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ABSTRACT: We point out that the flavor problem in theories with dynamical electroweak
symmetry breaking can be effectively decoupled if the physics above the TeV scale is
strongly conformal, and the electroweak order parameter has a scaling dimension d = 1+¢
with € ~ 1/few. There are many restrictions on small values of e: for € < 1, electroweak
symmetry breaking requires a fine-tuning similar to that of the standard model; large-
N conformal field theories (including those obtained from the AdS/CFT correspondence)
require fine-tuning for d < 2; ‘walking technicolor’ theories cannot have d < 2, according
to gap equation analyses. However, strong small-N conformal field theories with € ~ 1/few
avoid all these constraints, and can give rise to natural dynamical electroweak symmetry
breaking with a top quark flavor scale of order 10¥/¢ TeV, large enough to decouple flavor.
Small-N theories also have an acceptably small Peskin-Takeuchi S parameter. This class
of theories provides a new direction for dynamical electroweak symmetry breaking without
problems from flavor or electroweak precision tests. A possible signal for these theories is a
prominent scalar resonance below the TeV scale with couplings similar to a heavy standard
model Higgs.
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1. Introduction

How is electroweak symmetry broken? The most important theoretical clue we have is the
hierarchy problem, the problem of understanding the smallness of the weak scale compared
to much higher scales in physics such as the Planck scale. Perhaps the most elegant solution
of the hierarchy problem is dynamical electroweak symmetry breaking [[J. This is the idea
that the scale of electroweak symmetry breaking is determined by a new strong interaction
scale. This naturally explains the smallness of the electroweak scale, since the strong
interaction scale is given in terms of UV quantities by

Apw ~ Apy e~%/90v (1.1)

where guy is the strength of the coupling in the UV and g. ~ 47 is the critical value
where electroweak symmetry is broken. For guyy < gc, the electroweak scale is naturally
exponentially small compared to Ayy. This mechanism is already realized in nature in the
strong interaction sector, explaining why the QCD scale is naturally small compared to
higher scales.

This paradigm for electroweak symmetry breaking makes the general prediction that
the electroweak symmetry breaking sector is strongly coupled at the TeV scale. Within a



few years, the LHC will definitively settle the fundamental question of whether electroweak
symmetry breaking sector is weakly or strongly coupled.

Until the LHC turns on, we must rely on indirect constraints. Dynamical electroweak
symmetry breaking faces a number of potential difficulties. First, strong interactions at the
TeV scale can ruin the agreement of the standard model with precision electroweak data.
However, if the physics that breaks electroweak symmetry is a strongly coupled theory with
no large or small parameters, ‘naive dimensional analysis’ (NDA) gives an estimate for the
Peskin-Takeuchi S and T parameters

1 1

S ~ — T ~ —, 1.2
NDA ~ NDA ~ (1.2)

For comparison, the value of the S parameter from scaled-up QCD is [P]
Sqcp ~ 0.3. (1.3)

These are rough estimates, and are comparable to the size of the current 95% confidence
level bounds [[f]. These do not rule out models of dynamical electroweak symmetry break-
ing. The models that are ruled out (without fine tuning) are those containing a large
number N of degrees of freedom, in which S ~ N/mx. These include large ‘technicolor’ or
‘walking technicolor’ theories [fI], and Randall-Sundrum (RS) models [§] with gauge fields
in the bulk [f], which are related to large-N conformal theories (CFT’s) by the AdS/CFT
correspondence [f.

Another general problem with models of dynamical electroweak symmetry breaking is
that flavor is generally not decoupled from the TeV scale. In technicolor models, this is
because the order parameter that breaks electroweak symmetry is a techni-fermion bilinear

11 with mass dimension d = 3. The standard-model fermion masses therefore arise from
4-fermion operators connecting the standard model fermions with the technifermions [f].
These operators have dimension 6, and therefore become strong at low scales. In particular

the top coupling becomes strong at a scale

. . Apw\"?

QCD-like technicolor: Ay ~ Agw < p— ) ~ 5 TeV, (1.4)
where Agw ~ 47mv ~ 2 TeV is the scale where the electroweak symmetry breaking sector
becomes strongly coupled. A; is the scale where flavor must be addressed in these models.

The flavor problem is less severe in models of ‘walking’ technicolor, in which it is
assumed that the electroweak order parameter 17 has a large anomalous dimension, and
scales as an operator with dimension d = 3 — [[[]. Walking technicolor theories are similar
to a CFT with a nearly marginal (slightly relevant) operator that runs slowly and becomes
strong and breaks electroweak symmetry. Analyses based on the truncated Schwinger-
Dyson equations show that in asymptotically free theories, d > 2 [[l, P]. The scale where
the top coupling becomes strong is then raised for d = 2 to

Apw
my

Walking technicolor: A; < Agw ~ 10 TeV. (1.5)



Attempts to make realistic models based on strong top dynamics can be found in Refs. [[[0].
In this paper, we will instead attempt to avoid strong flavor-dependent dynamics at low
scales.

A simple way to avoid the restriction d > 2 is to assume that the theory is at an
interacting conformal fixed point above the TeV scale. This class of theories offers a
solution of the hierarchy problem that is identical to asymptotically free theories such as
technicolor. If the CFT is coupled to a gauge theory that is asymptotically free, this gauge
theory will become strong in the IR, causing the CFT to flow away from its fixed point.!
The resulting non-perturbative dynamics can give rise to electroweak symmetry breaking.
Another possibility is that the CFT contains a nearly marginal operator that becomes
strong in the IR. These mechanisms are attractive because it generates an exponentially
large hierarchy. Another possible mechanism exists if the CFT has a relevant operator
that transforms nontrivially under a global symmetry, e.g. a discrete symmetry. The
coefficient of this operator can then be naturally small, and can set the scale for the
breaking of conformal and electroweak symmetry. In this mechanism, the large hierarchy
is put in by hand in the form of a small coefficient, but it is technically natural.

In a strong CFT, flavor arises from couplings of the form gqO, where ¢ is a standard-
model fermion and O is a CFT operator with quantum numbers of the Higgs. In order to
decouple flavor, we would like to have the scaling dimension d of the operator O as small
as possible. In CFT’s, bound on the scaling dimension of a scalar operator is d > 1 [[2].
In the limit d — 1, the scalar operator behaves as a weakly-coupled scalar field, which is
just the standard-model Higgs. The theory is therefore fine-tuned and does not solve the
hierarchy problem. However, for d = 1+¢, with € ~ 1/few, the top quark becomes strongly
coupled at the scale

/e
AEW>1 . (1.6)

Conformal dynamics: A; ~ Agw ( =
¢
This scale is exponentially large for small €, and therefore we can plausibly have sufficiently
large € to avoid fine-tuning, while decoupling the flavor to high scales. How A; must be to
avoid flavor-changing neutral currents depends on the nature of flavor violation at this scale.
The most pessimistic case imaginable is that there are unsuppressed strong contributions
to operators that contribute to KK mixing at the scale A;. This requires A; ~ 10° TeV,
which is obtained for € ~ é If we assume some suppression of flavor violation for the
lightest generation, we expect that the flavor scale can be significantly lower. For example,
a single Yukawa suppression of four-fermion operators contributing to KK mixing lowers
the flavor scale to A; ~ 3 x 10% TeV, which requires € ~ % Such values of € are definitely
plausible. For example, in F-theory constructions of AdSs duals, one finds scalar operators
with dimension % and g 3. The possible application of non-supersymmetric CFT’s with

low-dimension scalar operators to the electroweak hierarchy problem was also discussed
in Ref. [[14].

!The same mechanism was employed for walking technicolor theories in Ref. [@L where the QCD

gauge coupling plays the role of the asymptotically free gauge group. This mechanism naively predicts

Aew ~ Aqcp, and we do not consider it here.



The Randall-Sundrum model gives an explicit example of a 4D CFT, and has been
extensively discussed as a solution of the hierarchy problem. In this model, the Higgs is
usually localized in the the IR brane to obtain a large hierarchy. In this case the Higgs
field can be thought of as a bulk field with a large mass, and in the corresponding 4D
interpretation the electroweak order parameter has a large (d > 4) scaling dimension.?
To obtain sufficiently large fermion masses, the fermions are put on the IR brane or in
the bulk [[§]. In 4D language, this corresponds to generating fermion masses by making
them mix with composite fermions so that they can feel the symmetry breaking in the
strong sector. The mixing of the standard-model fermions with composite fermions was
considered previously in the context of QCD-like technicolor [[]. Theories of this type
are interesting alternatives to our scenario. As we discuss in the appendix, these theories
generally have a potentially viable region of the parameter space where Ap is just at
the current experimental bound while corrections to Z — bb require fine-tuning at the
10% level [[[7]. However, we will pursue scenarios where the standard-model fermions are
completely elementary, just like in conventinal technicolor theories.

It is a simple matter to modify the RS model to give the electroweak order parameter
a smaller dimension: one simply puts a Higgs scalar in the bulk, and leaves the fermions
on the UV brane. Electroweak symmetry is broken by a Higgs potential localized on
the IR brane (ensuring that this is an IR effect) and the bulk Higgs field communicates
electroweak symmetry breaking to the fermions on the UV brane. Taking the Higgs bulk
mass parameter to be negative makes the dimension of the Higgs operator in the 4D CFT
description smaller. However, we will show that scalar operators with d < 2 are fine-tuned
in RS. This can be traced to the fact that RS is a large-N theory, and this fine-tuning is
common to all large-N theories.

We are therefore led to a rather dark corner of theory space: non-supersymmetric 4D
strongly-coupled conformal field theories with small N. These can have a scalar operator
with dimension d = 1 + € with € ~ 1/few, and can dynamically break electroweak sym-
metry at the TeV scale while giving large fermion masses without flavor-changing neutral
currents. Small-/V theories also have an acceptably small S parameter. Not much is known
about the dynamics of such theories, and so our discussion of these theories is necessarily
speculative. Above the TeV scale, the theory becomes conformally invariant, and the new
strong conformal dynamics can be directly tested in direct analogy with the way QCD is
tested at a high-energy eTe™ collider.? However, even the LHC will be limited to explor-
ing the lightest ‘hadrons’ of the CFT, and it is not possible to make rigorous predictions
for this regime. In the case where € arises from a (moderately) small parameter in the
fundamental theory, we argue that the theory contains a prominent scalar resonance near
(but somewhat below) the TeV scale, with couplings similar to those of a heavy standard-
model Higgs, but deviating from the standard-model couplings by order e. This provides
an interesting and well-motivated signal to look for at the LHC, whose observation would
clearly motivate going to even higher energies in the future.

2By analogy to ‘walking technicolor,’ this can be thought of as ‘speeding technicolor.’

3See Ref. [@] for a supersymmetric example.



This paper is organized as follows. In section 2, we review the constraints on the
operator dimension d in various types of known models and argue that small-N theories
avoid all constraints and can have d < 2 without fine tuning. In section 3, we study the
phenomenology of these theories, focusing mainly on the possibility of a Higgs-like scalar
resonance. Section 4 contains our conclusions.

2. Scalar operators with 1 < d < 2

As discussed in the introduction, an important question for models of dynamical elec-
troweak symmetry breaking based on conformal field theory is the scaling dimension d of
the ‘Higgs’ operator O that acts as the electroweak order parameter. In order to decouple
flavor, we would like to have d as small as possible, while avoiding fine-tuning. In this
section we review what is known about low-dimension scalar operators, and argue that
theories with strong coupling and small N can give operators with d < 2 without fine
tuning.

21 d~1

General theorems of conformal field theory tell us that a scalar operator @ must have
dimension d > 1 [1J). Furthermore, an operator with dimension d = 1 is a free field
(meaning that correlation functions of O are the same as those of a free field). It is
therefore clear that for d sufficiently close to 1, the theory is equivalent to a CF'T weakly
coupled to a Higgs field, which clearly does not solve the hierarchy problem. In CFT
language, this is because the operator OT© has dimension close to 2d, which is relevant for
d < 2. The existence of a relevant operator that cannot be forbidden by symmetries means
that the fixed point is not reached unless the coefficient of the relevant operator is tuned.
This argument seems to suggest that the theory is fine-tuned for any d < 2, but it is limited
to weak coupling because we have assumed that the dimension of OO is approximately 2d.
Since the anomalous dimension d— 1 is of order a one-loop factor, we expect the anomalous
dimension of OTO to also be of order d — 1 for a weakly-coupled theory with d — 1 < 1.
But for strong coupling the operator OTO will have a large anomalous dimension, and its
dimension will not have any simple relation to the dimension of 0.% Exceptions to this are
large-IN theories, as we will discuss below.

How small can we take e = d — 17 In a nearly free theory with an elementary scalar, €
is an anomalous dimension, which is of order a loop-counting factor in the theory. In other
words, perturbation theory is an expansion in powers of €, and we expect it to break down

when e 2 1. For values like € = 1/few, perturbation theory is no longer a reliable guide.

In these theories, it is possible that the operator OTO has a sufficiently large anomalous
dimension to make it an irrelevant operator. We conclude that the general theorem does

not imply that theories with € ~ 1/few are fine-tuned.

4In fact, for a strong CFT the operator “«OT©” has no a priori meaning. The remarks above apply if
we define OTO to be the operator of lowest scaling dimension in the operator product expansion of O x of

other than the unit operator.



2.2 Large-N theories

We now consider large-IN CFT’s. In large-N theories, the matrix elements of operators
factorize, and we can conclude that the operator OTO has dimension near 2d (up to 1/N
corrections) even if the theory is strongly coupled. This is true even for theories with a
large 't Hooft parameter, such as the 4D dual of the Randall-Sundrum (RS) model, as we
will discuss below. The operator OO is therefore relevant for all d < 2, and we conclude
that large-IN CFT’s with scalar operators with d < 2 are fine-tuned.

Large-N theories are also disfavored as a dynamical electroweak symmetry breaking
sector because they give contributions to the S parameter that grow with N. In theories
with a small 't Hooft parameter, this is simply because S arises from a vacuum polarization
effects that count the number of microscopic states. We will see that RS models, which
have a large 't Hooft parameter, also predict large S in the absence of fine-tuning.

For these reasons, we are led to consider theories that do not have large N, and which
cannot be obtained from RS setup.

2.3 QCD-like theories

SU(N) gauge theories with F' flavors of Dirac fermions loses asymptotic freedom for F'//N >
1—21, and for F//N = % — ¢ with § < 1 the theory has a weakly coupled ‘Banks-Zaks’ fixed
point [[9. This allows us to infer the existence of QCD-like theories that flow to strongly
coupled CFT’s in the IR. The loop expansion parameter at the Banks-Zaks fixed point is
4, so we know there is a conformal window for a range of §. The conformal window ends
at some value § ~ 1, and the CFT’s at this end of the conformal window are necessarily
strongly coupled. Although this argument is strictly speaking limited to large N (where §
can be thought of as a continuous parameter), it is very reasonable to assume that there
are also small-N asymptotically free gauge theories that flow to strong conformal fixed
points.

It is therefore natural to ask whether theories of this kind can give rise to a conformal
sector with scalar operators with d < 2. To obtain a tractable approximation to the non-
perturbative dynamics of QCD-like theories, it is traditional to truncate the Schwinger-
Dyson equations by replacing the full gauge propagator and gauge-fermion vertices by
their tree-level values in the Landau gauge, giving rise to the so-called ‘gap equation.’
However, this limits the parameterization of the non-perturbative effects to spontaneous
chiral symmetry breaking via a dynamically generated ‘constituent quark mass.” In partic-
ular, it is not able to describe the conformal fixed point dynamics of the Banks-Zaks fixed
point.

The conformal window was studied using the gap equation in Ref. [P0], which concluded
that the conformal window in QCD ends at Ny ~ 4N.. It would be very interesting to
further explore non-perturbative approximations to QCD-like theories that can capture the
physics of the perturbative end of the conformal window and model the non-perturbative
dynamics at the strong end of the conformal window. This is beyond the scope of the
present work.



2.4 d in Randall-Sundrum models

We now consider the Randall-Sundrum (RS) model, which gives us a concrete, calculable
CFT. To make the connection to conformal field theory as transparent as possible, it is

convenient to write the 5D AdS metric as
ds? = pi*ny, datde” — 2 (2.1)

where k is the AdS curvature, and pug < p < pyyv parameterizes the extra dimension.

The fact that this metric is invariant under the transformation, z# — s~!

z# and pu — su,
naturally leads to the interpretation that the parameter p is proportional to the energy
scale in the corresponding 4D CFT. We assume that all dimensionful quantities in the 5D
lagrangian are O (1) in units of k. The physical size of dimensionful couplings at a position
w in the bulk is then given by ku. For simplicity, we will use units where k& = 1.

We consider a 5D complex scalar doublet H with bulk mass M. We will be interested
in the situation where H gets a VEV, breaking an SU(2), gauge symmetry.® It is therefore

convenient to parameterize the field by

H = ¢llaTe ( 0 ) , (2.2)
d

where ® and II, (a = 1,2,3) are real fields. When & gets a VEV, the zero mode of II,
parameterizes the Goldstone degrees of freedom. In this section, we are interested in the
effects of the VEV, and so we will mainly concentrate on the field ®. Solving the equation
of motion in the bulk, we obtain the most general 4D Poincare invariant solution:

d=Ap" 4+ By (2.3)

where n = 2 + V4 + M?2. We restrict attention to masses satisfying the Breitenlohner-
Freedman bound M? > —4 [RJ], so that n > 2. For the special case n = 2, the general
solution is

®=Au?+Bp’Inp. (2.4)

We will focus on the generic case (R.3)) below.

We now discuss the CFT interpretation of the solution Eqs. (R.3) for n > 2. According
the the AdS/CFT correspondence, the field ® is associated with an operator O of the 4D
CFT. As we will review below, in the conventional case the operator O has dimension
d = n, which implies d > 2. To obtain a 4D CFT with d < 2, we must change the UV
boundary condition [2J]. Specifically, we must choose the UV boundary condition to set
B = 0, so that the IR boundary condition determines A. This can be done by adding a
UV boundary lagrangian

Lyy = —m|H|* = —m®>. (2.5)

®We will ignore U(1)y in this section for simplicity. We will also ignore an SU(2)r gauge symmetry we
need to put in the bulk for any realistic model to guarantee a custodial SU(2) symmetry in the 4D CFT.

Adding these complications is straightforward and does not alter our conclusions.



The UV boundary condition is then

0P
[,u— + m@} =0, (2.6)
I uv
oIl
I =0, (2.7)
i lyy
which gives
(n =4+ m)Apy' = (n—m)Bugy. (2.8)

The generic solution is A/B ~ ,LL%;/?”, but we can tune B = 0 by taking
m=4—n. (2.9)

Note that we are tuning a relevant operator that cannot be forbidden by symmetries.
We now specify the IR boundary conditions. We assume that the IR boundary condi-

tions set
<I>\IR = K, (2.10)
oIl
p—— =0. (2.11)
o |ir

This can be viewed as the result of adding an SU(2) invariant IR potential of the form
A
Vin = S(HP? - 52 (212

and taking the limit A\ — oo so that the radial component of the field is frozen. (Note
that the boundary conditions Eqs. (B-7) and (R.1) ensure that the fields II, each have a
massless Goldstone zero mode.) The results for the coefficients B and A are then

RHUTR {1 +0 <(MIR/ NUV)Qn_4)] ‘generic’
B= (2.13)
0 tuned

and

n—m B,u4_2”

¢ . )
- eneric
n—44+m uv &

A= (2.14)

/f,uf‘P: " tuned

Now suppose that the VEV for the field ® spontaneously breaks an SU(2) gauge
symmetry in the bulk and generates a mass for a fermion localized on the UV brane. This
is the RS description of breaking the gauge symmetry by the VEV of the operator O and
giving mass to an elementary fermion coupling to @. The 4D gauge boson mass is

Hruv
/ dp i (2.15)
75



92"?2 2 2n—4
IR [1 +0 ((um/uuv) " )} ‘generic’

4(n —1) 2.16)
= 2.16
2.2
gk 2 _ 6—2n
G — MR [1 (b1 /puv) } tuned

where g4 is the gauge coupling of the 4D gauge zero mode. In the tuned case with n > 3,
the gauge boson mass grows large as puyy increases, so myy is sensitive to the UV scale.
The physical interpretation of this case is that the gauge symmetry is broken in the UV,
not in the IR. This means that this case does not describe dynamical symmetry breaking.
Therefore, we will restrict to n < 3 in the rest of the paper. However, note that even if
n < 3, taking the n — 3 limit in the tuned case leads to

1
miy — 592“%%1% In (puv/pR) (2.17)

so the gauge boson mass is logarithmically sensitive to the UV. We will discuss the 4D
interpretation of the logarithm shortly.

Now consider fermions, a doublet @ and a singlet t¢ localized on the UV brane. We
add the UV boundary term

ALyy = pgy [QIPQ + 9] — [y HQLC + h.c], (2.18)

where the factor uﬁ%, multiplying the kinetic term arises from the conformal factor in the
metric. The fermion mass is therefore

my = yprpuv Puv (2.19)
2n — 4 _ .
A Yetar (pr/ pov)" Tt ‘generic
= (2.20)
yeroprr (pr /pov)> " tuned
We therefore obtain
n—1
('uﬁ> ‘generic’
Huv
L (2.21)
mw pr \ 2"
(—) tuned
pwuv

In the 4D CFT, the UV boundary term Eq. (R.1§) corresponds to coupling an elemen-
tary fermion to the CFT operator O:

ALcrr = ¢;OQt® + h.c. (2.22)



The results for the fermion and gauge boson masses are therefore consistent with the 4D
interpretation that O has scaling dimension

d— n generic (2.23)
4—n  tuned

In the tuned case, recall that we require n < 3 to avoid breaking the gauge symmetry in the
UV. At the critical value n = 3 Eq. (R.17) shows that we have logarithmic UV sensitivity.
This is easy to understand. The effective lagrangian at the IR scale has the form

Legt = Z|Dyh* = V() + [y:hQt° +h.c.], (2.24)

where h is the lightest KK mode of the scalar. The logarithm in Eq. (R.17) reflects the fact
that the wavefunction factor Z depends logarithmically on the UV scale, because in the
n — 3 (i.e. d — 1) limit h is just a weakly-coupled scalar. (Note that g and k are quantities
defined at the IR scale.) There is no logarithm in m; as n — 3 because the fermion Yukawa
coupling is not renormalized (apart from the wavefunction renormalization in Z) within
our approximation of treating Qt¢ as a background field. We therefore conclude that the
tuned case can indeed describe operators with dimension 1 < d < 2.

Now we study how much fine tuning is actually necessary to reach the tuned case. If
we deviate from the fine-tuning condition (P.9) by Am, the coefficient B now has to be
non-zero to satisfy the UV boundary condition (R.8§):

m 2n—4
B ~ k Am uig <£> . (2.25)
HIR

~

Am LR 4-2d
——s(——) < 1, (2.26)
m puv

The condition that this is a small correction at the IR brane requires Bup' < &, i.e.

where we have used n = 4 — d. This quantifies the amount of the fine-tuning. Note that
for d = 1 we have the same tuning as in the standard model. Of course, we need only
something like d = % to push the flavor scale up to 10* TeV, but even in this case the
fine-tuning is ~ 1075, which is unacceptable.

The 4D CFT interpretation of this fine-tuning is easy to understand. Since the CFT
contains an operator @, it also contains the operator @@ which is invariant under all
symmetries. The AdS/CFT correspondence relates operator products to multi-particle
states, and the dimensions of composite operators factorize essentially as a consequence
of the factorization properties of multi-particle states in a weakly-coupled 5D field theory.
The dimension of the operator OT© is therefore 2d, which means it is a relevant operator.
Note that Eq. (B.26) is exactly the amount of fine-tuning required to suppress the effects
of a relevant operator of dimension 2d.

A convincing check of this interpretation of the fine-tuning can be obtained by comput-
ing the vacuum energy in the presence of the VEV as a function of the tuning parameter
Am. The bulk action integral vanishes thanks to the bulk equation of motion, leaving only

,10,



the boundary terms. Since the UV boundary condition is chosen to cancel the boundary
term at the UV brane, we only get the contribution from the IR boundary:

do
V(ur) ~ p°® —
() ~ w02 7|
4
~ 14+ — <— + 2.27
HIR m \ puv ( )
On the other hand, in the 4D CFT language, we are adding the operator

ALyy = AUVOTO (2.28)

in the UV. If the dimension of @TO is D, then the coupling \ should scale with energy as

Ap) = Avv (ﬁ)lp{ (2.29)

The vacuum energy associated with OO therefore has the form

Vo~ g [T+ Apr) + X (ur) + -]
pr \ 7

1+ Auv (—) +--
Huv

Comparing this with Eq. (R.27), we see that D is indeed equal to 2d and that the tuning
Am — 0 precisely corresponds to setting Ayy = 0. Note that this is a tree-level calculation

~ iR (2.30)

on the AdS side, which corresponds to a calculation at the leading order in the 1/N
expansion on the CFT side. Loop corrections correspond to 1/N corrections, and are
expected to give corrections to the relation D = 2d. These corrections are suppressed by
at least a loop factor, and are small whenever perturbation theory is under control. They
therefore cannot be used to make the RS model with d < 2 natural, but it does illustrate
that the relation D = 2d is not exact in general.

We will have more to say about the 4D interpretation of the RS model with d < 2 in
subsection B.1 below.

2.5 S in Randall-Sundrum models

We showed above that d < 2 requires tuning in the RS setup, but argued that this is
because these are large-IN CFT’s. But there is another problem with large-INV theories.
The fact that RS theories are large-IN theories means that we also expect them to give
large contributions to the S parameter. However, because the 4D CFT corresponding to
an RS model also has large 't Hooft parameter, we cannot use NDA to estimate S. We
therefore briefly review the size of S in these theories. Complete results with numerical
coefficients can be found in Refs. [RJ].

Contributions to S can arise in various ways, but here let us focus on the bulk contribu-
tion to .S arising from the mixing between the unperturbed gauge zero mode and the bulk
KK modes via the Higgs kinetic term [I[7]. This is not necessarily the largest contribution

— 11 —



to S, but it can be easily estimated, and we will see below that it is already too large.
The leading effect of this kind comes from tree-level mixing between the zero-mode gauge
bosons and the excited KK modes:

4
v
Sbulk ~ ].67['952] (m—KK> s (231)

where g5 is the 5D gauge coupling, v = kur is the 4D VEV that breaks electroweak
symmetry, and mgg ~ uir is the mass of the lightest KK mode. (Recall we are using units
where k£ = 1.) The 5D gauge coupling parameterizes the CFT contribution to the running
of the 4D gauge coupling. For example, if there is a gauge kinetic term localized on the
UV brane with coefficient 1/g%+,, we have

1 1 1
—2:2——1-—2111@. (2.32)
gi auv 95 HIR

In order to avoid a Landau pole below the UV scale, we require

9 2 g1 n(puv/pir). (2.33)

In order to have Spux < Snpa ~ 1/7 (roughly the current experimental limit), we must
have

1/2
mix 2 4m0? (g3 n(uuy /um)] . (2.34)

This shows that small values of S can only arise from a hierarchy between v and mkxk,
which however requires fine tuning. The amount of fine tuning is given by

(2.35)

47rv>2 _ 1 4o
1/2

tuning ~ (—
Ar

where Arg is the cutoff in IR units and Nk = Ar/mkk counts the number of KK modes

~ 2
Nik [92 hl(MUV/MIR)]

below the cutoff. We see that we can make S small only at the price of either fine-tuning,
or taking Nkxk to be small, meaning that the cutoff is so low that it describes only a small
number of KK modes. In this case, the extra dimension is not really buying any predictive
power relative to a general effective theory with a cutoff near the TeV scale. Said another
way, since we must allow arbitrary higher-dimension operators suppressed by powers of
AR, the expansion parameter of the effective theory is 1/Nkk.

3. A composite higgs?

In this section, we discuss the general phenomenology of a electroweak symmetry breaking
sector consisting of a small-/V strongly coupled CFT with an electroweak order parameter
with dimension d = 1 + €, with € ~ 1/few. In the case where the (moderately) small value
of € arises from a small parameter in the fundamental theory, we argue that the theory
contains a prominent sub-TeV scalar resonance which can be thought of as a Higgs that is
‘partially’ composite at the TeV scale. The compositeness is ‘partial’ in the sense that the
couplings of the scalar to the strong TeV scale dynamics is parametrically suppressed by
powers of e.
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3.1 Light scalars in the Randall-Sundrum model

Although we are interested in 4D CFT’s that do not have a simple higher-dimensional
interpretation, we begin by determining the properties of the lightest scalar KK modes in
the RS model. We find the results illuminating, and will argue that they have a simple
physical interpretation that extends to the case of a partially composite Higgs.

To make a fully realistic RS model, we need a model with custodial symmetry. As
explained in Ref. [[[7] this can be done by gauging a SU(2); x SU(2)g in the bulk and
breaking this down to SU(2); x U(1)y on the UV brane.% Since we are using RS only as
a guide, we will ignore the issue of custodial symmetry and consider the model with only
SU(2)r x U(1)y gauged in the bulk. However, it is straightforward to construct a fully
realistic RS model at the price of fine-tuning.

We now consider the KK decomposition of the bulk scalar doublet H. We are mainly
interested in the KK modes of ®, which contains the light Higgs-like boson (see Eq. (R.2)).
The eigenvalue condition for KK masses of the ® with the fine-tuned boundary condition
Eq. (B.9) in the UV and the shifted boundary condition ®(ur) = 0 in the IR which
corresponds to Eq. (R.10) after subtracting the VEV is given by

J 14e() _ Je(y)

= — , 3.1
hdw) L) -1
where
x = ﬂ, Y= o (3.2)
HIR Huv
Expanding this for small x, y, and €, we obtain the mass of the lightest mode:
2¢1 1
mé = deply [1 - <@> ] [1 +0(e) + O(z*) + O(y?) (3.3)
KUV
depiy for e > 1/In(puv/pr)
= 2M%R (3.4)
——= forex1/In
IU(MUV/MIR) / (:U’UV/:U‘IR)

The 4D CFT interpretation of these results is the following. The scalar would be exactly
massless in the limit of unbroken conformal symmetry, but the conformal symmetry is
broken both in the UV and the IR. For finite € in the limit puyy — oo, the IR breaking
of conformal invariance dominates. Hence, if the scalar couples to the CFT with full
strength, the conformal breaking should give m% ~ ,LL%R. However, in our case we expect
from the general CFT theorem that the scalar should decouple from the CFT for ¢ — 0.
We exactly see this behavior in the first case in Eq. (B.4]), where we have m? ~ e,u%R, and

Ref. [@] gauged SU(2)r x SU(2)r x U(1) —r in the bulk, which is necessary to properly embed U(1)y
for bulk fermions. If fermions are elementary, as assumed here, there is no need for the U(1)p—r factor in

the bulk gauge group.
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the interpretation of this is that e controls the couplings of the scalar to the part of the
CFT in which conformal symmetry is spontaneously broken (by the IR brane). On the
other hand, the UV breaking of conformal symmetry dominates for finite pyy and € — 0.
In this limit the scalar decouples from the CFT at low energies (as required by the general
theorem) but only logarithmically, just like an elementary scalar.

For realistic models, the question of whether the breaking of conformal invariance is
dominantly in the UV or the IR depends on the scale pyy where the theory approaches
the conformal fixed point. This scale could be as high as the Planck scale even if the
flavor scale is much lower, since the top flavor interactions may be a weak perturbation on
the strong CFT dynamics. In this case In(uyv/pmr) ~ 40, and since we are interested in
e ~ 1/few, we expect that the breaking of conformal symmetry is dominated in the IR. We
will therefore mainly focus on this case in the following.

We have taken ¢ < 1 in the above discussion in order to focus on the parametrics, but
we are really interested in € ~ 1/few. We can easily compute the mass of the scalar KK
modes in this simple model to see what we might expect for larger values of €. In order to
focus on the contribution to the scalar mass from the IR breaking of conformal symmetry
we take pyy — 0o, in which case the eigenvalue equation Eq. (B.1]) for ¢ becomes

Jo14e(x) =0, (3.5)
while the eigenvalue equation for the ‘Goldstone’ modes 11, is
Ji(z) = 0. (3.6)

These can be solved numerically, and the mass of the lightest scalar resonances as a function
of € are plotted in figure [[. We see that there is a light ‘Higgs’ even for moderate values of
e. Note that for € = 0 we recover a tower of completely degenerate doublets.”

To get more evidences for our claim that e controls the coupling of the scalar to the
CF'T, we now compute the couplings of this scalar resonance to gauge bosons and fermions.
Writing the scalar field as

O, p) =Y fuli)én(x), (3.7)
n=0
the KK wavefunctions f, are given by

Falp) = % [AnJ_HE <%> + BoJi <%>] . (3.8)

The Bessel functions are linearly independent for 0 < ¢ < 1, which is sufficient for our
purposes. The boundary conditions determine the ratio B, /A, and the mass m,,. The UV
boundary conditions then give

Bn _ Jelyn) (y—”)2 (3.9)
An er(yn) 2
"This is an exact statement since J_1(z) = —Ji(z)
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/R

Fig. 1. The masses of the scalar (solid lines) and Goldstone (dashed lines) resonances as
a function of € in the RS version of the CFT.

where y,, = m,,/uyy. For simplicity we again take piyv — oo to focus on the IR effects, in
which case this simply gives B,, = 0.
For the lightest KK mode we have mo < p for all i, and we can expand the Bessel

&) -6

The two terms are parametrically the same size at the IR brane because m3 ~ 45#%1{ (See
Eq. (B4)). We determine Ay by demanding that the real scalar field ¢ is canonically

normalized:

function J_14¢(y0) to obtain

A
Jop) =~ M—S

1 KUV 9
b= [ dun g3, (3.11)
HIR
The integral over the first term in Eq. (B.10) involves [dupu=172% = —u/2¢, and the

additional factor of 1/e makes this term dominate in the determination of Ag. A similar
integral appears when computing the W W coupling, and we therefore find that the oW W
coupling is equal to the standard model value up to O(e) corrections. More specifically, we
find

€
goww = gy 1= 7 +0()] - (3.12)

Similarly, when computing the coupling of ¢ to the top quark, we note that the first term
in Eq. (B.10) dominates at large p, so the top coupling is also approximately equal to the
standard model, but this time with corrections suppressed by m% / ,u%v. This is so small
that dominant corrections in fact come from perturbative top loops. Therefore, we see that
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in the RS model the couplings of the light scalar to top quarks is very nearly equal to the
standard model value, while the couplings to gauge bosons has a larger, order € deviation
from the standard model value.

We now describe the 4D CFT interpretation of these results. The KK modes get
massive due to the breaking of conformal symmetry, which occurs in both the UV and
the IR. The UV breaking can be decoupled by sending puyy — oo. As € — 0 a full scalar
doublet is becoming massless, with deviations from standard model couplings suppressed
(at least) by powers of e. Therefore, this supports our interpretation that the scalar doublet
is coupled to the strong CFT with a coupling that vanishes as a power of €. In RS setup
fine-tuning is required to decouple the UV breaking of conformal invariance, so this is not
a viable solution to the hierarchy problem, but as explained in section [ this fine-tuning
need not be present in small-N models, which we turn to next.

3.2 Parametrically light scalars from strong conformal dynamics

We now consider a strongly coupled small-N CFT with an electroweak order parameter
(‘Higgs operator’) O with dimension d = 1 4 e. The key feature of this theory is that e
is small enough to generate a large hierarchy between the flavor scale and the electroweak
scale (see Eq. ([L6)), but at the same time large enough that the operator OTO (‘Higgs mass
term’) is irrelevant. We argued above that for € < 1, the dimension of OTO is 2d + O(e),
which is therefore relevant. We are assuming that e ~ 1/few, but the O(e) corrections to
the dimension of OTO are large enough to make the operator irrelevant.

There are at least two ways one can imagine this coming about. The first possibility
is that there is no large or small parameter in the theory, and the fact that d is close to
1 is simply a numerical accident. In this case, we expect the low-energy effective theory
below the scale A to be a general strongly coupled NDA theory with no small parameters.
Another possibility is that there is in fact a moderately small parameter in the fundamental
theory that controls the size of e. (For example, in the RS model this parameter is the
mass of the bulk scalar.) For e ~ 1/few it is expected that not all quantities will be
numerically small even if parametrically suppressed by a power of e. We assume one such
numerical accident that the anomalous dimension of OTO is large.® In this subsection, we
will describe the effective field theory below the TeV scale for this theory. We will start
with the limit € < 1, and then extrapolate to € ~ 1/few.

As argued above, for € < 1 the correlation functions of the operator O are approx-
imated by the correlation function of an elementary scalar doublet h. In the range of
energies where the theory is approximately conformal, the theory can therefore be written
in terms of a lagrangian where h is coupled to a strong sector:

L = |Dh|* = m?|h* — INR[* + (O +hee) + -+, (3.13)

where O is an operator in the strongly-coupled sector of the theory with the same quantum
numbers as h. We are interested in the case where the coupling to the strong sector is

8We remind the reader that the hierarchy between the flavor scale and the electroweak scale is exponen-

tially sensitive to €, and therefore is expected to be more robust than the smallness of power corrections.
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sufficiently strong so that the operators |h|? and |h|* have large anomalous dimensions,
and are irrelevant. This allows us to neglect the couplings m? and A in the conformal
regime without fine tuning, and is the basic reason that this class of theories solves the
hierarchy problem. In general, large anomalous dimensions for the operators |h|? and |h|*
imply that € ~ 1, where € is defined as the anomalous dimension of h itself. However, it
is an assumption of our analysis that € ~ 1/few is still small enough that an expansion in
powers of € gives at least qualitatively correct results for observables.

In order for the coupling ¢; to be important near the fixed point of the theory, the
scaling dimension of the operator must be sufficiently small (3 in the limit ¢ < 1). We must
assume that such an operator exists in order for A to have sufficiently strong couplings to
the strong sector of the CFT. In order to make a contribution of order € to the anomalous
dimension of the scalar field, we must have

c1 ~ 4my/e. (3.14)

The powers of 47 are counted using NDA, which assumes that the theory has no large or
small parameters other than e. This is valid because our theory is by assumption a small-N
theory.?

We can also consider couplings such as

AL = c30s|h|* + c3(O3h? + h.c.) + - - - (3.15)

However, since by assumption |h|? has scaling dimension greater than 4, co is irrelevant
near the fixed point. The coupling c3 is only important at the fixed point if the SU(2)w
triplet operator Qs has a sufficiently low dimension (2 in the limit € < 1), but there is no
reason to expect that an operator of such low dimension exists in the strong sector of the
CF'T. This obviously generalizes to coupling involving higher powers of h, and we conclude
that the coupling of a single power of h to the strong sector of the CFT will dominate at
the fixed point.

Now suppose that the conformal symmetry is broken at an IR scale A. (We assume that
the conformal fixed point is reached at very high energies, and therefore neglect any UV
breaking of conformal symmetry.) For example, we can have a new non-abelian gauge group
that gauges a global symmetry of the CFT. If the new gauge coupling is asymptotically
free, it will get strong in the IR and break the conformal symmetry, as discussed in the
introduction. The point of this is that the breaking of conformal symmetry occurs in
the strong sector of the CFT, since the new gauge fields do not couple directly to h.
Therefore, h learns the conformal breaking only via coupling to the CFT, and we would
like to understand how € controls this communication.

Below the scale A, the coupling ¢; in Eq. (B.13) will generate all possible interactions of
the scalar field k. In particular, it will generate the |h|? and |h|* terms, which are no longer
rendered irrelevant by the strong conformal dynamics. The effective lagrangian below the

A% dryJeh D
Leg = |Dh)? + o3 .7—“( \Af , T") , (3.16)

scale A is then

9NDA does not hold in the RS model, but the argument for the powers of € does apply.
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where F is an order-1 function that parameterizes the effects of the strong sector, and
D,, is the gauge covariant derivative of the standard model. The factors of 47 are put in
according to NDA, which assumes that the theory is strongly coupled at the scale A with
no large or small parameters other than e. Here we are again using the assumption that
this is a small-N theory. Expanding out Eq. (B.16), we obtain

Lot = |Dh> = m3|h)? = IAp)t + -, (3.17)
with
mi ~ eA?, A ~ 167262, (3.18)

Note that the result for the mass agrees with the RS calculation (B.4). If m7 < 0, elec-
troweak symmetry will be spontaneously broken by a VEV for h, and we obtain

my = 1502, m% = L(g] + g3)o? (3.19)

from the h kinetic term, where

(h) = <0> , (3.20)

with v = 174 GeV as in the standard model. We therefore obtain
A~ dm/ew. (3.21)

The scale of new strong dynamics is parametrically below the scale Agw ~ 4mv ~ 2 TeV,
but for € ~ 1/few there are large uncertainties of the NDA estimates. '

We now discuss the couplings of h to the standard model gauge bosons. Because
(4m\/eh/A) ~ 1, the function F in the effective lagrangian Eq. (B.16]) contains all possible
electroweak breaking couplings of h and gauge bosons with O(1) coefficients in terms of

4m\/eh/A and A. For example, the leading correction to the hWW coupling is

ALeg ~ 6.2 ( n > " egaoWih+---. (3.22)

This gives an O(e) correction to the coupling of the Higgs to gauge bosons, as anticipated
from the RS computation (B.12).

We now consider the couplings to the top quark. In the conformal regime, we add a
coupling of the form

AL = ¢ (hQt° +h.c.) (3.23)

between the scalar doublet h and the elementary top quark. The field h has an anomalous
dimension € that suppresses the coupling ¢; at low energies, so that the top quark Yukawa
coupling at the weak scale is

yr = (M) (%) (3.24)

ONote that it does not make sense to take e to be smaller than the gauge loop contribution to the

anomalous dimension, ~ ¢3/1672. In fact, at this critical value we have A ~ g2v ~ myy .
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Fig. 2. Correction to the htt coupling in the low energy effective theory below A. The
bullet represents a local operator that includes CFT contributions to the 3-point function

as well.

where A; is the scale where the top quark coupling is generated. As discussed above,
we assume that c;(Ay) is sufficiently large that y;v = m; at the weak scale. The leading
coupling of h to the top quark is therefore the same as in the standard model. The leading
corrections to this come from h loop effects such as the one shown in figure §| which gives

2 4 3 2
vy A Amt\/eh 1 yi
Ay ~ — ~ == 3.25

Y 1672 1672 ( A ) mp 4n© (3:25)

where the factor of 1/my, arises because the diagram is IR dominated. This diagram is the
same as in the standard model, except that the 3 point Higgs interaction does not have
the standard model value. This can be seen by expanding the function F in Eq. (B.16),
where we see that the VEV and the 2- and 3-point functions of the Higgs expanded about
the VEV are independent. This is expected to give a deviation from the standard model
prediction of between 1% and 10%.

3.3 Phenomenology

We now turn to the phenomenology of this class of models. One important question in
these models is the size of precision electroweak corrections. The effective operator that
contributes to S is obtained from the effective lagrangian Eq. (B.16):

ALt ~ 6%32 WM BB, ~ %W;”BW T (3.26)

This gives a contribution to S with NDA strength, S ~ 1/m, i.e. similar to small-N
technicolor. The T parameter requires breaking of custodial symmetry, and therefore

,19,



requires an additional hypercharge loop. The effective coupling that gives rise to T is
therefore

g2 16m2e?
16m2 A2

2,2
Il (3.27)

ALet ~ 16m2

|hTDuh|2 ~
where Z,, is the Z boson field. This gives a contribution to T' that is parametrically smaller
than the NDA value:

€
T~ — ~ €T . 3.28
1~ €Tioa (3.28)

Taken at face value, this is not so great for precision electroweak fits, since the best fit
for nonzero electroweak corrections has both S and T positive and comparable. However,
given the uncertainties in these estimates these theories are still viable.

The phenomenology at high energy colliders depends on the structure of strong reso-
nances at the TeV scale. We cannot make any rigorous prediction about these resonances
other than the fact that they must exist to unitarize WW scattering (the ‘no lose theo-
rem’). In the case where the small dimension of the electroweak order parameter is due to
a moderately small parameter in the fundamental theory, we argued above that there will
be a prominent scalar resonance below the TeV scale whose couplings to gauge bosons and
the top quark are parametrically close to the standard-model values. The deviation from
the standard-model value for the coupling to the top quark is quite small, between 1%
and 10%, while the deviation from the standard model value for the W W coupling is of
order €, which is expected to be at least 10%. The possibility of studying a ‘non-standard’
heavy Higgs-like scalar at the LHC has been discussed by a number of authors [R4]. The
discovery of such a particle and the measurement of deviations from the standard-model
predictions for its couplings may well be the first indication of strong conformal dynamics
as the origin of electroweak symmetry breaking.

4. Conclusions

We have described a new paradigm for dynamical electroweak symmetry breaking in which
the electroweak symmetry breaking sector is a conformal field theory (CFT) above the
TeV scale. Conformal symmetry and electroweak symmetry are broken at the TeV scale,
triggered by an asymptotically-free gauge group or a slightly relevant operator becoming
strong, or by a relevant operator with a coefficient made small naturally by symmetries.
Any of these mechanisms stabilizes the weak scale against quantum corrections and gives
a solution of the hierarchy problem.

The flavor problem of dynamical electroweak symmetry breaking is solved if the di-
mension of the CFT operator that acts as the order parameter for electroweak symmetry
breaking has a dimension d close to 1, the dimension of an elementary Higgs scalar field.
For d = 1 + ¢, the scale where the top quark Yukawa coupling becomes strong is raised to
Apw (Apw /m¢) Y€, where Agw ~ 2 TeV. For € ~ 1/few, this is large enough to effectively
decouple flavor.
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Finding a CFT with the required properties is highly nontrivial. Weakly coupled CFT’s
can certainly have operators with dimension near 1 in the form of an elementary scalar Higgs
field h, but this clearly does not solve the hierarchy problem because of the existence of the
relevant operator h'h with dimension near 2. What is required is a strongly-coupled CFT
with a scalar operator O with dimension d = 1 + ¢, where strong CFT dynamics renders
the operator OTO irrelevant by giving it a large anomalous dimension. We have shown,
however, that strong CFT’s with large N, including those obtained from the AdS/CFT
correspondence, have the property that the dimension of OTO is close to 2d, and are
therefore fine-tuned for d < 2.

We are therefore led to consider strongly-coupled, small-N CFT’s. These theories also
naturally have small electroweak precision corrections, addressing another strong constraint
on models of dynamical electroweak symmetry breaking. The difficulty is that there are
no reliable theoretical tools for studying such theories, and in fact no explicit examples are
known. In the case where the smallness of € is due to a small parameter in the fundamental
theory, we argued that there will be a prominent scalar resonance with couplings to gauge
bosons and the top quark that are comparable to that of a heavy standard-model Higgs,
but with O(e) deviations that can be measured at LHC. We believe that this gives strong
motivation to experimental studies of a heavy Higgs-like particle, and look forward to a
decisive test of these ideas.
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A. Composite fermions

In this appendix, we consider the possibility that fermion masses are generated by mixing
with fermionic operators of the CFT. That is, we suppose that the CFT contains operators
with quantum numbers conjugate to the standard model fermion fields, and we include
interaction terms

0L = 20QQ° + 2yuU + 2qd°D + 21, LL + z.e°E, (A1)

where @, ..., e¢ are standard model fermions, and QF, ..., are fermionic CFT operators.
The unitarity limit on the dimension of the CFT operators is d = %, the dimension of
a free fermion, so the couplings zq,...,2. can be marginal or even relevant without ap-
proaching the unitarity limit for CF'T operators. This means that the flavor scale where
these operators are generated can be decoupled completely, just as in the standard model.
We will show that this mechanism generally require a mild ~ 10% tuning to accomodate
constraints on Z — bb and the T parameter together with the heavy top mass.
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This mechanism for generating fermion masses was first considered in the context of
technicolor theories in Ref. [[L]. It has been revived recently in the context of RS theories,
where it corresponds to putting standard model fermions in the bulk [[[5]. We consider
this framework here using our CFT language, which makes it clear that our analysis is
model-independent.

In Eq. (A1), the couplings zq, ...,z are 3 x 3 matrices in flavor space. These z’s act
as spurions that violate the SU(3)® flavor symmetry that is otherwise present, and their
transformation properties under the flavor symmetry determine the structure of flavor
violation in this model. We will normalize the CFT operators Q€ ..., € so that z ~
1 corresponds to strong coupling at the scale of conformal and electroweak symmetry
breaking A. If the conformal and electroweak symmetry breaking is strong with no large
or small parameters, NDA tells us that the quark mass matrices are

My, = cAzZ?zu, mg = cAzz?zd, (A.2)

where ¢ ~ 1.1 To get the top quark mass, we must therefore have

(shyzudss ~ Tt~ (A.3)

Because the z’s violate flavor and custodial symmetry, they give rise to corrections

to the p parameter and the Z — bb vertex. Note that the leading corrections to the p

parameter do not involve internal gauge bosons, so we can ignore the custodial symmetry

breaking from U(1)y. In this limit the standard model and the CFT each have a separate

SU(2)r x SU(2)g symmetry, which are broken to diagonal subgroups by zqg and z, 4.
Specifically, the 2’s transform like

zr, — Lsm ZLLEFT

ZR — RSM ZRRI]FT? (A4)

where zj, = zg and zp = diag(zq4, z,). Electroweak symmetry is broken with NDA strength
in the strong sector in the pattern [SU(2); x SU(2)r]crr — SU(2)cust,cFT, SO custodial
symmetry breaking in the standard model sector depends on the spurion zuz:ﬂ — zdzjl. This
spurion has Al.ust,sm = 1, while a custodial symmetry violating contribution to the Z
mass has Alcust,sm = 2. Therefore!?

242 2A2
AM2Z ~ gA tr(z P er)2 ~ A tr(z Z’Jr)2 (A.5)
Z ™ gz N\FuFu T FdZa) ~ qars Az '

In order to satisfy the constraint on the p (or T') parameter, we require

tr(z.2l)? < —. (A.6)

u

1We assume that the CFT preserves custodial symmetry so that the coefficients ¢ are the same for up-

and down-type fermions.
12The first version of this paper argued that AMZ ~ 2z} zu. We thank Kaustubh Agashe for pointing out

our mistake.
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On the other hand, the correction to the Z — bpby, vertex is
Agy_ 5~ 471'i(z]L 2Q)33- (A.7)
- 40 7Q

Satisfying the experimental constraint requires

(zh2)ss < 00" (A.8)

We see that generically there is a tension in satisfying all three constraints: the p
parameter constraint ([A.6), the Z — bb constraint ([A.§) and the top mass condition ([A.J).
For example, with (z)s3 ~ 1, Eq. (A3) forces (zy)33 ~ 75, which makes the p constraint
completely safe while requiring an additional contribution to the Z — bb coupling that
cancels the non-standard one to 1% accuracy. With z, ~ 1, the Z — bb constraint is just
on the edge while the p constraint needs 1% tuning. However, we can ‘compromise’ and
choose (zg)s3 ~ (zu)33 ~ %, which puts us just on the edge of the p constraint, while we
must find additional contributions to Z — bb that cancel the unwanted CFT contribution
to 10% accuracy. Therefore, in this part of the parameter space, this framework is viable
with mild tuning.
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