These
twin states, of which the twin tops are particularly relevant,
are thus poorly produced at the LHC. The theory must also
contain states with SM quantum numbers, but their mass
m, 1is boosted with respect to Ayp roughly by a factor
g./9sm» Where g, describes the coupling strength of the
new dynamics, while ggy represents a generic SM
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coupling. As discussed in the next section, depending on
the structure of the model, gqy; can be either the top Yukawa
or the square root of the Higgs quartic. As a result, given the
tuning e, the squared mass of the new colored and charged
states is roughly given by

m? ~4—”§xm—%x <i>2
3yi € gsm

For g, > ggu, we could define these model as effectively
hypersoft, in that, for fixed fine tuning, the gap between the
SM-charged states and the weak scale is even larger than
that in supersoft models. In practice the above equation
implies that, for strong g., the new states are out of reach of
the LHC even for mild tuning (see Sec. I A for a more
precise statement). Equation (1.4) synthesizes the potential
relevance of the TH mechanism, and makes it clear that the
new dynamics must be rather strong for the mechanism to
work. Given the hierarchy problem, it then seems almost
inevitable to make the TH a composite TH (although it
could also be a supersymmetric composite TH). Realizations
of the TH mechanism within the paradigm of CH models
with fermion partial compositeness [23] have already been
proposed, both in the holographic and effective theory
setups [6,9,13,14].

It is important to recognize that the factor that boosts the
mass of the states with SM gauge quantum numbers in
Eq. (1.4) is the coupling g, itself. Because of this, strong-
dynamics effects in the Higgs sector, which are described
in the low-energy theory by nonrenormalizable operators
with coefficients proportional to powers of g,/m., do not
“decouple” when these states are made heavier, at fixed fine
tuning e. In the standard parametrics of the CH, m, /g, is of
the order of f, the decay constant of the s-model within
which the Higgs doublet emerges as a pseudo-Nambu-
Goldstone boson (pNGB). Then &= v?/f?, as well as
being a measure of the fine tuning through ¢ = 2¢&, also
measures the relative deviation of the Higgs couplings from
the SM ones, in the TH like in any CH model.? Recent
Higgs coupling measurements roughly constrain &<
10-20% [24], and a sensitivity of order 5% is expected
in the high-luminosity phase of the LHC [25]. However
Higgs loop effects in precision Z-pole observables mea-
sured at LEP already limit £ < 5% [26,27]. Having to live
with this few-percent tuning would somewhat undermine
the motivation for the clever TH construction. In ordinary
CH models this strong constraint on & can in principle be
relaxed thanks to compensating corrections to the 7
parameter coming from the top partners. In the most natural
models, these are proportional to y#v?/m? and thus, unlike
the Higgs-sector contribution, decouple when m, is

(1.4)

*The factor of two difference between the fine tuning € and & is
due to the Z, symmetry of the Higgs potential in the TH models,
as shown in Sec. IT A [7].
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increased. This makes it hard to realize such a compensa-
tory effect in the most distinctive range of parameters for
TH models, where m, ~5-10 TeV. Alternatively one
could consider including custodial-breaking couplings
larger than y, in the top-partner sector. Unfortunately these
give rise to equally-enhanced contributions to the Higgs
potential, which would in turn require further ad-hoc
cancellations.

As already observed in the literature [13,14] another
important aspect of TH models is that calculable IR-
dominated contributions to the Higgs quartic coupling
almost saturate its observed value. Though a welcome
property in principle, this sets even stronger constraints on
additional UV contributions, such as those induced by extra
sources of custodial breaking. In this paper we study the
correlation between these effects, in order to better assess
the relevance of the TH construction as a valid alternative to
more standard ideas about EW-scale physics. Several such
studies already exist for standard composite Higgs scenar-
ios [28-30]. In extending these to the TH we shall
encounter an additional obstacle to gaining full benefit
from the TH boost in Eq. (1.4): the model structure requires
rather “big” multiplets, implying a large number of degrees
of freedom. This results in an upper bound for the coupling
that is parametrically smaller than 4z by naive dimensional
analysis (NDA); hence the boost factor is similarly
depressed. We shall discuss in detail how serious and
unavoidable a limitation this is.

The paper is organized as follows: in Sec. Il we discuss
the general structure and parametrics of TH models,
followed by Sec. III where we discuss the more specific
class of composite TH models we focus on for the purpose
of our study. In Secs. IV and V we present our computations
of the basic physical quantities: the Higgs potential and
precision electroweak parameters S, T, dg1.,)- Section VIis
devoted to a discussion of the resulting constraints on the
model and an appraisal of the whole TH scenario. Our
conclusions are presented in Sec. VIIL.

II. THE TWIN HIGGS SCENARIO

A. Structure and parametrics

In this section we outline the essential aspects of the TH
mechanism. Up to details and variants which are not crucial
for the present discussion, the TH scenario involves an
exact duplicate, SM, of the SM fields and interactions,
underpinned by a Z, symmetry. In practice this Z, must be
explicitly broken in order to obtain a realistic phenom-
enology, and perhaps more importantly, a realistic cosmol-
ogy [19-21]. However the sources of Z, breaking can have
a structure and size that makes them irrelevant in the
discussion of naturalness in electroweak symmetry break-
ing, which is the main goal of this section.

Our basic assumption is that the SM and its twin emerge
from a more fundamental Z,-symmetric theory at the scale
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m,, at which new states with SM quantum numbers, color
in particular, first appear. In order to get a feel for the
mechanism and its parametrics, it is sufficient to focus on
the most general potential for two Higgs doublets H and H,
invariant under the gauge group Ggy X Ggw» With
Gsy = SU(3), x SU(2), x U(1)y, as well as a Z,:

. - jl .
V(H,H) = —mj(|H]> + |H|*) ﬂLZH(IHI2 + [H[?)?
(IH[*+|H*).

+ (2.1)

o |

Strictly speaking, the above potential does not have minima
with realistic “tunable” (H). This goal can be achieved by
the simple addition of a naturally small Z,-breaking mass
term which, while changing the vacuum expectation value,
does not affect the estimates of fine tuning, and hence will
be neglected for the purposes of this discussion. Like for
the SM Higgs, the most general potential is accidentally

invariant under a custodial SO(4) x SO(4). Notice how-
ever that in the limit ;Ih — 0, the additional Z, enhances the
custodial symmetry to SO(8), where H=H @ H=8.In
this exact limit, if H acquired an expectation value

<I:I> = f/v/2, all 4 components of the ordinary Higgs H
would remain exactly massless NGBs. Of course the SM

and SM gauge and Yukawa couplings, along with 1,
explicitly break the SO(8) symmetry that protects the
Higgs. Consider however the scenario where these other
couplings, which are known to be weak, can be treated as
small SO(8)-breaking perturbations of a stronger SO(8)-
preserving underlying dynamics, of which the quartic
coupling Ay, is a manifestation. In this situation we can
reassess the relation between the SM Higgs mass, the
amount of tuning and the scale m, where new states
charged under the SM are first encountered, treating Zh
as a small perturbation of 1. At zeroth order, i.e.,
neglecting /Alh, we can expand around the vacuum
(H)? = 2m3, /29y = f*/2, (H) = 0. The spectrum consists
of a heavy scalar o, with mass m, = /2my, = /23.f/ V2,
corresponding to the radial mode, 3 NGBs eaten by the
twin gauge bosons, which get masses ~gf/2 and the
massless H. When turning on A,, SO(8) is broken
explicitly and H acquires a potential. At leading order in
a A;,/ A4, expansion the result is simply given by substituting
|H|?> = f2/2 — |H|? in Eq. (2.1).” The quartic coupling and
the correction to the squared mass are then given by

An = Ay

Smyy ~ Inf2/8 = () 2d)m3,.  (2.2)

*Notice that the effective Higgs quartic receives approximately

equal contributions from |H|* and |H|*. This is a well-known and
interesting property of the TH, see for instance Ref. [7].
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As mentioned above, we assume that m?, also receives an
independent contribution from a Z,-breaking mass term,
which can be ignored in the estimates of tuning. Note that
in terms of the physical masses of the Higgs, m;,, and of its
heavy twin, m,, we have precisely the same numerical
relation 6m3 = (4;,/24y)m%. The amount of tuning e,
defined as m?/8m?, is given by € = 2& = 202/ f2.

Our estimate of dm? in Eq. (2.2) is based on a
simplifying approximation where the SO(8)-breaking
quartic is taken Z,-symmetric. In general we could allow
different couplings 4, and A; for |H|* and |H |* respectively,
constrained by the requirement :1,, +/A1,~1 =2],. As the
estimate of ém7, in Eq. (2.2) is determined by the |H|*
term, it is clear that a reduction of 2;1, with 4, fixed, would
improve the tuning, as emphasized in Ref. [22]. As
discussed in Sec. IV, however, a significant fraction of
the contribution to 4, and ﬁ,; is coming from RG evolution
due to the top and twin top. According to our analysis,
;1,,/;1;; varies between 1.5 in the simplest models to 3 in

models where /Al,; is purely IR-dominated as in Ref. [22].
Though interesting, this gain does not change our para-
metric estimates.

The ratio 4;,/45 is the crucial parameter in the game.
Indeed it is through Eq. (2.2) that my is sensitive to
quantum corrections to the Lagrangian mass parameter mqy,
or, equivalently, that the physical Higgs mass my is
sensitive to the physical mass of the radial mode m,. In
particular, what matters is the correlation of m, with, and its
sensitivity to, m,, where new states with SM quantum
numbers appear. One can think of three basic scenarios for
that relation, which we now illustrate, ordering them by
increasing level of model-building ingenuity. Beyond these
scenarios there is the option of tadpole-dominated electro-
weak symmetry breaking, which we shall briefly discuss at
the end.

1. Subhypersoft scenario

The simplest option is given by models with m, ~ m,.
Supersymmetric TH models with medium- to high-scale
soft-term mediation belong to this class [7], with m,
representing the soft mass of the squarks. Like in the
MSSM, my, and therefore m,, is generated via RG
evolution: two decades of running are sufficient to obtain
m, ~ m,. Another example is composite TH models
[13,14]. In their simplest incarnation they are characterized
by one overall mass scale m, and coupling g, [31], so that
by construction one has m, ~m, and 1y ~ g2. As dis-
cussed below Eq. (2.2), in both these scenarios one then
expects m3 ~ (4;,/22y)m2. It is interesting to compare this
result to the leading top-sector contribution in Eq. (1.1). For
that purpose it is worth noticing that, as discussed in
Sec. IV, in TH models the RG-induced contribution to the
Higgs quartic coupling Al |gg ~ (3y#/2%) Inm, /m, (more
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than) saturates its experimental value 4, ~0.5 for
m, ~3-10 TeV.* We can thus write

3y4 1
X In(m, /m,)m?

5m%l ~ (ﬂh/ZﬂH)mi ~ 2—”2/17{

W

i yi
which should be compared to the first term on the right-
hand side of Eq. (1.1). Accounting for the possibility of
tuning we then have

m, ~0.45 x X x 4/— TeV. 2.4
2y, "\t jmg) < Ve TV 2

Compared to Eq. (1.2), the mass of colored states is on one

hand parametrically boosted by the ratio g, /(1/2y,), and on
the other it is mildly decreased by the logarithm. The
motivation for, and gain in, the ongoing work on the
simplest realization of the TH idea pivot upon the above
g./y,. The basic question is how high g, can be pushed
without leading to a breakdown of the effective description.
One goal of this paper is to investigate to what extent one
can realistically gain from this parameter in more explicit
CH realizations. Applying naive dimensional analysis
(NDA) one would be tempted to say that g, as big as
~4z makes sense, in which case m, ~ 10 TeV would only
costamild € ~ 0.1 tuning. However such an estimate seems
quantitatively too naive. For instance, by focusing on the
simple toy model whose potential is given by Eq. (2.1), we
can associate the upper bound on Ay = g2, to the point
where perturbation theory breaks down. One possible way
to proceed is to consider the one loop beta function

diyy, N+8 ,
Y X700 25
By = 3022 ™ (25)

and to estimate the maximum value of the coupling 45, as
that for which A4y /4y ~ O(1) through one e-folding of
RG evolution. We find

2m2 - 3272 My

A p—
L VI

<, for N =38, (2.6)

which also gives g, ~ /4y < V/27, corresponding to a
significantly smaller maximal gain in Eq. (2.4) with respect
to the NDA estimate. In Sec. IIIB we shall perform
alternative estimates in more specific CH constructions,
obtaining similar results.

“For this naive estimate we have taken the twin-top contribu-
tion equal to the top one, so that the result is just twice the SM
one. For a more precise statement see Sec. IV.
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It is perhaps too narrow-minded to stick rigidly to such
estimates to determine the boost that g, /(1/2y,) can give to
m,. Although it is parametrically true that the stronger the
coupling g., the heavier the colored partners can be at fixed
tuning, the above debate over factors of a few make it
difficult to be more specific in our estimates. In any case the
gain permitted by Eq. (2.4) is probably less than one might
naively have hoped, making it fair to question the moti-
vation for the TH, at least in its “subhypersoft” realization.
With this reservation in mind, we continue our exploration
of the TH in the belief that the connection between
naturalness and LHC signatures is so crucial that it must
be analyzed in all its possible guises.

Concerning in particular composite TH scenarios one
last important model building issue concerns the origin of
the Higgs quartic 4;,. In generic CH it is known that the
contribution to /,, that arises at O(y?) is too large when g, is
strong. Given that the TH mechanism demands g, as strong
as possible then composite TH models must ensure that the
leading O(y?) contribution is absent so that 4, arises at
O(y?}). As discussed in Ref. [13], this property is not
guaranteed but it can be easily ensured provided the
couplings that give rise to y, via partial compositeness
respect specific selection rules.

2. Hypersoft scenario

The second option corresponds to the structurally robust
situation where m2 is one loop factor smaller than m?2. This
is for instance achieved if H is a PNG-boson octet multiplet
associated to the spontaneous breaking SO(9) — SO(8) in
a model with fundamental scale m, . Another option would
be to have a supersymmetric model where supersymmetric
masses of order m, are mediated to the stops at the very
scale m, at which H is massless. Of course in both cases a
precise computation of m2 would require the full theory.
However a parametrically correct estimate can be given by
considering the quadratically divergent 1-loop corrections
in the low energy theory, in the same spirit of Eq. (1.1). As
v; and Ay are expected to be the dominant couplings the
analogue of Egs. (1.1) and (2.2) imply

M (32 52 5\ 3,
P BN (AT I 2 P B (G et
SNy <4ﬂ2+16ﬂ2 "=\ T 12) g
(2.7)

Very roughly, for A3, 2 y?, top effects become subdominant
and the natural value for m;,, becomes controlled by 4, like
the term induced by the Higgs quartic in Eq. (1.1). In the
absence of tuning this roughly corresponds to the techni-
color limit m, ~ 4zv, while allowing for fine tuning we

have
1
m, ~1.4x \/ TeV. (2.8)
€
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It should be said that in this scenario there is no extra boost
of m, at fixed tuning by taking 4, > y?. Indeed the choice
Ay ~y? is preferable as concerns electroweak precision
tests (EWPT). It is well known that RG evolution in the
effective theory below m,, gives rise to corrections to the §
and 7' parameters as discussed in Sec. V [32]. In view of the
relation € = 2%/ f? this gives a direct connection between
fine-tuning electroweak precision data, and the mass of the
twin Higgs m,. At fixed v?/f%>, EWPT then favor the

smallest possible m, = ﬂH f/+/2, that is the smallest
A3 ~y?. The most plausible spectrum in this class of
models is roughly the following: the twin scalar ¢ and
the twin tops appear around the same scale ~y,f/v/2,
below the colored partners who live at m,. The presence of
the somewhat light scalar ¢ is one of interesting features of
this class of models.

3. Superhypersoft scenario

This option is a clever variant of the previous one, where
below the scale m, approximate supersymmetry survives in
the Higgs sector in such a way that the leading contribution
to 5m%{ proportional to A4 is purely due to the top sector
[7]. In that way Eq. (2.7) reduces to

5m2N/1_h 3_)]’2 mZ:y—?x
M \dr2 )T Iy

so that by choosing g, > y, one can push the scale m,
further up with fixed fine tuning €

e x \f TeV
— TeV.

\/Z)’t €
In principle even under the conservative assumption that

Gy ~ \/Eﬂ 1s the maximal allowed value, this scenario
seemingly allows m, ~ 14 TeV with a mild € ~ 0.1 tuning.
It should be said that in order to realize this scenario one
would need to complete H into a pair of chiral superfield
octets H,, and H,, along the lines of Ref. [7], as well as add
a singlet superfield S in order to generate the Higgs quartic
via the superpotential trilinear g,SH, H . Obviously this is
a very far-fetched scenario combining all possible ideas to
explain the smallness of the weak scale: supersymmetry,
compositeness, and the twin Higgs mechanism.

3

82

(2.9)

m, ~ 1.4 x (2.10)

4. Alternative vacuum dynamics: Tadpole induced EWSB

In all the scenarios discussed so far the tuning of the
Higgs vacuum expectation value (VEV) and that of the
Higgs mass coincided: e, which controls the tuning of m3
according to Egs. (2.4), (2.8), and (2.10), is equal to
2%/ f?, which measures the tuning of the VEv. This was
because the only tuning in the Higgs potential was
associated with the small quadratic term, while the quartic

095036-5



ROBERTO CONTINO et al.

was assumed to be of the right size without the need for
further cancellations (see, e.g., the discussion in Ref. [33]).
Experimentally however, one can distinguish between the
need for tuning that originates from measurements of Higgs
and electroweak observables, which are controlled by
v?/f%, and that coming from direct searches for top
partners. Currently, with bounds on colored top partners
at just around 1 TeV [34,35], but with Higgs couplings
already bounded to lie within 10%—-20% of their SM value
[24], the only reason for tuning in all TH scenarios is to
achieve a small 2/ f2. It is then fair to consider options that
reduce or eliminate only the tuning of »>/f2. As argued in
Ref. [18], this can be achieved by modifying the H scalar
vacuum dynamics, and having its VEV induced instead by a
tadpole mixing with an additional electroweak-breaking
technicolor (TC) sector [36—38]. In order to preserve the Z,
symmetry one adds two twin TC sectors, both characterized
by a mass scale my and a decay constant fyc ~ myc/4n
(i.e., it is parametrically convenient to assume gryc ~ 47).
Below the TC scale the dynamics in the visible and twin
sectors is complemented by Goldstone triplets z, and 7,
which can be embedded into doublet fields according to

70 3 /0
> = fTCe Ta0q ! , Yy = fTCe Ta0a ! , (21 1)

and are assumed to mix with H and H via the effective
potential terms

Viadpole = M>(H'Z + H'S) + H.c. (2.12)
Assuming mypc <K myy the H vacuum dynamics is not
significantly modified, but, for myc > my, Viggpoe acts
like a rigid tadpole term for H. The expectation value (H) is
thus determined by balancing such a tadpole against the
gauge-invariant |H|?> mass term; the latter will then roughly
coincide with m%l In order for this to work, by Eq. (2.2) the
SO(8)-breaking quartic 4, should be negative, resulting in
v~ (M?/m3)frc. It is easy to convince oneself that the
corrections to Higgs couplings are O(f%./v?): present
bounds can then be satisfied for f7¢ ~ v/4/10 = 80 GeV.
In turn, the value of v/ f is controlled by f and can thus be
naturally small. The TC scale is roughly myc ~4zfrc ~
600-800 GeV, while the noneaten pNGB 7 in Eq. (2.11)
have a mass m2~ M>v/frc ~mi(v/frc)? ~400 GeV.
The latter value, although rather low, is probably large
enough to satisfy constraints from direct searches. In our
opinion, what may be more problematic are EWPT, in view
of the effects from the TC sector, which shares some of the
vices of ordinary TC. The IR contributions to Sand T,
associated with the splitting m, < myc, are here smaller
than the analogues of ordinary technicolor (there associated
with the splitting my, < my¢). However the UV contribu-
tion to S is parametrically the same as in ordinary TC, in
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particular it is enhanced at large Nyc. Even at Ny = 2,
staying within the allowed (S, 7) ellipse still requires a
correlated contribution from AT, which in principle should
also be counted as tuning. In spite of this, models with
tadpole-induced EWSB represent a clever variant where,
technically, the dynamics of EWSB does not currently
appear tuned. A thorough analysis of the constraints is
certainly warranted.

III. THE COMPOSITE TWIN HIGGS

In this section and in the remainder of the paper, we will
focus on the CH realization of the TH, which belongs to the
subhypersoft class of models. In this simple and well-
motivated context we shall discuss EWPT, fine tuning, and
structural consistency of the model.

Our basic structural assumption is that at a generic UV
scale Ayy > m,, our theory can be decomposed into two
sectors: a strongly-interacting composite sector and a
weakly-interacting elementary sector. The composite
sector is assumed to be endowed with the global symmetry
G =S0(8) x U(1)y x Z, and to be approximately scale-
(conformal) invariant down to the scale m,, at which it
develops a mass gap. We assume the overall interaction
strength at the resonance mass scale m, to be roughly
described by one parameter g, [31]. The large separation
of mass scales Ayy > m, is assumed to arise naturally, in
that the occurrence of the mass gap m, is controlled by
either a marginally relevant deformation, or by a relevant
deformation whose smallness is controlled by some global
symmetry. At the scale m,, SO(8) x U(1)y X Z, is sponta-
neously broken to the subgroup H = SO(7) x U(1)y,
giving rise to seven NGBs in the 7 of SO(7) with decay
constant f ~m,/g,. The subgroup U(1)y does not par-
ticipate to the spontaneous breaking, but its presence is
needed to reproduce the hypercharges of the SM fermions,
similarly to CH models. The elementary sector consists in
turn of two separate weakly interacting sectors: one
containing the visible SM fermions and gauge bosons,
corresponding to the SM gauge group Ggy = SU(3),.x
SU(2), x U(1)y; the other containing the twin SM
with the same fermion content and a SM gauge group
GSM = SU(3), x SU(2),. The external Z, symmetry, or
twin parity, interchanges these two copies. For simplicity,
and following [13], we choose not to introduce a mirror
hypercharge field. This is our only source of explicit twin-
parity breaking, and affects neither our discussion of fine
tuning, nor that of precision electroweak measurements.

The elementary and composite sectors are coupled
according to the paradigm of partial compositeness [23].
The elementary EW gauge bosons couple to the strong
dynamics as a result of the weak gauging of the SU(2), x
U(1)y x SU(2), subgroup of the global SO(8) x U(1).
A linear mixing with the global conserved currents is thus
induced:
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LV D gaWeTth + g1B,Jhy + Wik, (3.1)

where ¢, and g, denote the SM and twin weak gauge
couplings, Ji =J4, +J% and J¢, J* and JY are the
currents associated respectively to the SU(2),, SU(2),
and U(l)y generators. The elementary fermions mix
analogously with various operators transforming as linear
representations of SO(8) that are generated in the far
UV by the strongly interacting dynamics. The mixing
Lagrangian takes the schematic form:

£F

mix

D gfALOk + 10,07 + EI%AaA@'?e

+1720,0] + He., (3.2)

where, following, e.g., Ref. [39], we introduced spurions

A, AaA, 0,4, and (:)A in order to uplift the elementary
fields to linear representations of SO(8), and match the
quantum numbers of the composite operators. The left-

handed mixings A4, A 4 necessarily break SO(8) since g,
only partially fills a multiplet of SO(8). The right-handed
mixings, instead, may or may not break SO(8). The
breaking of SO(8) gives rise to a potential for the NGBs
at one loop and the physical Higgs is turned into a pNGB.
We conclude by noticing that g,, and g, correspond to
quasimarginal couplings which start off weak in the UV,
and remain weak down to m,. The fermion mixings could
be either relevant or marginal, and it is possible that some
may correspond to interactions that grow as strong as g, at
the IR scale m, [40]. In particular, as is well known, there is
some advantage as regards tuning in considering the right

mixings ®, and ©, to be strong. In that case one may even
imagine the IR scale to be precisely generated by the
corresponding deformation of the fixed point. While this
latter option may be interesting from a top-down perspec-
tive, it would play no appreciable role in our low-energy
phenomenological discussion.

A. A simplified model

In order to proceed we now consider a specific realiza-
tion of the composite TH and introduce a concrete
simplified effective Lagrangian description of its dynamics.
Our model captures the most important features of this class
of theories, like the pNGB nature of the Higgs field, and
provides at the same time a simple framework for the
interactions between the elementary fields and the
composite states, vectors and fermions. We make use of
this effective model as an example of a specific scenario in
which we can compute EW observables, and study the
feasibility of the TH idea as a new paradigm for physics at
the EW scale.

We write down an effective Lagrangian for the com-
posite TH model using the Callan-Coleman-Wess-Zumino
(CCWZ) construction [41,42], and generalizing the simpler
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case of a two-site model developed in Ref. [13]. According
to the CCWZ technique, a Lagrangian invariant under the
global SO(8) group can be written following the rules of a
local SO(7) symmetry. The basic building blocks are the
Goldstone matrix X(IT), which encodes the seven NGBs,
I, present in the theory, and the operators d,(II) and
E,(IT) resulting from the Maurer-Cartan form constructed
with the Goldstone matrix. An external U(1)y group is also
added to the global invariance in order to reproduce the
correct fermion hypercharges [13]. The CCWZ approach is
reviewed and applied to the SO(8)/SO(7) coset in
Appendix A.

Before proceeding, we would like to recall the simplified
model philosophy of Ref. [43], which we essentially
employ. In a generic composite theory, the mass scale
m,, would control both the cutoff of the low energy -model
and the mass of the resonances. In that case no effective
Lagrangian method is expected to be applicable to describe
the resonances. So, in order to produce a manageable
effective Lagrangian we thus consider a Lagrangian for
resonances that can, at least in principle, be made lighter
that m,. One more structured way to proceed could be to
consider a deconstructed extra-dimension where the mass
of the lightest resonances, corresponding to the inverse
compactification length, is parametrically separated from
the 5D cut-off, interpreted as m,.. Here we do not go that far
and simply consider a set of resonances that happen to be a
bit lighter than m... We do so to give a structural dignity to
our effective Lagrangian, though at the end, for our
numerical analysis, we just take the resonances a factor
of 2 below m,. We believe that is a fair procedure given our
purpose of estimating the parametric consistency of the
general TH scenario.

We start our analysis of the effective Lagrangian with the
bosonic sector. Together with the elementary SM gauge
bosons, the W’s and B, we introduce the twin partners W

to gauge the SU (2), group. As representative of the
composite dynamics, we restrict our interest to the heavy
spin-1 resonances transforming under the adjoint of SO(7)
and to a vector singlet. We therefore introduce a set of
vectors pj which form a 21 of SO(7) and the gauge vector
associated with the external U(1)y, which we call p). The
Lagrangian for the bosonic sector can be written as

+ LY

mix*

Lyosonic = L+ ‘c(‘:/omp + L}

elem

(3.3)

The first term describes the elementary gauge bosons
masses and the NGBs dynamics and is given by

f2
L, = ZTr[dﬂd"]. (3.4)
The second term, [I(‘fomp, is a purely composite term,
generated at the scale m, after confinement; it reduces
to the kinetic terms for the p vectors, namely:
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[’Xomp le/ XW (3 5)

1
Ty 2pwp””" 4g 2

where pZIJ = ”plzjz - vpy fabcp;lpw p;w = /,tpv - 81//)/,)1(’
and g, and g,x are the coupling strengths for the composite
spin-1 bosons. The third term in Eq. (3.3), LY., is a purely
elementary interaction, produced at the scale Ayy where
the elementary fields are formally introduced. Also this
Lagrangian can contain only the kinetic terms for the
elementary fields:

1

1
elem — 4_9%BIWBIW - 4_9% WIC:U W —

”UWa[ll/’
(3.6)

where g;, g,, and g, denote the weak gauge couplings. The

last term in the Lagrangian (3.3), Lmlx, iS a mixing term

between the elementary and composite sectors originating
. . 5

from partial compositeness. We have:

2

2 M=,
‘lex = _g (TrmaTZI D + L (p})l( - Bﬂ)z’ (37)
9p

where T2! are the SO(8) generators in the adjoint of SO(7)
(see Appendix A).

We now introduce the Lagrangian for the fermionic
sector. This depends on the choice of quantum numbers
for the composite operators in Eq. (3.2). The minimal

option is to choose O and @R to be in the fundamental
representation of SO(8), whereas the operators O; and

(7)L are singlets of the global group. Therefore, the
elementary SM doublet and its twin must be embedded
into fundamental representations of SO(8), whereas
the tx and the 7p are complete singlets under the
global SO(8) invariance. This choice is particularly
useful to generalize our discussion to the case of a
fully-composite right-handed top. From the low-energy
perspective, the linear mixing between composite oper-
ators and elementary fields translates into a linear
coupling between the latter and a layer of fermionic
resonances excited from the vacuum by the operators
in the fundamental and singlet representations of
the global group. Decomposing the 8 of SO(8) as
8 =7 + 1 under SO(7), we introduce a set of fermionic
resonances filling a complete fundamental represen-
tation of SO(7) and another set consisting of just one

*Notice that in the Lagrangian (3.7), the parameters f, M,
M ,x, g,, and g,x are all independent. It is common to define the
parameters a, = M,/(g,f) and ax = Mﬂx/(gﬂxf), which are
expected to be O(1). In our analysis we set a, = 1/V2
corresponding to the two-site model value (see the last paragraph
of this section) and a,x = 1.

PHYSICAL REVIEW D 96, 095036 (2017)

singlet.6 We denote with W5 the fermionic resonances in
the septuplet and with W¥; the singlet, both charged
under SU(3),. Together with them, we must introduce

analogous composite states charged under SU (3).;

o we

use the corresponding notation ‘I‘7 and ‘Pl We refer to

Ref. [13] for the complete expression of ¥ and ‘P7 in
terms of the constituent fermions.

The fermionic effective Lagrangian is split into three
parts, which have the same meaning as the analogous
distinctions we made for the bosonic sector of the theory:

Ltermionic = Léomp + Lljem T Lhic- (3.8)
The fully composite term is given by:
Loy = W7(iD7 — My)¥7 + ¥1(iDy
+ Wy (i — )Py + P (i — )Py
+ (ic W5, d Wy, + icgPhedWig + iELEI;LﬂFiliIIL
(3.9)

- M),

=+ iz‘R‘i‘J;Rd;‘{I‘le + H.C.),

where D7, =V, +iXB,, Dy, =0,+iXB,, and V, =
0, + iE,. We have introduced two sets of O(1) coeffi-
cients, ¢; and cp and their twins, for the interactions
mediated by the d, operator. Considering the elementary
part of the Lagrangian, it comprises just the kinetic terms
for the doublets and right-handed tops:

Lliem = q1iPqy + RiP1g + qLiDG;, + 1rid1.  (3.10)
The final term in our classification is the elementary/
composite mixing that we write again following the
prescription of partial compositeness. With our choice of
quantum numbers for the composite operators, the spurions
in Eq. (3.2) can be matched to dimensionless couplings
according to

0 0 iy, -y, O0x4
A{IA:<. g t >9 GAZyR’
ive yr O 0 Ox4
(3.11)
and
~ 0 X 4 0 0 lS)L _5)L ~ -
Aga = ( i~ ~ > 04 = Y&,
O0x4 iy, y. O 0
(3.12)

®Notice that in general we should introduce two different
singlets in our Lagrangian. One corresponds to a full SO(8)
singlet, while the other is the SO(7) singlet appearing in the
decomposition 8 = 7 + 1 of the fundamental of SO(8) under the
SO(7) subgroup. We will further simplify our study identifying
the two singlets with just one composite particle.
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where we have introduced the elementary/composite mix-
ing parameters y;, yp and their twin counterparts. These
dimensionless y’s control the strength of the interaction
between the elementary and composite resonance fields,
according to the Lagrangian:

Ll = F(7 AaaZaiP5 + G7 DapZasP1 + yr1g %P1 + Hoe.)
+ (77 AarZai Y7 + 77 DaaZasPy + rlg¥y + Hee.).
(3.13)
Depending on the UV boundary condition and the

relevance or marginality of the operators appearing in
|
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Eq. (3.2), the y’s can vary from weak to O(g,).
Correspondingly the light fermions vary from being
completely elementary (for y weak) to effectively fully
composite (for y ~ g,). For reasons that will become
clear, given y,~y;ygr/g., it is convenient to take
v =yL ~y,; ie., weak left mixing, and yr = yz ~ ¢..
For such strong right-handed mixing the right-handed
tops can be practically considered part of the strong
sector.

The last term that we need to introduce in the effective
Lagrangian describes the interactions between the vector
and fermion resonances and originates completely in the
composite sector. We have:

Ligmp = z 07 (4 = E)¥ai + a7 ¥7,(# — B)¥s; + i, Pui(# — B)¥y;

i=L,R

+ & (f = E) Wy + Py (B — B)Pys + a0 (X — By,

where all the coefficients «; appearing in the Lagrangian are
O(1) parameters.

We conclude the discussion of our effective Lagrangian
by clarifying its two-site model limit [44] (see also
Ref. [45]). This is obtained by combining the singlet
and the septuplet into a complete representation of
SO(8), so that the model enjoys an enhanced SO(8), x
SO(8)g global symmetry. This is achieved by setting ¢; =
cg = ¢ = ¢g = 0 and all the ; equal to 1. Moreover, we
have to impose M, = g,f/ V2, so that the heavy vector
resonances can be reinterpreted as gauge fields of SO(7).
As shown in Ref. [44], with this choice of the free
parameters the Higgs potential becomes calculable up to
only a logarithmic divergence, that one can regulate by
imposing just one renormalization condition. In the sub-
sequent sections, we will extensively analyze the EW
precision constraints in the general case, as well as in
the two-site limit.

B. Perturbativity of the simplified model

In Sec. A1 it was noted that a TH construction
typically involves large multiplicities of states and, as a
consequence, the dynamics responsible for its UV com-
pletion cannot be maximally strongly coupled. This in turn
limits the improvement in fine tuning that can be achieved
compared to standard scenarios of EWSB. In our naive
estimates of Egs. (2.3), (2.7), and (2.9) the interaction
strength of the UV theory was controlled by the s-model
quartic coupling A4 or, equivalently, by m,/f. By consid-
ering the Ay one-loop S-function [Eq. (2.5)] we estimated
the maximal value of 1, as the one corresponding to an
O(1) relative change through one e-folding of RG evolu-
tion. For an SO(8)/SO(7) 6-model this led to \/Z;; < v/2,
or, equivalently, m,/f < .

(3.14)

Alternatively, the limit set by perturbativity on the UV
interaction strength may also be estimated in the effective
theory described by the nonlinear o-model by determining
the energy scale at which tree-level scattering amplitudes
become nonperturbative. For concreteness, we considered
the following two types of scattering processes: zx — ax

and znz — yy, where 7 are the NGBs and y = {¥;, ¥;}
denotes a composite fermion transforming in the funda-
mental of SO(7). Other processes can (and should) be
considered, with the actual bound being given by the
strongest of the constraints obtained in this way.

Requiring that the process 7z — zz stay perturbative up
the cutoff scale m, gives the bound

M, My _m,

o ror
where the second inequality is valid in a generic
SO(N)/SO(N — 1) nonlinear s-model, and we have set
N = 8 in the last step. More details on how this result was
obtained can be found in Appendix G. Equation (3.15) in
fact corresponds to a limit on the interaction strength of
the UV theory, given that the couplings among fermion
and vector resonances are of order My/f and M,/f,

respectively. Perturbativity of the scattering amplitude
for zz — Yy instead gives (see Appendix G for details)

\/12\6”: v
VNN

where Ny is the multiplicity of composite fermions
(including the number of colors and families). Our sim-
plified model with one family of composite fermions has
N; =6, which gives a limit similar to Eq. (3.15):

~5.1,  (3.15)

M, My _m.

i< (3.16)
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My/f <5.3. A model with three families of composite
quarks and leptons has instead N, =24, from which
follows the stronger bound My/f < 2.6.

As a third alternative, one could analyze when 1-loop
corrections to a given observable become of the same order
as its tree-level value. We applied this criterion to our
simplified model by considering the § parameter, the new
physics contribution to which includes a tree-level correc-
tion from heavy vectors given by Eq. (5.6), and a one-loop
correction due to heavy fermions, which can be found in
Appendix E. By requiring that the one-loop term be smaller
than the tree-level correction, we obtain a bound on the
strong coupling constant g,. As an illustration, we consider

the two-site model limit ¢; = cg =0 and M, = gpf/\/§
and keep the dominant UV contribution to Sin Eq. (E7)

which is logarithmically sensitive to the cutoff. By setting
m, = 2My, we find:

ASvl—loop Mp 9 T
= <l=s>-—F="X<—x==27. 3.17
ASee f \/z v2log2 ( )

The perturbative limits obtained from Egs. (3.15), (3.16),
and (3.17) are comparable to that on Ay derived in Sec. I A 1.
As already discussed there, one could take any of these
results as indicative of the maximal interaction strength in the
underlying UV dynamics, though none of them should be
considered as a sharp exclusion condition. In our analysis of
EW observables we will make use of Eq. (3.15) with N = 8
and of Eq. (3.16) with N = 24 to highlight the regions of
parameter space where our perturbative calculation is less
reliable. We use both limits as a measure of the intrinsic
uncertainty which is inevitably associated with this type of
estimation.

IV. HIGGS EFFECTIVE POTENTIAL

As anticipated in the general discussion of Sec. II A,
a potential for the Higgs boson is generated at the scale m,,
by loops of heavy states through the SO(8)-breaking
couplings of the elementary fields to the strong sector.
Once written in terms of the Higgs boson & (where
HYH = f2sin®(h/f)/2, H'H = f%cos?(h/f)/2), at 1-loop
this UV threshold contribution has the form [13]:

Vim,) 3 [1 A
«) 9 | L L . Jh
A 3272 {16919” 1+ 07 - V)% 2] sin 7
3y1 . h
F ! =) 4.1
6472 1| S f+cos 7 ( )

where gy = My/f, L, L,, F| are O(1) dimensionless
functions of the masses and couplings of the theory
and the explicit expression of the function F; is
reported in Eq. (Cl) of Appendix C. The first term
in the above equation originates from Z,-breaking
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effects.” The second term, generated by loops of
fermions, is Z, symmetric and explicitly violates the
SO(8) invariance; it thus corresponds to the (UV part
of the) last term of Eq. (2.1). Upon electroweak
symmetry breaking, Eq. (4.1) contributes to the physi-
cal Higgs mass an amount equal to

)“FJ20—5> (4.2)

5mh luv =

where ¢ controls the degree of vacuum misalignment:

e 4

Below the scale m, an important contribution to the
potential arises from loops of light states, in particular from
the top quark and from its twin. The bulk of this IR
contribution is captured by the RG evolution of the Higgs
potential from the scale m, down to the electroweak scale.
As noted in previous studies (see, e.g., Ref. [13]), for
sufficiently large m, this IR effect dominates over the UV
threshold correction and can reproduce the experimental
Higgs mass almost entirely. An analogous IR correction to
the Higgs quartic arises in SUSY theories with large stop
masses, from loops of top quarks. The distinctive feature of
any TH scenario, including our model, is the additional
twin top contribution.

The Higgs effective action, including the leading O(&)
corrections associated with operators of dimension 6, was
computed at 1-loop in Ref. [13]; the resulting IR contri-
bution to m? was found to be

m? m?
+ log— 2)

where y; denotes the top Yukawa coupling. The two single-
log terms in parentheses correspond to the IR contributions
to the effective Higgs quartic 4, from the top quark and
twin top respectively. Leading-logarithmic corrections of
the form (alog)”, arising at higher loops have however an
important numerical impact.® For example, (alog)? cor-
rections generated by 2-loop diagrams (mostly due to
the running of the top and twin top Yukawa couplings,
that are induced by respectively QCD and twin QCD) are
expected to give a ~30% reduction in the Higgs mass
for m, =5 TeV.

We have computed the IR contribution to the Higgs mass
in a combined expansion in £ and (alog). We have included
the LO electroweak contribution, all terms up to NLO in

sm3 iR °® = %ﬁw@@g (4.4)

"Subleading Z,-breaking terms have been neglected for sim-
phclty The complete expressions are given in Ref. [13].

Here a = Ga/4m, with gy being any large SM coupling,
i.e., gg and y,.
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FIG. 1. IR contribution to the Higgs mass as a function of the

scale m, for £ = 0.1. The dot-dashed (upper) and dashed (lower)
curves denote the LO and NLO result in a combined perturbative
expansion in (alog) and &. The dotted curve contains the pure
QCD part of the NNLO correction (see Appendix C for details).
The shaded region represents the uncertainty in our estimate. The
central value of this band, given by the solid black line and
computed as the average of the LO and NLO results, is the value
that we use as our numerical estimate throughout the paper.

and ag, and some contributions, expected to be leading for
not too large m,, at NNLO in ag. We report the details in
Appendix C.

The value of (8m?|;z)!/? is shown in Fig. 1 as a function
of m, for £ = 0.1. The upper and lower curves represent
respectively the LO and NLO calculation in our combined
(&, alog) expansion. Numerically, the naive expectation is
confirmed, as the NLO correction decreases (6m3|iz)'/? by
~35% for m, =5 TeV. The dotted curve, indicated as
NNLO*, includes NNLO contributions of order ,£log,
a,asélog?, and a,ailog® (see Appendix C). Additional
contributions of order a?&log?, a?aglog’® and o) log® are
not included. An attempt to include these contributions has
been made in Ref. [46]. However, the calculation presented
there misses some additional contributions from the twin
GB and does not represent the full NNLO calculation. The
picture that we get from our NNLO* calculation and the
incomplete result of Ref. [46], is that the NNLO* gives an
overestimate of the IR contribution to the Higgs mass as the
aforementioned neglected effects are expected to give a
reduction. Given the lack of a complete NNLO calculation,
we estimate our uncertainty on the IR Higgs mass as the
green shaded region lying between the LO and NLO results
in Fig. 1. In order to choose, within this uncertainty, a value
that is as close as possible to the full NNLO result, in the
rest of the paper we take as input value for the IR correction
to the Higgs mass the average of the LO and NLO results,
corresponding to the solid black line in the figure.

The plot of Fig. 1 illustrates one of the characteristic
features of TH models: the IR contribution to the Higgs
mass largely accounts for its experimental value and is
completely predicted by the theory in terms of the low-
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energy particle content (SM plus twin states). In particular,
considering the aforementioned input value and choosing
as a benchmark values m, =5 TeV and £ = 0.1, we find
that the contributions of the SM and twin light degrees of
freedom account for around 50% and 40% of the Higgs
mass squared, respectively, so that almost the entire
experimental value of the Higgs mass can be due only
to the IR degrees of freedom. Threshold effects arising at
the UV matching scale, on the other hand, are model
dependent but give a subleading correction. An accurate
prediction of the Higgs mass and an assessment of the
plausibility of the model thus requires a precise determi-
nation of its IR contribution. Indeed the difference between
the IR contribution of Fig. | and the measured value m, =
125 GeV must be accounted for by the UV threshold
contribution in Eq. (4.2); for our previous benchmark
choice of m,, about 12% of the Higgs mass should be
generated by the UV physics. This translates into a generic
constraint on the size of y;, a parameter upon which
electroweak precision observables (EWPO) crucially
depend, thus creating a nontrivial correlation between
the Higgs mass, EWPO and naturalness.

V. ELECTROWEAK PRECISION OBSERVABLES

In this section we compute the contribution of the new
states described by our simplified model to the EWPO.
Although it neglects the effects of the heavier resonances,
our calculation is expected to give a fair assessment of the
size of the corrections due to the full strong dynamics, and
in particular to reproduce the correlations among different
observables.

It is well known that, under the assumption of quark and
lepton universality, short-distance corrections to the
electroweak observables due to heavy new physics can
be expressed in terms of four parameters, S, T, W, Y,
defined in Ref. [47] (see also Ref. [48] for an equivalent
analysis) as a generalization of the parametrization intro-
duced by Peskin and Takeuchi in Refs. [49,50]. Two
additional parameters, 6g;;, and dgg,, can be added to
account for the modified couplings of the Z boson to left-
and right-handed bottom quarks respectively.9 A naive
estimate shows that in CH theories, including our TH
model, W and Y are subdominant in an expansion in the
weak couplings [31] and can thus be neglected. The small
coupling of the right-handed bottom quark to the strong

"We define 091, and Sgp,, in terms of the following effective
Lagrangian in the unitary gauge:

g —
Legg D Yo 2 Z,by*[(g2) + 8g06) (1 = 7s)
Cw

+ (gRy + 69rp) (1 +75)]b + - - (5.1

where the dots stand for higher-derivative terms and

gih = =1/2+ siy/3, gry = siy/3.
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dynamics makes also &gk, small and negligible in our

model. We thus focus on S , T, and 491, and compute them
by including effects from the exchange of vector and
fermion resonances, and from Higgs compositeness.

We work at the 1-loop level and at leading order in the
electroweak couplings and perform an expansion in inverse
powers of the new physics scale. In this limit, the twin
states do not affect the EWPO as a consequence of their
being neutral under the SM gauge group. Deviations from
the SM predictions arise only from heavy states with SM
quantum numbers and are parametrically the same as in
ordinary CH models with singlet 7z. This can be easily
shown by means of naive dimensional analysis and
symmetries as follows. Twin tops interact with the SM
fields only through higher-dimensional operators. The
operators relevant for the EWPO are those involving either
a SM current or a derivative of the hypercharge field
strength:

/

g " = 1 _ = "y
Opi = m_za B, ty't, O, = 2 duruq iyt

w
i .o = .
Oyi = — H'D,Hity't, (5.2)
v

where 7 indicates either a right- or left-handed twin top.'’
The first two operators of Eq. (5.2) are generated at the
scale m, by the tree-level exchange of the py. Their
coefficients (in a basis with canonical Kinetic terms) are
respectively of order (m%,/m2)(y/g.)* and (y?v?/m?) x
(¥/9g.)?, where ¥ equals either y; or y; depending on the
chirality of 7. The third operator breaks custodial isospin
and the only way it can be generated is via the exchange of
weakly coupled elementary fields at loop level. Given that
the contribution to EWPO is further suppressed by 7 loops,
the third operator can affect EWPO only at, at least, two
loops and is thus clearly negligible. By closing the 7 loops
the first two operators can give rise to effects that are
schematically of the form BB, Bgq, or (gq)*. The formally
quadratically divergent piece of the loop integral renorm-
alizes the corresponding dimension-6 operators. For in-
stance the second structure gives

9 (N pu-
C—=—==—=|=) 0,B™ 53
Tom2m \g. ) OB e (5.3)
with C an O(1) coefficient which depends on the details of
the physics at the scale m,.. Using the equations of motion
for B, the above operator gives rise to a correction to the

Zbb vertex of relative size

"Notice that Op; can be rewritten in terms of the other two
operators by using the equations of motion, but it is still useful to
consider it in our discussion.
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gy 9% yiv® <9>4

gp 1622 m2 \g.

(5.4)

which, even assuming § ~ g,, is O(¢'/y,)? suppressed with
respect to the leading visible sector effect we discuss below.
Aside the quadratically divergent piece there is also a
logarithmic divergent piece whose overall coefficient is
calculable. The result is further suppressed with respect to
the above contribution by a factor (m?/m?) In(m?/m?).

An additional contribution could in principle come from
loops of the extra three “twin” NGBs contained in the coset
SO(8)/SO(7). Simple inspection however shows that there
is no corresponding 1-loop diagram contributing to the
EWPO. In the end we conclude that the effect of twin loops
is negligible.

Since the effects from the twin sector can be neglected,
the corrections to S, 7, and 0gr, are parametrically the
same as in ordinary CH models. We now give a concise
review of the contributions to each of these quantities,
distinguishing between the threshold correction generated
at the scale m, and the contribution arising from the RG
evolution down to the electroweak scale. For recent
analyses of the EWPO in the context of SO(5)/SO(4)
CH models see for example Refs. [29,30,45].

A. S parameter

The leading contribution to the S parameter arises at tree
level from the exchange of spin-1 resonances. Since only
the (3,1) and (1,3) components of the spin-1 multiplet
contribute, its expression is the same as in SO(5)/SO(4)
composite-Higgs theories'":

AS, = %5. (5.5)

In our numerical analysis presented in Sec. VI we use the
two-site model relation M, = g, f /V/2 to rewrite

2

A8, =" 5.6
= (56)
The 1-loop contribution from loops of spin-1 and fermion
resonances is subdominant (by a factor g2/167%) and will
be neglected for simplicity in the following. Nevertheless,
we explicitly computed the fermionic contribution (see
Appendix E) to monitor the validity of the perturbative
expansion and estimate the limit of strong coupling in our
model (a discussion on this aspect was given in Sec. III B).
An additional threshold correction to S, naively of the same
order as Eq. (5.6), arises from the exchange of cutoff modes

""We neglect for simplicity a contribution from the operator
E, p", which also arises at tree level. See for example the
discussion in Refs. [45,51].
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at m,. As already anticipated, we neglect this correction in
the following. In this respect our calculation is subject to an
O(1) uncertainty and should rather be considered as an
estimate, possibly more refined than a naive one, which
takes the correlations among different observables into
account.

Besides the UV threshold effects described above, § gets
an IR contribution from RG evolution down to the
electroweak scale. The leading effect of this type comes
from the compositeness of the Higgs boson, and is the same
as in SO(5)/S0O(4) CH models [32]:

g2 2
1922510 g ‘

AS, = (5.7)

In the effective theory below m, this corresponds to the
evolution of the dimension-6 operators

ig
0 wi,,
W= ZmW m
ig Sk Ay
Op = %H*Dma B,, (5.8)
induced by a 1-loop insertion of
Oy = —8/‘(H H)0,(H H). (5.9)

202

Denoting with ¢; the coefficients of the effective operators
and working at leading order in the SM couplings, the RG
evolution can be expressed as

¢i(u) = (5:']‘*‘75/10%%)‘_&'(1”)’ (5.10)

where y;; is the anomalous dimension matrix (computed
at leading order in the SM couplings). The § parameter
gets a correction AS = (¢ (my) 4 ¢5(my))E, and one has
Ywa +ven = —93/(967%). An additional contribution to
the running arises from insertions of the current-current
operators

i Lo
Ou, = _2qL7”QLH D,H,

i _ . o
Oy, = _Qquﬂo-quHTalDyHa

O = — Ty txH D H (5.11)

i
2
in a loop of top quarks. This is however suppressed by a
factor y? /g2 compared to Eq. (5.7) and will be neglected.
The suppression arises because the current-current oper-
ators are generated at the matching scale with coefficients
proportional to y2.

PHYSICAL REVIEW D 96, 095036 (2017)

The total correction to the S parameter in our model is
AS = AS‘,, + AS’h, with the two contributions given by
Egs. (5.6) and (5.7).

B. T parameter

Tree-level contributions to the 7' parameter are forbidden
in our model by the SO(3) custodial symmetry preserved
by the strong dynamics, and can only arise via loops
involving the elementary states. A non-vanishing effect
arises at the 1-loop level corresponding to a violation of
custodial isospin by two units. The leading contribution
comes from loops of fermions and is proportional to y},
given that the spurionic transformation rule of y; is that of a
doublet, while y is a singlet. We find:

yL )’L

+ yt yL 1 M%
1672 M2

1622 M3 S
(5.12)

AT‘P = ayyN, arN.

where ayy g are O(1) coefficients whose values are
reported in Appendix E and we have defined M ;=

/M3 + y%f?. The result is finite and does not depend
on the cutoff scale m,.. The first term corresponds to the UV
threshold correction generated at the scale y = M| ~ My.
The second term instead encodes the IR running from the
threshold scale down to low energy, due to loops of top
quarks. In the effective theory below M it corresponds to
the RG evolution of the dimension-6 operator

O = % (H'DVHY? (5.13)
v
due to insertions of the current-current operators of
Eq. (5.11). In particular, AT = é¢7(m;)é and one has
YT = ~VT.Hg = 3y?/4x?, Yr.ug = 0. Notice that the
size of the second contribution with respect to the first
O[(y,/y.)?*log(M?/m?)]: for y, ~y;, that is for fully
composite fg, the IR dominated contribution is formally
logarithmically enhanced and dominant.
Further contributions to 7' come from loops of spin-1
resonances, the exchange of cutoff modes and Higgs

compositeness. The latter is due to the modified couplings
of the composite Higgs to vector bosons and reads [32]:

(5.14)

In the effective theory it corresponds to the running of O7
due to the insertion of the operator Oy in a loop with
hypercharge. The contribution is of the form of Eq. (5.10)
with y7 = 3g1 /327°. The exchange of spin-1 resonances
gives a UV threshold correction which is also proportional
to g% (as a spurion, the hypercharge coupling transforms as
an isospin triplet), but without any log enhancement. It is
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thus subleading compared to Eq. (5.14) and we will neglect
it for simplicity (see Ref. [45] for the corresponding
computation in the context of SO(5)/SO(4) models).
Finally, we also omit the effect of the cutoff modes because
it is incalculable, although naively this is of the same order
as the contribution from states included in our simplified
model. Our result is thus subject to an O(1) uncertainty.

The total contribution to the 7" parameter in our model is
therefore AT = Af"h + ATy with the two contributions
given by Egs. (5.12) and (5.14).

C. ogp

In the limit of vanishing transferred momentum, tree-
level corrections to dg;;, are forbidden by the P; y parity of
the strong dynamics that exchanges SU(2), with SU(2)g
in the visible SO(4) and SU(2), with SU(2) in the twin
6(4) (see Appendix A for details). This is a simple
extension of the P;p symmetry of CH models which
protects the Zbb coupling from large corrections [52]. In
our case P;p is an element of the unbroken SO(7) and
keeps the vacuum unchanged. It is thus an exact invariance
of the strong dynamics, differently from SO(5)/SO(4)
models where it is accidental at O(p?). The gauge
couplings g; , and y; explicitly break it, while yp preserves
it. At finite external momentum dg;;, gets a non-vanishing
tree-level contribution:

1
8M3

yif?
M3+ i f?
(5.15)

(89Lb)iree = 91 (ar, + a71) — Fhay ]

In the effective theory below M, this correction arises from
the dimension-6 operators

/

g _
Opy = m_%vaﬂBﬂqu}/DQL’

g _
qu = m—%VD”W,‘quLy”a“qL,.

(5.16)

It is of order (y? /¢7)(g%/g%)&, hence a factor g*/g> smaller
than the naive expectation in absence of the P;  protection.

At the 1-loop level, corrections to 6g;,; arise from the
virtual exchange of heavy fermion and vector states.
The leading effect comes at O(y}) from loops of heavy
fermions (the corresponding diagrams are those of Figs. 4
and 5) and reads

2
yi o yiv? m?
(89Lp)y = 165: N, AL/12 <bUV =+ cuv logM?)
2 2.2 A2
+ b2 N 2L ! (5.17)

——N,—=log— .
1622 M3 Em2

The expressions of the O(1) coefficients by ;z and cyy are
reported in Appendix E. The first term is logarithmically
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divergent and encodes the UV threshold correction at the
matching scale. The divergence comes, in particular, from
diagrams where the fermion loop is connected to the b-
quark current through the exchange of a spin-1 resonance
[29]. A simple operator analysis shows that the threshold
contribution from the vector resonances in the adjoint of
SO(7) identically vanishes in our model (see Appendix D
for details). An additional UV threshold contribution to
09y, arises from diagrams where the spin-1 resonances
circulate in the loop. For simplicity we will not include such
effect in our analysis (see Ref. [30] for the corresponding
computation in the context of SO(5)/S0O(4) models). It is
however easy to show that there is no possible diagram with
px circulating in the loop as a consequence of its quantum
numbers, while the corresponding contribution from vector
resonances in the adjoint of SO(7) is nonvanishing in
this case.

The second term in Eq. (5.17) accounts for the IR
running down to the electroweak scale. In the effec-
tive theory below M; one has &g, = —(Cy,(mz) +
Chy(mz))/2, hence the IR correction arises from the
evolution of the operators Oy, and Oy, due to loops of

top quarks. In this case the operators that contribute to the
running via their 1-loop insertion are those of Eq. (5.11) as
well as the following four-quark operators [53]:

Orr = (qur"qL) (TrYutr) Orr = (7" qu)(@ryuqr)s
O = (167" q1)(GL0Y,uq1)- (5.18)

In fact, the operators contributing at O(y?y?) to Eq. (5.10)
are only those generated at O(y?) at the matching scale;
these are Oy, the linear combination Oy, — Hq (even
under P; ), and O (generated via the exchange of px)
Notice finally that the relative size of the IR and UV
contributions to 8g;, is O[(y,/y.)* log(M?/m?)] precisely
like in the case of ATy.

It is interesting that in our model the fermionic correc-
tions to 8g; , and T’ are parametrically of the same order and
their signs tend to be correlated. It is for example well
known that a heavy fermion with the quantum numbers of
tg gives a positive correction to both quantities [28,54-56].
We have verified that this is also the case in our model for
Mg < My~ M, (light singlet)."® Conversely, a light septu-
plet (My < Mg~ M,) gives a negative contribution to
both dg;;, and TM Although in general the expressions for

ATy and (g, 5, )y are uncorrelated, their signs tend to be the
same whenever the contribution from py to Eq. (5.17) is

"The operators O;; and O}, are generated at O(y}) by the
tree-level exchange of both py and p.
In this limit one has ATy = 3(89Ls)w-
The existence of a similar s1gn correlatlon in the limit of a
light (2,2) has been pointed out in the context of SO(5)/SO(4)
CH models, see Ref. [29].
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subleading. The sign correlation can instead be broken if py
contributes significantly to 8g; , [in particular, (6g; )y can
be negative for a;; = —a;g]. The importance of the above
considerations lies in the fact that EW precision data prefer
a positive T and a negative dg;,. Situations when both
quantities have the same sign are thus experimentally
disfavored.

Considering that no additional correction to 6g;,; arises
from Higgs compositeness, and that we neglect as before
the incalculable effect due to cutoff states, the total
contribution in our model is 897, = (691 )yee + (8915 ) s
with the two contributions given by egs. (5.15) and (5.17).

VI. RESULTS AND DISCUSSION

We are now ready to translate the prediction for the
Higgs mass and the EWPO into bounds on the parameter
space of our simplified model and for the composite TH in
general. We are interested in quantifying the degree of fine
tuning that our construction suffers when requiring the
mass scale of the heavy fermions to lie above the ultimate
experimental reach of the LHC. As discussed in Sec. 11, this
scale receives the largest boost from the TH mechanism
(without a corresponding increase in the fine tuning of the
Higgs mass) in the regime of parameters corresponding to a
fully strongly coupled theory, where no quantitatively
precise EFT description is allowed. Our computations of
physical quantities in this most relevant regime should then
be interpreted as an educated naive dimensional analysis
(eNDA) estimate, where one hopes to capture the generic
size of effects beyond the naivest 4z counting, and
including factors of a few related to multiplet size, to spin,
and to numerical accidents. In the limit where M,/ f and
My/f are significantly below their perturbative upper
bounds our computations are well defined. eNDA then
corresponds to assuming that the results do not change by
more than O(1) (i.e. less than O(5) to be more explicit)
when extrapolating to a scenario where the resonance mass
scale sits at strong coupling. In practice we shall consider
the resonant masses up to their perturbativity bound and
vary the o; and ¢; parameters within an O(1) range.”” In
view of the generous parameter space that we shall explore
our analysis should be viewed as conservative, in the sense
that a realistic TH model will never do better.

Let us now describe the various pieces of our analysis.
Consider first the Higgs potential, where the dependence on
physics at the resonance mass scale is encapsulated in the
function F; [Eq. (4.2)] which controls the UV threshold
correction to the Higgs quartic. It is calculable in our
simplified model and the result is O(1) [its expression is
reported in Eq. (C1)], but it can easily be made a bit smaller

“Notice indeed that (@ = 1,¢ =0) and (a = 0,c = 1/v/2)
correspond to specific limits at weak coupling, namely the two-
site model and the linear sigma model respectively. This suggests
that their natural range is O(1).
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at the price of some mild tuning by varying the field content
or the representations of the heavy fermions. In order to
account for these options and thus broaden the scope of our
analysis we will treat F; as a free O(1) parameter. The
value of F; has a direct impact on the size of the left-
handed top mixing y;, since ém?|yy ~ yiF), and hence
controls the interplay between the Higgs potential and
EWPO. Specifically, as we already stressed, a smaller F
implies a larger value of y;, which in turn gives a larger
AT « y}v*/MZ,. This could help improve the compatibility
with EWPT even for large My, at the cost of a small
additional tuning due to the need for a clever maneuver in
the S, 7 plane to get back into the ellipse, as well as the fact
that F, is generically expected to be O(1). In the following
we will thus treat F; as an input parameter and use
Egs. (4.2) and (B4) to fix y; and yp in terms of the
Higgs and top quark experimental masses. Our final results
will be shown for two different choices of F|, namely
F, = 1and F| = 0.3, in order to illustrate how the bounds
are affected by changing the size of the UV threshold
correction to the Higgs potential.

The EWPO and the Higgs mass computed in the
previous sections depend on several parameters, in par-
ticular on the mass spectrum of resonances (see
Appendix B), the parameters c;, a; of Egs. (3.9), (3.14),
and the parameter F; discussed above. In order to focus
on the situation where resonances can escape detection at
the LHC, we will assume that their masses are all
comparable and that they lie at or just below the cutoff
scale. In order to simplify the numerical analysis we thus
set. My =Mg=My=Ms=M,=Myx=m,/2. The
factor of two difference between My and m, is chosen
to avoid setting all UV logarithms of the form log(m.. /M)
to zero, while not making them artificially large. As a
further simplification we set ¢;, = cp = ¢, a7;, = aq, and
a7r = aqg. The parameter «; appears only in the tree-level
contribution to &gy, see Eq. (5.15), and we fix it equal to 1
for simplicity. Even though the above choices represent a
significant reduction of the whole available parameter
space, for the purpose of our analysis they represent a
sufficiently rich set where EWPT can be successfully
passed.

Let us now discuss the numerical bounds on the
parameter space of our simplified model. They have been
obtained by fixing the top and Higgs masses to their
experimental value and performing the numerical fit
described in Appendix F. As experimental inputs, we
use the PDG values of the top quark pole mass m; =
173.21 £0.51 £ 0.71 (see last paragraph of Appendix C),
and of the Higgs mass, m;, = 125.09 + 0.24 GeV [57].
Figure 2 shows the results of the fit in the (My, &) plane for
F{ = 0.3 (left panel) and F; =1 (right panel). In both
panels we have set ¢ = 0, which corresponds to the two-site
model limit of our simplified Lagrangian. The yellow
regions correspond to the points that pass the y? test at
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FIG. 2. Allowed regions in the (My, &) plane for F; = 0.3 (left panel) and F; = 1 (right panel). See the text for an explanation of the

different regions and of the choice of parameters.

95% confidence level (CL), see Appendix F for details.
Solid black contours denote the regions for which
a1, = —ayg = 1, while dashed contours surround the
regions obtained with a;; = @y = 1. The areas in blue
are theoretically inaccessible. The lower left region in dark
blue, in particular, corresponds to My/f = gy < y;. The
upper dark- and light-blue regions correspond instead to
points violating the perturbative limits on gy given by
Eq. (3.15) with N =8, and Eq. (3.16) with N, = 24,
respectively (see Sec. III B for a discussion). The difference
between these two regions can be taken as an indication of
the uncertainty associated with the perturbative bound.'®
In the left panel of Fig. 2 the allowed (lighter yellow)
region extends up to £ = 0.2 for masses My in the 2-3 TeV
range. Such large values of & are possible in this case
because the fermionic contribution to ATy turns out to be
sufficiently large and positive to compensate for both the
negative AT, in Eq. (5.14) and the positive AS , and AS 5 In
Egs. (5.6), (5.7). For larger My the fermionic contribution
ATy becomes too small and this compensation no longer
occurs. In this case, however, the strongest bound comes
from the perturbativity limit (blue region), which makes
points with large My at fixed & theoretically inaccessible.
Notice that large values of & become excluded if one
considers the choice a;; = a1z = 1 leading to the dashed
contour. The large difference between the solid and dashed
curves (i.e. lighter and darker yellow regions) depends on

Notice that because of our choice m, = 2My, the scale m,,
lies a factor of 2 above the pertubative cutoff. This is compatible
with the semiquantitative nature of our estimates. As we stated
previously we insisted in keeping m, = 2My because it implies a
more generic contribution to electroweak precision observables.

the sign correlation between ATy and 8g; ;. In the case of
the solid line, the signs are anticorrelated (e.g., positive
ATy and negative 8g;,), allowing for the compensation
effect by AT\F. In the case of the dashed line, instead, the
signs of the two parameters are correlated (both positive),
so that when ATy is large, 8g;,, is also large and positive.
This makes it more difficult to pass the 4 test, since data
prefer a negative &g; .

In the right panel of Fig. 2, obtained with | = 1, the
allowed yellow region shrinks because the larger value of
F, implies a smaller y, hence a smaller ATy. In this case
the y? test is passed only for & < 0.06, and the difference
between the solid and dashed lines is small since the large
and positive AS always dominates the fit. Masses My
larger than ~5 TeV are excluded by the perturbative bound,
unless one considers smaller values of &.

The results of Fig. 2 can change significantly if the
parameter ¢ is allowed to be different from zero. In
particular, as one can verify from our formulas in
Appendix E, positive values of ¢ increase AT and as a
result the allowed regions in Fig. 2 shift to the right toward
larger values of My. In this case the perturbative bound
excludes a large portion of the region passing the y? test.
The effect of varying c is illustrated in Fig. 3, which shows
the 95% CL allowed regions in the plane (c,a) for F| =
0.3 (left panel) and F; = 1 (right panel). In both panels we
have set a = a;; = —ajg (ensuring positive AT\I; and
negative dgr;). The yellow, orange, and red regions
correspond, respectively, to &=0.05, £=0.1, and
£=0.15, with the masses of the resonances fixed at
their perturbative upper bound M, =My =4xf/V/N -2
(which for N =8 gives ~6/4/3.2 TeV). Note that
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Fi=1,My=4nf/[\ N-2

Allowed regions in the (¢, a) plane, with ¢ = ¢; = ¢, for F; = 0.3 (left panel) and F; = 1 (right panel). The yellow, orange,

and red regions correspond to £ = 0.05, 0.1 and 0.15 respectively. See the text for an explanation of the choice of the other parameters.

increasing F; (reducing y;) shifts the allowed region
toward positive values of ¢, since as mentioned above,
smaller y; requires a larger positive ¢ to get a large
enough ATy. Obviously, larger values of & correspond to
smaller allowed regions, as is clear from Fig. 2. Finally,
notice that the vertically symmetric structure of the
allowed regions is due to the quadratic dependence of
0gr, on a. From these plots, one can see that for
resonances conceivably out of direct reach of the LHC
and for £ ~ 0.1, corresponding to about 20% tuning of the
Higgs mass, both a and ¢ are allowed to span a good
fraction of their expected O(1) range. No dramatic extra
tuning in these parameters seems therefore necessary to
meet the constraints of EWPT. In particular, considering
the plot for F; =1 (right panel), one notices that the
bulk of the allowed region is at positive c. For instance
by choosing ¢ ~ 0.2-0.5 the plot in the (£, M) plane for
F; =1 becomes quite similar to the one at the left of
Fig. 3 valid for F; = 0.3: there exists a “peak” centered
at My ~2-4 TeV and extending up to £~0.2. The
specific choice ¢ =0 is thus particularly restrictive for
Fy =1 (right panel of Fig. 2), but this restriction is lifted
for positive ¢. Overall we conclude that for £~ 0.1 and
for resonances just beyond the LHC reach, the correct
value of the Higgs quartic can be obtained and EWPT
passed with only a mild additional tuning associated with
a sign correlation ay; = —ayp, and a correlation between
c and F; (e.g. ¢ >0 for F; =1). These correlations
allow the various contributions to 7 and &g;, to com-
pensate for each other, achieving agreement with EWPT.
If forced to quantify the tuning inherent in these effects,
we could estimate it to be around 1/4 = (1/2) x (1/2),

given about 1/2 of the plausible choices for both a; and
c¢; are allowed.

VII. SUMMARY

In this paper we tried to assess how plausible a scenario
yielding no new particles at the LHC can be obtained using
the TH construction. We distinguished three possible
classes of models: the subhypersoft, the hypersoft and
the superhypersoft, with increasing degree of technical
complexity and decreasing (technical) fine tuning. We then
focused on the CH incarnation of the simplest option, the
subhypersoft scenario, where the boost factor for the mass
of colored partners [Eq. (2.4)] at fixed tuning is roughly
given by

9 o L (7.1)
\/Z)’t V ln(m*/mt)

Here the gain derives entirely from the relative coupling
strength g,/+/2y,, making the marriage of twinning and
compositeness practically obligatory. We attempted a
more precise estimate of the upper limit on g,/ V2y,, as
compared with previous studies (e.g. Ref. [13]). We found
by independent but consistent estimates, that the bound
ranges from ~3 in a toy sigma model [Eq. (2.6)] to ~5ina
simplified CH model [Eq. (3.15)], with both limits some-
what below the NDA estimate of 4z ~ 12. Consequently
for a mild tuning € ~ 0.1 the upper bound on the mass of
the resonances with SM quantum numbers is closer to the
3-5 TeV range than it is to 10 TeV. This gain, despite
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being less spectacular than naively expected, is still
sufficient to push these states out of direct reach of the
LHC, provided we resort to full strong coupling. In
practice this implies no real computational advantage
from considering holographic realizations of composite
TH constructions: since the boost factor is controlled by
the KK coupling, the 5D description breaks down in
precisely the most interesting regime, where the KK
coupling is strong. In this situation computations based
on an explicit 5D construction, such as the ones studied in
Refs. [9,16] for instance, are no better than numerical
estimates made in our simplified model. Indeed we have
checked that EWPT can be satisfied in a sizable portion of
the parameter space, given some interplay among the
various contributions. In particular the IR corrections to 7"
and S are enhanced by In(m,/m,), and for &> 0.1 the
compensating contribution to 7, which decreases like
1/m?2, is necessary. Given that perturbativity limits m, to
be below 5 TeV for & > 0.1 (see the upper blue exclusion
region in Fig. 2) this compensation in EWPT can still
take place at the price of a moderate extra tuning. For & of
order a few percent on the other hand, EWPT would be
passed without any additional tuning, while the masses of
SM-charged resonances would be pushed up to the
10 TeV range, where nothing less than a 100 TeV collider
would be required to discover them, and that barely
so [58,59].

Although EWPT work similarly in the CH and
composite TH frameworks, the two are crucially different
when it comes to contributions to the Higgs quartic. In the
CH these are enhanced when g,, i.e. m,/f, is strong and,
as discussed for instance in Ref. [33], in order to avoid
additional tuning of the Higgs quartic g, cannot be too
large. According to the study in Refs. [60-63] the
corresponding upper bound on the mass of the colored
top partners in CH reads roughly m,/f < 1.5; this should
be compared to the upper bound m,/f <5 from strong
coupling we found in Eq. (3.15). The Higgs quartic
protection afforded by the TH mechanism allows us to
take m,/f as large as possible, allowing the colored
partners to be heavier at fixed f, hence at fixed fine tuning
. In the end the gain is about a factor of 5/1.5 ~ 3, not
impressive, but sufficient to place the colored partners
outside of LHC reach for a mild tuning & ~ 0.1.

Finally, we comment on the classes of models not
covered in this paper: the hypersoft and superhypersoft
scenarios. The latter requires combining supersymmetry
and compositeness with the TH mechanism, which,
while logically possible, does not correspond to any
existing construction. Such a construction would need to
be rather ingenious, and we currently do not feel
compelled to provide it, given the already rather
epicyclic nature of the TH scenario. The simpler hyper-
soft scenario, though also clever, can by contrast be
implemented in a straightforward manner, via, e.g., a
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tumbling SO(9) — SO(8) — SO(7) pattern of symmetry
breaking. The advantage of this approach is that it
allows us to remain within the weakly-coupled domain,
due to the presence of a relatively light twin Higgs
scalar mode o, whose mass can be parametrically close
to that of the twin tops, ~y,f (around 1 TeV for
E~0.1). As well as giving rise to distinctive exper-
imental signatures due to mixing with the SM Higgs
[64], the mass of the light ¢ acts as a UV cutoff for the
IR contributions to S and 7 in Egs. (5.7) and (5.14)
[12]. For sufficiently light ¢ then, less or no interplay
between the various contributions is required in order to
pass EWPT. Together with calculability, this property
may well single out the hypersoft scenario as the most
plausible TH construction.
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APPENDIX A: SO(8) GENERATORS
AND CCWZ VARIABLES

In this Appendix we define the generators of the SO(8)
algebra and describe the SO(8)/SO(7) symmetry-breaking
pattern, introducing the CCWZ variables for our model. We
refer the reader to Refs. [41,42] for a detailed analysis of
this procedure and we closely follow the notation
of Ref. [13].

We start by listing the twenty-eight generators of SO(8)
and decomposing them into irreducible representations of
the unbroken subgroup SO(7): 28 = 7 @ 21. They can be
compactly written as:

i
(Tij)u = ﬁ(&lﬁjl = 6i0ji)s (A1)
with i,j,k, [ =1,...,8. We choose to align the vacuum
expectation value responsible for the spontaneous

breaking of SO(8) to SO(7) along the 8th component:
¢o = £(0,0,0,0,0,0,0, 1)". With this choice, the broken
and unbroken generators, transforming, respectively, in the
7 and 21 of SO(7), are
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no i
(Th),, = 7 (08,85, — 33,0, )

(2! i

T(lﬁ)}’ﬂ = V2 (5a75ﬁp - 5ap5ﬂ7)’ (A2)

where a,f=1,...,7 and y,p=1,...,8. It is useful to
identify the subgroups SO(4) ~SU(2);, x SU(2)r and
SO(4) ~SU(2);, x SU(2) of SO(8); they are generated

by:

i 0 R 0)
Tp)* = , TR)* = ,
ao= () o= (R
dr=(y o) Gw=(, o) @
Yr\o s ) 7 \o o )
where #{ and t are 4 x 4 matrices defined as

il
() = = 3018~ 18 & o101 - )|

(A4)

witha =1,2,3andi,j = 1,...,4. The elementary SM and
twin vector bosons gauge, respectively, a subgroup
SU2), xU(1)y of SO(4), with U(1)y = U(1)z;, and
the subgroup SU(2), inside SO(4). This choice corre-
sponds to having zero vacuum misalignment at tree level.

The spontaneous breaking of SO(8) to SO(7)
delivers seven NGBs, that we collect in the vector
II = (n,, 7y, —73, @4, Ty, Ty, —73)". The first four transform
as a fundamental of SO(4) and form the Higgs doublet; the
remaining three are singlets of SO(4) and are thus neutral
under the SM gauge group. All together they can be
arranged in the Goldstone matrix

S(I) = 71

o' o ..(V/Ioa
f >> n'-nsm( S )

I, — 1111,—11111 (1 —cos
- \/l%ﬁsin< 1}'»11 cos (—anrn>
(AS)

The latter transforms nonlinearly under the action of an
SO(8) group element g, according to the standard relation:

(M) - g- X(I0) - A (11, g). (A6)
where h(II, g) € SO(7) depends on ¢ and II(x). We
identify the Higgs boson with the NGB along the generator

T7; in the unitary gauge, all the remaining NGBs are
nonpropagating fields and the IT vector becomes
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Hlunitary gauge — (0’ s Ty = <h> + h(x)’ ce 0)7 (A7)

where & = sin?((h)/f) = v*/f2. In this case the ¥ matrix
simplifies to:

b 0 0 0

0 cos®™ 0 sin®
2T f /
Z(l_l)|unitary gauge =e/ ﬂ4T4 - 0 0 [|3 0
.z T
0 —sin 74 0 cos 74
(A8)

Given the above symmetry breaking pattern, it is
possible to define a LR parity,

P;p =diag(—1,-1,-1,+1,-1,—-1,—-1,+1), (A9)
which exchanges SU(2), with SU(2), inside SO(4) and
SU(2), with SU(2), inside SO(4). The corresponding
action on the fields is such that 7z, is even, while all the
other NGBs are odd. As already noticed in Sec. V C, Py is
an element of both SO(8) and SO(7), which means that it is
an exact symmetry of the strong dynamics and acts linearly
on the physical spectrum of fields.
The CCWZ variables d, and E, are defined as usual
through the Maurer-Cartan form,
=)D, E(M) = id,(I)T] + iE4(T) T2, (A10)
as the components along the broken and unbroken
generators of SO(8) respectively. The derivative D, is

covariant with respect to the external SM and twin gauge
fields:

D, = 0, — iAMT,
ANTA = g, Wo(Ty )" 4+ 91B,(TR)? + 5 Wi (Th,)".

with
(A11)

Under the action of a global element g & SO(8),
d, and E, transform with the rules of a local SO(7)
transformation:

d,= d,’;TZ — h(II, g)dﬂhT(H, 9),

E, = Esz,l — h(IL g)(E, — i0,)h"(IL, g). (A12)
It is straightforward to derive the explicit expressions of d,
and E, from the Maurer-Cartan relation in Eq. (A10). They
are however lengthy and not very illuminating, so we do not
report them here. We can easily obtain the mass spectrum of
the gauge sector of our theory from the NGB kinetic term;

095036-19



ROBERTO CONTINO et al.

in the unitary gauge and after rotating to the mass eigenstate
basis, we find:

2 2
- () > 5 LW W
3

—|—ng2 Z

i=1

‘cmass =

APPENDIX B: MASS MATRICES
AND SPECTRUM

In this Appendix, we briefly discuss the mass matrices of
the different charged sectors in the composite TH model
and the related particle spectrum. We refer to Ref. [13] for
the expressions of the ¥; and W7 multiplets in terms of their
component heavy fermions.

We start by considering the fields that do not have the
right quantum numbers to mix with the elementary SM and
twin quarks and whose mass is therefore independent of the
mixing parameters y; r and y; . These are the composite
fermions X3, Dl and D_ 1, with charges 5/3, 1 and —1
|

0 Lf(/T=E+1)
0 My
Mys=1 0 0
0 0
fyr 0
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respectively; their mass is exactly given by the Lagrangian
parameters My (for the first one), and M y (for the last two).

The remaining sectors have charge —1/3, 0, and 2/3 and
because of the elementary/composite mixing the associated
mass matrices are in general nondiagonal and must be
diagonalized by a proper field rotation. The simplest case is
the (—1/3)-charged sector, containing the bottom quark
and the heavy B field; the mass matrix in the {b, B} basis is

(B1)

After rotation, we find a massless bottom quark (it has no
mass since we are not including the by in the model), and a
massive B particle with m% = M3, + y? f2.

As regards the sector of charge 2/3, it contains seven
different particles: the top quark, the toplike heavy states T
and X,,3 and four composite fermions that do not
participate in the SM weak interactions, S} 3 53 /3 In
the {t,T,X2/3,S;/3,...,S
given by:

4 . ..
2/3} basis, the mass matrix is

—if(WT=E-1) 0 g

V2
0 0 0

~My 0 0 (B2)
0 —My x 3 0
0 0 —M

The states Sé /30 S% /30 Sg /3 completely decouple from the elementary sector and do not mix with the top quark. Their mass is
therefore exactly given by the Lagrangian parameter My. The remaining 4 x 4 matrix is in general too complicated to be
analytically diagonalized, but one can easily find the spectrum in perturbation theory by expanding M, 3 for £ < 1, which is
in general a phenomenologically viable limit. The leading order expression for the masses is then:

=L e o),
M., = M,
=y 517 (1-5) + 0@,
VLS M5

my = M5+ ypf* +
2/3

E+0(&). (B3)

2(M3 + yif?)

The X, 3 fermion can be also decoupled and its mass is exactly equal to My. On the contrary, the other three particles
mix with each other and their mass gets corrected after EWSB (as expected, the top mass is generated for nonzero values
of &).

Finally, we analyze the neutral sector of our model. It comprises eight fields, the twin top and bottom quarks, and six of
the composite fermions contained in the ¥; multiplet. Working in the field basis {f, b,D(l),D%, l~]<1], e l~]é}, the mass
matrix reads:
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0 0 —3fV&. 3/VEL
0 0 0 0
0 0 —My 0
Mg=| 0 0 0 —My
0 0 0 0
0 0 0 0
0 0 0 0
fyg O 0 0

After diagonalization, we find one massless eigenvalue
corresponding to the twin bottom quark (it does not acquire
mass since we are not introducing the by field). Four of the
neutral heavy fermions completely decouple and acquire
the following masses

~ ~ .
myy = mpy = mp =My, mg, =My +5if. (BS)
The elementary/composite mixing induces instead correc-
tions to the masses of the remaining neutral particles; at
leading order in ¢ we find:
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_iffe VI8
0 0 7 7

(B4)

o O

5
B
0
0 0
0
M
0
0

© o ©o o o ©
O o o o o ©

=)

We conclude by noticing that the masses of the
particles in different charged sectors are not unrelated
to each other, but must be connected according to the
action of the twin symmetry In particular, it is obvious
that the two singlets S5 53 and U form an exact twin pair,
as it is the case for each SM quark and the corresponding
twin partner. The remaining pairs can be easily found
from the spectrum and correspond to the implementation
of the twin symmetry in the composite sector as defined
in [13].

, Y ik o APPENDIX C: RG IMPROVEMENT OF THE
" (1-8)+0(&), HIGGS EFFECTIVE POTENTIAL
- 1. In this Appendix we describe the computation of the
2 ) 2 pp p
My My” + 7L FA+8)+0(), Higgs effective potential and its RG improvement. First of
§2f2 Ms all, the UV threshold correction can be computed with
m%]é ~ Mg +7 22+ 2ML7~2 (1=¢&)+ 0(&). a standard Coleman-Weinberg (CW) procedure, from
(M + 3&f%) which we can easily derive the function F| of Eq. (4.2).
(B6)  We find:
|
P O 7 SV £ Y
A1 M3+ )P ME—MG+ oy My
MMM + yk) + 217 yeMG + M) m? e
M2+ P22 (M2 2 | 22 Ry RSN
(M5 + fyr)*( + *vk) s+ R

The IR contribution to the Higgs mass can be organized using a joint expansion in & and (e, log), where a; = g7 /(4x) for

couplings g;. Schematically:

a P
5mh|IR = m%4ﬂ ap + b1§+ b24—t+ b34—t+ Clg2 + C2€-t+ C3 16 2t2
2

—I—c4<§—t+c5 T s12+c 64—4—t2 —azm%V4—t+tw1n (C2)
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where t = log m2/m? and all the couplings are evaluated at
the scale m,. Here a;, b;, ¢; are the O(1) coefficients of the
LO, NLO, and NNLO terms respectively. The twin con-
tribution is obtained by substituting all ;, a;, b;, ¢; with the
corresponding tilded quantities and ¢ with 7 = log m?/m?.
The calculation of the LO and NLO terms is straightfor-
ward and all these contributions are included in our
calculation. The NNLO terms indicated in blue are also
simple to evaluate, and are included in our final result,
indicated as NNLO*. The calculation of the remaining
NNLO terms is more complicated, since it involves the
running of several higher dimensional operators involving
both the SM and twin fields. An attempt to compute the full
potential at NNLO has been presented in Ref. [46].
However, while that result includes the contribution of
the SM Goldstone bosons, additional contributions induced
by the twin Goldstones, which are expected to arise at
NNLO, are not included. Since the full calculation at
NNLO is beyond the scope of this paper, we limit ourselves
to only include the colored contributions in Eq. (C2).
Comparing with Ref. [46] suggests that our NNLO* result
gives an overestimate of the IR Higgs mass; that this is the
case at large m, is also evident from Fig. 1. For this reason
we consider the NNLO* curve only as an indication of the
importance of the NNLO correction, and use as final input
for our numerical analysis the average of the LO and NLO
results as described in Sec. IV.

We present now a procedure for computing the afore-
mentioned contributions to the Higgs mass based on the
approach of Ref. [46]. The RG improvement of the Higgs
effective potential can be obtained by solving the one-loop
p-function of the vacuum energy in the background of the
Higgs field. The fermion contribution to the vacuum energy
is given by

dVi(he t)™ N
Jr < =—< M, (h., )"+ M:(h,. 1),
dt 16”2[ t( c ) + t( c )]

(C3)

whereas the leading gauge contribution is given by

3 aMy (k) + My () + 3M ().

Volhe:t) = 165

(C4)

In order to compute the improved potential to NNLO*
accuracy, we must input the gauge boson masses at tree-
level and the renormalized top and twin top masses with
leading-log accuracy in the corresponding Yukawa cou-
plings and with next-to-leading-log accuracy in the strong
gauge couplings. After solving Eq. (C3) for the effective
potential, one must properly account for the Higgs wave
function renormalization before expanding around the
minimum of the potential in order to compute the physical
Higgs mass. We fill in the salient details below.
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On integrating out the heavy degrees of freedom, the
composite twin Higgs model at the scale m, can be
represented by an effective Lagrangian that is invariant
under a global SU(3), x SU(2), x U(1), symmetry, iden-
tified with the gauge group of the SM, as well as an

additional SU(3),. x SU(2); . z- SU(3), is the gauged twin

color and SU(2),,r is a global twin custodial group,
broken only by fermion interactions, under which the twin

gauge bosons (17V) and Goldstone bosons (GBs) transform
as triplets. We work in the gaugeless limit g = ¢ = g =0,
since we are only interesting in capturing the leading
contributions to the Higgs potential that parametrically
depend on y,, ¥;, gs, and gs.

The relevant light degrees of freedom are the SM fermion
doublet, Q,, and singlet, tx, and their twin counterparts 7,
and 7, the gluons and their twins; the Higgs doublet
(including the massless GBs) and the twin GBs. For
economy of notation we define a twin Higgs doublet in
analogy with the SM one,

;,:L< Za ) with 7= f

. 2H'H + 72
V2 \h+i7°

7
(C5)

making explicit the dependence on the twin Higgs which is
integrated out at tree-level, thus realizing the SO(8)
symmetry nonlinearly.

Since the background field calculation at leading-log
order requires corrections to the fermion masses and Higgs
wave function at only one loop, we can neglect in the
effective Lagrangian at the scale m., any operator that has
vanishing coefficients at tree level. We also omit all
operators that cannot be predicted solely in terms of the
low-energy parameters of the theory (y, and y,) and f,
including products of Higgs and fermion currents that arise
from integrating out composite fermions.'” We make the
following field redefinition:

I - 11, for || = V2H'H + 7*

which allows the effective Lagrangian, containing a pure
scalar sector L and a fermionic sector L, to be expressed
in an especially compact form. The relevant operators in
each sector are given below:

sin(‘fﬂ)

T

(Co)

cyOp + cyzOpz + 0z
2f2

| NN
Ls=D,H D'H + 3 0um0'7 +

H'H

+ 2dH7(9H, (C7)

"In any case, these do not contribute to the effective potential
at this order.
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and

‘CF - lELabL + lBRabR + iELatL + i;RatR

PHYSICAL REVIEW D 96, 095036 (2017)

The Wilson coefficients at the scale m, have the
boundary values:

= cy(m,) =cyz(m,) = cz(m,) =dg(m,) =1, Cl1
_yt[QLHCtR +HC] H( ) H ( ) ( ) H( ) ( )
+ il:7L Db, + il:’R@l;R i, P, + i while the Z, symmetry enforces
- S’t[QLHCZR +H.c.]. (C8) yi(m,) =3,(m,) and a,(m,) = a,(m,) (C12)
where We now expand the effective Lagrangian in the back-
ground of the Higgs field 7 = h, + h to obtain:
Oy =0,(H'H)0"(H'H),
O- = 0 20072 Lg= ( )( ﬂﬂoa"f[ +8 ANy )
T " ’
Ouz = 0,(H H)O*7%. C9 1 s ]
i = Ou(HTH)O'R (©9) +523(h)0,h0"h +52:(h )9, 700, (C13)
. . jpd 3 7 T
We have Fleﬁned a twin fer_mlon doublet Q; = (tp,bp)", where we defined
transforming under the twin-sector symmetries, and the
Yukawa couplings are defined at tree-level as 2 e
Zﬂ<h’6) =1, Zh(hc) = 1+CH_§+dH_Z’
yim) = — 228 and 5 (m) = 228 m
* 241272 * 1, 2 Zz(h.) =1, Cl4
+ yrf S + ny (he) ( )
(C10)  and
|
Lr = iZ, (h)gPy — m(h)Tt = my(h)bb — my(h,)iT—my(h,)b b
W
YI(hc) ~ = i)’t(hc) 07.5 l}’t( T 5 i)’t(hc)
- hit - 21t — “b(14+ )t + (1 =y°)b
NG N 5 (1+7°) 5 (1-7)
yz(hc) Nt iyir??(h )~0~ ~ 1y ) z iY";i)Ul )
+ htt— 1yt — b t+ = 1-9)b Cl15
N iy (1+ 7Y+ ZEEE 31— ) (c15)
Here w runs over all the Weyl fermions {7, , tg, by, by, 1;, 1, by, br} and we defined
yihe
Zy(he) =1, yihe) =y m(h) = ok my(he) =0,
- - yihe 1 yuf
yﬁ?é(hc> =Vt yt<hc) tf | 2 m?(hc> = ﬁ mI;(hc> =0 (C16)
f2
We can now compute the running masses of the top and twin top in the background:
gs 3yt(hc)2 2295 )
M,(h., t)~m(h.)|1 t t C17
(hest )[4 (5 - AR 20 (17
= = 2
Jds 3yt(hc) 22 2
M;(h.,t) ®m;(h.) |1 = — t S ¢ C17b
) 0|1+ (= s )+ e )

with ¢ = log(m2/u?). The values of the parameters in the Higgs background are simply read off from the effective
Lagrangian at the scale m.. Notice that in the background, only y, and y, are scale-dependent, while 4, is “frozen”; hence
the running of the quark mass is identical to that of the corresponding Yukawa coupling.
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We can now substitute Egs. (C17) into the RG equation (C3), integrate the result and expand at the required order in ../ f

to get

V(h. 1y =

+96

This is the improved effective potential written in terms of
parameters computed at the scale m,. We can now treat /4,
as a quantum field, fluctuating around its minimum
h. = h+ (h). We then have to take into account that the
potential (C18) has been computed in a noncanonical basis
for h,., where its kinetic term coefficient, including only the
leading logarithmic running, is

‘. (C19)

Notice that only the top contributes to the one-loop running
of the h, wave function, since the twin top only couples
quadratically to /., giving rise to a one-loop contribution
|

2

3
om? |, =
h |IR 877,'2

1
o (16HG +

32 = (= 15y%¢% —

23 a~
o O + 34347 |

N
c h4 4 4 1
gi ] i+t
h2 2
7 [st;‘h‘t + 95y¢ (1 _]Tz> ]t3

~;; 4 h% 2 B . h% hz
+ 3 (“F) [162 . 2f2< _(”C”)f)]tz}

_hEN, ke (g5 i
12 2 \#* (4n)?

(C18)

[
that is not logarithmically divergent. After normalizing A,
using Eq. (C19), including a Z, breaking mass term
necessary to achieve a viable minimum and minimizing
the potential, /. acquires a vacuum expectation value
h. = h+ (h). This makes the wave function of A (the
Higgs field in the minimum) noncanonical again, due to the
presence of cy:

Ly
Zy((h) =1+ cy 7

After normalizing & taking into account also this last effect,
and including the LO gauge contribution, the desired
contribution to the Higgs mass reads:

(C20)

v - 1 .
— {(y?t + ¥0)(1 = cpyé + (cf — dp) &) - 6 (393 + 29195 + g1)t + 3531]
+16y7757°) (1 = cyé)

12y2941% + 3y;6;2(1 +cy))

(C21)

where we have highlighted the various contributions present in Eq. (C2) with the corresponding colors and set
t =logm?/m?, t = logm?/ m~ The Higgs vev has been defined by fixing the W mass according to

my =T s =0t =

1

—— =246 GeV.
V2Gp

(C22)

A numerical determination of the IR contribution 6m? |z can be obtained by making use of the experimental value of the

top quark mass to fix y,(m,) and y,(m

.)- In fact, the 1-loop RG equation for y, is decoupled from the twin sector at the order

we are interested in and can be easily solved. Including only the orders required to match our calculation of the Higgs mass

squared in Eq. (C21) we get:

22g5(m,)* ~ ,mi

yi(m,) = yi(m,) = y,(m,) [1 _ <gs(mt)2 _

47
2

gs(m.) = Gs(om) = goom) | 1 = "7

O3 g

m?
og—
m?2|’

og— + log

647> m2 (4r)* m2)’

(C23)

t
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which fixes y,(m,) in terms of y,(m,). As an input to our
numerical analysis we use the PDG combination for the top
quark pole mass m, = 173.21 = 0.51 = 0.71 GeV [57].
This is converted into the top Yukawa coupling in the

MS scheme yMS(m,) = 0.936 4 0.005 by making use of

Eq. (62) of Ref. [65]. We then use y,(m,) = yM5(m,). For
the strong interaction, we run the parameter measured at the
scale of the Z boson mass, gs(my) ~ 1.22, to the scale m;, to
obtain gg(m,).

APPENDIX D: OPERATOR ANALYSIS OF THE
HEAVY-VECTOR CONTRIBUTION TO 6gy,

In this Appendix we discuss the UV threshold contri-
bution to d¢g;;, generated by the tree-level exchange of the
composite vectors p [adjoint of SO(7)] and p* [singlet of
SO(7)] at zero transferred momentum. This effect arises at
leading order from diagrams with a loop of heavy fermions,
as in Fig. 5. Our simple effective operator analysis will
show that the contribution of the p identically vanishes, in
agreement with the explicit calculation in the simpli-
fied model.

An adjoint of SO(7) decomposes under the custodial
SU(2), x SU(2)y as:

21=(3,1)+(1,3) +3x(2,2) +3x(1,1). (D1)
The first two representations contain the vector resonances
that are typically predicted by ordinary CH models, namely
pr and pp. They mix at tree-level with the Z boson and in
general contribute to dg;;,. The remaining resonances do
not have the right quantum numbers to both mix with the Z
boson and couple to the left-handed bottom quark due to
isospin conservation. As a result, only the components p;
and pp inside the 21 can give a contribution to dg;;, at the
1-loop level.

In order to analyze such effect, we make use of an
operator approach. We classify the operators that can
be generated at the scale m, by integrating out the
composite states, focusing on those which can modify
the Zbb vertex at zero transferred momentum. In general,
since an exact Py invariance implies vanishing correction
to g;, at zero transferred momentum, any dg;, must be
generated proportional to some spurionic coupling break-
ing this symmetry. In our model, the only coupling
breaking P;p in the fermion sector is y;, and a non-
vanishing 8¢, , arises at order y}. The effective operators
can be constructed using the CCWZ formalism in terms of
the covariant spurion

7L = ZTATAY, (D2)
where A is defined in Eq. (3.11). By construction y; is a
Hermitian complex matrix. Under the action of an element
g € SO(8), it transforms as a 21, +27,+7+1+1 of
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SO(7) (where the 7 is complex), and its formal trans-
formation rule is

xr = (I g)y k(I g),  heSO(7). (D3)

As a second ingredient to build the effective operators, we
uplift the elementary doublet g; into a 7 4 1 representation
of SO(7) by dressing it with NGBs:

0, = (Z'ATq,). (D4)

We will denote with Q(L7) and Q(Ll) respectively the septuplet
and singlet components of Q; . Since QS) does not contain

b; (it depends only on 7;), only Q(L7) is of interest for the
present analysis. Under a SO(8) transformation

0 - n(1, g)0. (D5)

The effective operators contributing to dg;, can be thus

constructed in terms of y;, d,, and Q(L7). We find that the
exchange of p, in the diagram of Fig. 5 can generate two
independent operators,

0y = Q(Z)V”TQQ(Z)Tf(dMLTa)’
0l2] = Qg)yﬂTan)(duTaZL)gga (D6)

where 7 is an SO(8) generator in the adjoint of SO(7); the
exchange of py gives rise to other two'®:

0y = 070 (dr1)gs-
(D7)

0, = Q(L7)}’”Q<L7)Tf(dﬂ)(L)’

Simple inspection reveals that only the septuplet compo-
nent of y; contributes in the above equations. One can
easily check that the operators of Eq. (D6) give a vanishing
contribution to dg; ;. In particular, the terms generated by
the exchange of the (2,2) and (1,1) components of the p
give (as expected) an identically vanishing contribution.
Those arising from p; and py [obtained by setting 7¢ in
Eq. (D6) equal to respectively one of the (3,1) and (1,3)
generators] give instead an equal and opposite correction to
grp- This is in agreement with the results of a direct
calculation in the simplified model, from which one finds

'8Additional structures constructed in terms of d, and yp
can be rewritten in terms of those appearing in Egs. (D6) and
(D7), hence they do not generate new linearly independent opera-
tors. No(ti?e that Tr(d,y, T°) o<(7])‘“abdfj (e, (dMT“)((%))ggm
S ds () (dyy)ss = —di(ry )% Tr(dyy) = —di (v )+
dﬁ (;((Z)*)a, where )(<L7) denotes the component of y; transforming
as a (complex) fundamental of SO(7). A similar classification in
the context of SO(5)/S0(4) models in Ref. [29] found only one
operator, corresponding to the linear combination O — O;.
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that the contributions from p; and py cancel each other.
Finally, a nonvanishing dg;, arises from the operators of
Eq. (D7) generated by the exchange of pX. Upon expanding
in powers of the Higgs doublet, O, and O both match the
dimension-6 operator Oy, of Eq. (5.11) and differ only by
higher-order terms.

APPENDIX E: EXPLICIT FORMULAS
FOR THE EWPO

In this Appendix we report the results of our calculation
of the electroweak precision observables, in particular we
collect here the explicit expression of the coefficients ayy,
ar of Eq. (5.12) and by, cyv, b of Eq. (5.17).

|

12M*  6f2M2y2

PHYSICAL REVIEW D 96, 095036 (2017)

Let us start considering the T parameter. For conven-
ience, we split the UV contribution into two parts,
redefining ayy as:

Fin

dyy = dyy (El)

Log M \211 >
+ agy log <M§ )
The coefficients af% and at‘i}g are obtained through a
straightforward calculation, but their expressions are
complicated functions of the Lagrangian parameters. We
thus show them only in the limit ¢; = cp =c¢ and
My = Mg = M, for simplicity. For ag we give instead
the complete expression. We find:

: 1
aFm N (_
TR e Pyt M)

_|_

9MS _3
(f2yk +M?)?

(=518} = 2/ M2y} + Tf* My + 12/>MCyg + 4M°)

V214yk(f2y

%+ M?)?

(f2yk +2M2 2 (3f2y; — SM?)

21k (f2yk + M?)

’

Loz _ % — [ M?yy — fPM*yg — 2M°©

v 2%

| V2e(2f Y, = 3" M2yi + 3/2My; 4+ 2M°)

A (f*Myg — 10M°)

5%
| MM,

aRr = -+
B2 2+ PR

The derivation of &g, at 1-loop level is more
involved and requires the computation of a series of
diagrams. As explained in the text, we focus on those
featuring a loop of fermions and NGBs (see Fig. 4),
and that one with a loop of fermion and the tree-level
exchange of a heavy vector (see Fig. 5). The coef-
ficients cyy is generated only by the latter diagram;
we find:

1% ’
cLMsMy +2cpfyk
V2 e (E2)
s YR
2 2
gxf M2
cuv = agp (g + azg) (1 4+ V2¢g) 2 k4 .
uv = a7.(Qig + 7R R Mf,x 2(M% + y2f)
(E3)

We remind the reader that in our numerical analysis we
use M,x/(g,f) =1, see footnote 5. We redefine the
other two coefficients as

FIG. 4. Diagrams with a loop of fermions and NGBs contributing to the Zb, b, vertex. Here f' indicates any fermion (both heavy and

light) in our simplified model; z* are the charged NGBs.
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br = g + O
Fi SFi Log | slog M é
buv = (601 + 300) + (013 + 33 o )
M5+ vk

(E4)
where S, 5%i%, and 65‘{? are generated by the diagrams in
Fig. 4 only, whereas SR> (_5{:}{‘,, and 55({;5 parametrize the
correction due to the tree-level exchange of a heavy spin-1
singlet in Fig. 5. As before, we report the expression of the B
UV parameters in the limit ¢; = cp =c¢, My = Mg =M, FIG. 5. The diagram contributing to Zb; b; with a loop of
for simplicity; in the case of the coefficients with a bar, ~ fermions and tree-level exchange of a heavy vector. Here f* and
generated by the diagram of Fig. 5, we further set a;;, = ./ denote generic fermions in the theory, both heavy and light,
ay, and a7p = ajg. We find: whereas p, indicates the heavy vector.
|

=210V —4f*MPyk — AP MyR + MO c(fOyk +Af*MPyy = 2f*M*y; + M°)

5Fin —
o 12(f2y% + M?)? 6V2 22 (2% + M?)?
—|—lc2M2< 3 B 2 )_ 3 M?
oM\ ) T
stoe _ 1 M> EMt EMY e(=frvp 2 MPyk + M)
W6 6 3v2fhyh 3 6V2f*yk ’
3Fin _ szzamg/Z,x (fyrlang +2a1g) + M3 (3ay, + 8aig) + 2M* (g, + ayg))
i B W)+

szMzangZX (F2yxQay, + agg) + 2M*ay )
V2M2 (757 + M) (fPyg + M?)

4 2 2112 2
cM ang,,x(alL —aR) M AILXRY x

_]fifi;é = t o 2y (ES)

V2VRM(fPy] + MP) - 2ML(fPyp + M?)
For the IR coefficients we give instead the full expressions. We find:
1 MiM? cLMgMy crf*y3
S = — + Sty \/E S \/E R ,
R 6M+ R T3(ME + P0h) 12(M5 + £2y%)
2

~ T M2
SR = Q1L O1R 5 =2 (E6)

o202+ M) (FPyk + M3)

Notice that the IR corrections ajr and byr are related to each other and parametrize the running of the effective coefficients
CHgs E}{q, and cp,, as explained in the main text.

Finally, we report the contribution to S generated in our simplified model by loops of heavy fermions. We do not include this
correction in our electroweak fit, because in the perturbative region of the parameter space it is subdominant with respect to the
tree-level shift of Eq. (5.6). Rather, we use this computation as an additional way to estimate the perturbativity bound, as
discussed in Sec. III B. Analogously to what we did for T and 8g;,, we parametrize the fermionic contribution to S as:

2 2 2
o _ 9P 2 _ 2 ny ~2 =2 s
ASLP—@ |:(1—CL—CR)IOgM?P+(1_CL—CR)1OgM—l2I’:|
9% Fi Log M‘ZI’ Fi Log M‘zl’
+ === s+ sov log| ——5— | + 512 + S log | =—=————
o s o (g )+t b ()|
2 2 2 2
92 yif M
log— . E7
+ 1672 é:SIR M\Qy 0g mtz ( )
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Terms in the first line are logarithmically sensitive to the UV cutoff, the second line contains the UV threshold corrections,
while the IR running appears in the third line. The UV thresholds include a contribution from the twin composites ¥, and ¥,
parametrized by Efj{‘, and E{}‘{? At leading order in y;, by virtue of the twin parity invariance of the strong sector, such a
Fin Log

contribution can be obtained from that of ¥; and ¥ (i.e. from sy, and sy;y;) by simply interchanging the tilded quantities with
the untilded ones. Higher orders in y; break this symmetry and generate different corrections in the two sectors. We performed
the computation of the UV coefficients for y;, = 0, whereas s is derived up to order y7. We find:

oin L 6c crMsMy(f2y% + M2+ M%) N (ck +c2) 24MEM, e
R (F0% + M3 = M3, 6 \Pr+Mi-Mpr )
2(M5 + f*y&)
Log __ S R
SU(i;g - (Mg _ M\ZI, +f2y%)3 [6CLCRMSM§I/ + C%Mé(fzy% + M% - 3Ml2P)
+ e (FPvk + M3)(fPyg + M5 = 3My)).
o = MMy = Py ((2yk + MS) (M5 — [2y3) + MsMy) + My (i + M5)°

V2 VR(MG — fPy1)

6My(f*vk + M5)°
\/§MS(M§J - fz)’i)

C
K3ME (2% + M2)

C .
L 3My(foyy + M3)

(E8)

APPENDIX F: THE EW FIT

For our analysis of the electroweak observables we make use of the fit to the parameters € , 5 , [66—68] performed in
Ref. [69] (see also Ref. [26]). The central values there obtained for the shifts A¢; =¢; — e,-SM and the corresponding

correlation matrix are

Ae; = 0.0007 £ 0.0010
Aey = —0.0001 £ 0.0009
Aez = 0.0006 + 0.0009
Ae;, = 0.0003 £ 0.0013

p:

We can directly relate Ae; to AT and Aes to AS by using
the results of Refs. [45,47], and furthermore Ae;, = —268gy, .
We set Ae, = 0 in our study, since its effect is subdominant
in our model as well as in CH models [47]. We thus make
use of Eq. (F1) to perform a y? test of the compatibility of
our predictions with the experimental constraints. The y?
function is defined as usual:

V= Z(Aei - Hi)(oz)i_j] (Aej —p;),

t

(0)%,‘ = 0ip;j0j,

(F2)

where u; and o; denote respectively the mean values and the
standard deviations of Eq. (F1), while Ae; indicates the
theoretical prediction for each EW observable computed
in terms of the Lagrangian parameters. After deriving
the y?, we perform a fit by scanning over the points in
our parameter space keeping only those for which
Ay* = y* — y2., < 7.82, the latter condition corresponding
to the 95% confidence level with 3 degrees of freedom.
Using this procedure, we convert the experimental con-
straints into bounds over the plane (My, &).

1 0.8 0.86 —0.33
0.8 1 051 —0.32
(F1)
0.86  0.51 1 —0.22
—-0.33 -032 -0.22 1

APPENDIX G: ESTIMATES OF THE
PERTURBATIVITY BOUND

This Appendix contains details on the derivation of
the perturbative limits discussed in Sec. III B. As explained

there, we consider the processes 7%z” — 7z°z¢ and 7%z" —

7y?, where y = {¥;,¥,;} and all indices transform
under the fundamental representation of the unbroken
SO(7). In order to better monitor how the results depend
on the multiplicity of NGBs and fermions, we perform the
calculation for a generic SO(N)/SO(N — 1) coset with N
composite fermions y in the fundamental of SO(N — 1).
Taking N =8 and Ny =2 x3 =6 thus reproduces the
simplified model of Sec. IIT A.

The perturbative limits are obtained by first express-
ing the scattering amplitudes in terms of components
with definite SO(N — 1) quantum numbers. In the case
of SO(7) the product of two fundamentals decomposes
as 7®7=1& 21, & 27,, where the indices a and s
label respectively the antisymmetric and symmetric
two-index representations. A completely analogous

095036-28



PRECISION TESTS AND FINE TUNING IN TWIN HIGGS ...

decomposition holds in the general case of

O(N)/SO(N —1),” but for simplicity we will use
the SO(7) notation in the following to label the various
components. The leading tree-level contributions to the
scattering amplitudes arise from the contact interaction
generated by the expansion of the NGB kinetic term of
Eq. (3.4) and from the NGB-fermion interactions of
Eq. (3.9). The structure of the corresponding vertices
implies that the four-NGB amplitude has components in
all three irreducible representations of SO(N —1) and
contains all partial waves. The amplitude with two
NGBs and two fermions, instead, has only the anti-
symmetric component of SO(N — 1) and starts with the
|

MWD (g7t - 7nd) = (N—Z)J%,
M) (zagb - gozd) = 200,
M) (g7l - g¢zd) = =

Performing a partial wave decomposition we get

N — ZM& 167k a®(2j+1
Ay =0
X ZDA 4,0 (G3)
ikt

where 4;, 4 are the initial and final state total helicities, and

k(i>(k(f )) is equal to either 1 or v/2 depending on whether
the two particles in the initial (final) state are distinguish-
able or identical respectively. In the above equation M)
should be considered as a matrix acting on the space of

different channels. The coefficients a§r>

0 _
: - o D’
4T 300 / 2.

ks
and act as matrices on the space of (elastic and inelastic)
channels with total angular momentum j and SO(N — 1)
irreducible representations r. They can be rewritten as a
function of the scattering phase as

are given by

(G4)

2is"
e =1 s
| T~5j . (G5)

Our NDA estimate of the perturbativity bound is derived by
requiring this phase to be smaller than maximal:

“One has NQ N=1@ [N(N—

1)/2], ®[N(N+1)/2-1],.

PHYSICAL REVIEW D 96, 095036 (2017)

p-wave. At energies much larger than all masses the
amplitudes read

u

M(ﬂ'aﬂ'b — 7 ) 5ab50d 5a05bd +_5ad5bc’
f? f f?
M(zonb — s W ) = %sin f(5ecstd — 5udghe),
Mt — P54 ) = z—fzsm 0(5°¢5h4 — 5edhe).

(G1)

They decompose into irreducible representations of
SO(N — 1) as follows:

M2 (n97 — lijg[‘lP%lL) = ﬁsin 0,
(G2)
M@ (gagh - @;quglk) = #Sine.
/4
|§ |< :>|a |<E (G6)

Let us consider first the case r = 1, corresponding to the
amplitude singlet of SO(N —1). The only contribution
comes from the four-NGB channel. Since the helicities of
the initial and final states are all zeros, in this particular case

the Wigner functions Dﬁw (6) reduce to the Legendre

polynomials:

1
b

) = eim dQPj(cos MW,

(G7)

The first and strongest perturbativity constraint comes from
the s-wave amplitude, which corresponds to j = 0. We find:

1 N-2s
YT 3 (G8)
where N = 8 in our case. From Egs. (G6) and (GS), one
obtains the constraint of Eq. (3.15).

We analyze now the constraint from the scattering in the
antisymmetric representation, r = 21. In this case, both the
NGB and the fermion channels contribute; the process
zm — wx is however independent of the fermion and
Goldstone multiplicities and can be neglected in the
limit of N and N;. The process involving fermions is a
function of N, and generates a perturbative limit which
is comparable and complementary to the previous one.
We have:
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420 _ Z RS

"doD], (OMG).
A=t1 32 0 7t f

(G9)

As anticipated, this equation vanishes for j = 0, so that the
strongest constraint is now derived for p-wave scattering,
with j = 1. We have

PHYSICAL REVIEW D 96, 095036 (2017)

@) _ Ny s
a;’ = —. G10
From Egs. (G6) and (G10) follows the constraint
of Eq. (3.16).
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