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Abstract For the closing article in this volume on super-
symmetry, we consider the alternative options to SUSY the-
ories: we present an overview of composite Higgs models in
light of the discovery of the Higgs boson. The small value
of the physical Higgs mass suggests that the Higgs quartic
is likely loop generated; thus models with tree-level quartics
will generically be more tuned. We classify the various mod-
els (including bona fide composite Higgs, little Higgs, holo-
graphic composite Higgs, twin Higgs and dilatonic Higgs)
based on their predictions for the Higgs potential, review the
basic ingredients of each of them, and quantify the amount
of tuning needed, which is not negligible in any model. We
explain the main ideas for generating flavor structure and the
main mechanisms for protecting against large flavor violating
effects, and we present a summary of the various coset mod-
els that can result in realistic pseudo-Goldstone Higgses. We
review the current experimental status of such models by dis-
cussing the electroweak precision, flavor, and direct search
bounds, and we comment on the UV completions of such
models and on ways to incorporate dark matter.

1 Introduction

The discovery of the Higgs boson [1,2] with mass m) =~
125 GeV has been an important milestone in particle physics.
It allows us for the first time to finally completely fix the

parameters of the SM Higgs potential
V() = —u’|HP? + A HIY, (1.1)

where (H) = v/ 2, v = 246 GeV. The resulting experi-
mental values are

ngp ~ (89GeV)?, hexp A 0.13. (1.2)

It has also started to seriously weed out and constrain the
once-crowded arena of models of electroweak symmetry

2 e-mail: csaki@cornell.edu

breaking and the TeV scale: plain technicolor/Higgsless [3—
6] models are excluded, while the simplest supersymmetric
models have a difficult time reproducing the observed value
of the Higgs mass. The absence of observation of missing
energy events puts strong lower limits on masses of super-
partners. The other articles in this volume [7-14] focus on
reviewing both the history of and the implications of the
Higgs discovery for SUSY. This review focuses on the other
viable option: natural electroweak symmetry breaking from
strong dynamics, where the strong dynamics produces a light
composite Higgs doublet.

The idea of a composite Higgs boson goes back to Georgi
and Kaplan in the 1980s [15-21], where it was also recog-
nized that making it a Goldstone boson could also render
the Higgs lighter than the generic scale of composites. The
idea of composite Higgses has re-emerged in the guise of
warped extra dimensional models in the late 1990s [22-25],
and then in the form of little Higgs models [26,27] in the early
2000s, when the crucial ingredient of collective breaking was
added. Collective breaking was originally [52] inspired by the
deconstruction [28,29] of extra dimensional models where
the Higgs is identified with a component of the gauge field.
This idea was later fully utilized in a warped background in
the holographic composite Higgs models [30,31], building
on important earlier work [32—40]. The generic features of
these constructions have been condensed into a simple 4D
effective description [41,42].

This review aims at explaining the main ideas behind the
various types of composite Higgs constructions, to contrast
their main features, critically compare them and present the
main experimental constraints on them. We will not follow
the historical order of developments: instead we will present
everything from the point of view of a 4D low-energy effec-
tive theory.

We start by explaining the consequences of the recent
measurement of the value of the Higgs mass on the param-
eters of the Higgs potential: both the mass and the quartic
self coupling are independently fixed. A light Higgs mass
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of 125 GeV implies a small quartic, which is more likely to
point toward a loop-induced quartic rather than a tree-level
one. We present a simple parametrization of the potential
suitable for pseudo-Goldstone composite Higgs models and
the tuning necessary to obtain this potential. In Sect. 3 we
classify the various types of composite Higgs models based
on their predictions for the Higgs potential and quantify the
expected amount of tuning in these models. Section 4 con-
tains the discussion of the various possible mechanisms for
generating the Yukawa couplings, and for protecting from
large flavor changing effects. We review the various coset
models that can give rise to realistic patterns of symmetry
breaking with SM-like Higgs bosons in Sect. 5. The signals
and constraints on the composite Higgs models are summa-
rized in Sect. 6, and we finally comment on UV completions
in Sect. 7.

2 The Higgs potential of composite Higgs models
and tuning

One can nicely classify the various types of composite Higgs
models by the size of the Higgs potential and also by the
mechanism that generates the Yukawa couplings, in particu-
lar for the top quark. We will first focus on the generic features
of the potential, in order to categorize in Sect. 3 composite
Higgs models based on the particulars of such a potential,
and finally in Sect. 4 we will discuss the various mechanisms
for the generation of the Yukawa couplings.

While the numerical values of the parameters in the Higgs
potential (1.1) are now fixed, there are several different
dynamical ways in which one can arrive at this potential. We
will make the following assumptions regarding the dynamics
responsible for generating the potential:

e The Higgs is a composite with a scale of compositeness
given by f.

e There is a hierarchy between the Higgs VEV v and the
scale f: v/f < 1 such that the Higgs potential can be
expanded in powers of A /f.!

e The Higgs potential is (fully or partially) radiatively gen-
erated. This is generically the case when the Higgs is also
a pseudo-Goldstone boson (pGB). We will also assume
that the potential vanishes in the limit when the SM cou-
plings vanish.

Using these assumptions the leading terms in the Higgs
potential can be parameterized by (using h = v/2H):

i —alh)? +bﬂ ,
212

! In most cases this is not even necessary, given that the leading contri-
butions to the potential can be arranged into only two definite functions

of h/f.

2
gav A
AV (h) = 1524712

2.1
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where ggm 1s a typical SM coupling, the largest of which
corresponds to the top Yukawa géM ~ N, ytz. We have also
introduced the scale A, which sets the overall size of the
potential. Typically, this will be given by the mass of the state
that is responsible for cutting off the quadratic divergence of
the Higgs, so generically A ~ m,. To fit the observed Higgs
VEV and mass, the parameters a, b, f and A have to satisfy

(246 GeV)? = o2 = % 72,

8 éM A?
1672 f2°
We can then classify a composite Higgs model by the mag-
nitudes of the parameters A, a, and b. Before we do so, we
would like to make some important general remarks regard-
ing the perturbative nature of the physics responsible for the
Higgs potential and the consequences of this for fine-tuning.

One of the main physical consequence of the magnitude
of the recently measured Higgs mass is that the physics gen-
erating the Higgs potential should be weakly coupled. The
experimental value of the quartic is Aexp A~ 0.13, which is of
the order expected for a weakly coupled one-loop diagram.
The loop factor L is given by

2 2,2 2 2
_ gSM(A /) - 8SM A/f
L = 2—167'[2 0.15 (Jny,) (—2 ) , (2.3)

where the separation between A ~ m, and f determines the
magnitude of the coupling of the states at m,, g. = A/f.
We can see that for g, ~ 2 the loop is about the right size for
the value of the observed quartic. This leads us to conclude
that the new physics responsible for cutting off the potential
is weakly coupled,

g« =AN/f <4,

(125GeV)? = m3 = 4bv?

2.2)

2.4)

implying that the mass scale for new particles appears much
before the true strong coupling scale Ac ~ 4 f is reached.
While this perturbativity sounds like a welcome news for the
calculability of the Higgs potential, it is also the origin of
the tuning for these composite Higgs models. If the idea of
a true loop-induced potential with a loop factor L ~ 0.15
is taken seriously, one would also expect the same factor
to set the magnitude of the Higgs mass parameter, yielding
the relation f% = u?/L =~ v?. However, as we will see in
Sects. 6.1 and 6.3, electroweak precision tests (EWPTs) and
the Higgs coupling measurements imply that f > v, lead-
ing to a tension with the expectation from a generic weakly
coupled loop-induced Higgs potential. This tension is the ori-
gin of the fine-tuning in these models: a fully natural loop-
induced Higgs potential would require f ~ v, while EWPTs
and Higgs couplings require f > v. In practice the tuning
required to get around this tension is to have several contri-
butions to a and b (along with their associated g%M and A?),
which will then partially cancel to give an effective a/b < 1.



Eur. Phys. J. C (2014) 74:2766

Page 3 of 25 2766

Note that lowering the coupling g, is actually not a possi-
bility for finding non-tuned Higgs potentials with larger f:
while formally the relation

géMg»%
1672
can be satisfied for f > v if g, is lowered, we actually
know that g, f is a physical mass scale where new particles
appear, and can thus not be too low experimentally. Also, in
most models gsy is a derived quantity (from couplings of
several BSM states related to g) usually implying relations
of the form gsm < g+, which also sets a lower bound on
how small g, can be. Finally, taking g, < gsm would run
counter to the philosophy of composite Higgs models, where
a strongly interacting sector is expected to be responsible for
generating the Higgs potential: in that case g, < gsm would
likely require a separate tuning anyways within the strong
sector. Thus we will not consider the possibility of very small
g« any further. Instead we will have to be content to live with
some amount of tuning (the specific implementation of the
little hierarchy problem), which we quantify below.

Clearly, the tuning here will be proportional to v>/f2. One
simple way of quantifying it is to consider the magnitudes of
the individual terms? that would contribute to a shift of the
VEV of the Higgs

,u2=2a

f? (2.5)

sv? 1 ai .
A 26
YT 02, (246GeV)? b 2.6)

where a; and b; are the generic magnitudes of the terms
appearing in the potential (which are then assumed to par-
tially cancel against each other). Since this tuning involves
the ratios of two terms generated in the potential (and since
the magnitudes of the individual terms in the potential are
known) it is better to instead separately consider the tuning
in the mass term and the quartic term in the potential. The
tuning for the mass parameter 1” is

A= : 2, A2 2.7)
= ~ a; YA .

BTz, (B00Gev)? Y BSM

while the tuning for the Higgs quartic is

Ay ~ 3_2 i 8SM,i8x,i» (2.8)

)Lexp

where again a; and b; are the individual contributions to
these terms before any cancelation. Notice that even in the
most favorable situation for A, that is, g, >~ gsMm, an irre-
ducible tuning remains from the mass parameter, given that
Ay~ (f/270 GeV)?, where we have taken g%M ~ Ncyf,
and experimentally f > v is required.

2 We write the Higgs potential as V(h) = Y, AV;(h), AV;(h) =

2 2
gsm.i A 2 [
e (—ailhl” + b 277 )-

An important consequence of this discussion is that since
the Higgs mass determines the value of the Higgs quartic, it
is no longer reasonable to assume an order one Higgs quartic
(since we know if is fixed to A &~ 0.13). One popular way
of reducing the fine-tuning in composite Higgs models was
to assume that while the mass parameter is generated at loop
level, the quartic is generated at tree level (corresponding to
a ~ 1,b ~ (47)%). This would eliminate the tuning in v
(due to the relation v ~ f/(4m)); however, now the quartic
would come out too large, requiring in turn a tuning in A to
reduce the Higgs mass to the observed value.

We can summarize the discussion of the tuning in the
Higgs potential in the following way: the experimental data
suggests that both 2 and A must be loop suppressed, and to
minimize the tuning one would like f to be as close to v, and
g« as close to gsM, as possible.

3 Classification of the composite Higgs models
based on Higgs potential

Based on the discussion of the previous section we can now
classify the various types of composite Higgs models based
on the generic magnitudes of the Higgs mass and quartic
parameters they would be predicting.

3.1 Tree-level mass and quartic: a = O(1), b = O(1),
g« ~ 4m. Bona fide composite Higgs

These models can be regarded as technicolor models with
an enlarged global symmetry, the breaking of which yields
an extra ‘pion’ with the quantum numbers of the Higgs [43].
However, they typically predict a too large Higgs mass term
and quartic coupling, with generically v ~ f. Even if a is
tuned by an amount ~ & = v2/f2, the Higgs is still too
heavy, since A ~ géM ~ Ncytz. Thus a second independent
tuning must be made on b. Overall, we can roughly estimate
the tuning required in this class of models as’

f OV
A=A x A~ (0.003 %) 1(@ ) (3.1

3.2 Loop-level mass, tree-level quartic: a = O(1),
b= O(%), g« < 4. Little Higgs models

The ‘little’ Higgs models [26,27,44—49] were invented to
provide a fully natural Higgs potential: one automatically
obtains a hierarchy between the Higgs VEV and f: v?/f2 ~
gﬁ / 1672 « 1, without tuning. This, however, comes at the
price of increasing Higgs mass: since A ~ géM, one would

3 We will be assuming for simplicity that two uncorrelated cancelations,
one in ;2 and another in A, take place.
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expect mjy, ~ 2vgsm ~ 500 GeV for ggm ~ 1. While a fully
natural Higgs potential was very appealing before the value
of the Higgs mass was known, once the Higgs mass is pinned
down to 125 GeV one needs to perform additional tunings in
a and b to obtain this mass. Thus the Higgs potential in little
Higgs theories cannot be considered fully natural anymore.
A naive estimate of the tuning involved is given by

2 2
_ - 0! f 8x
A=Apx A~ (1%) <1TeV> (my) , (32

where we have taken gsy ~ 1.4

The crucial ingredient that allows the Higgs mass parame-
ter to become loop suppressed in little Higgs models is called
collective symmetry breaking: the Higgs doublet transforms
under some extended global symmetry, which is not com-
pletely broken by any single interaction term. Since one
needs a chain of these terms to feel the symmetry break-
ing, one-loop diagrams will not be quadratically divergent
and hence will not be cut off by the naive scale of composite-
ness Ac = 4r f, but rather at some earlier scale. This lower
scale is set by the masses of the light composite resonances,
my = g4« f, which are called top partners for the top loop, or
vector partners for the gauge loop. It is technically natural
for the top/vector partners to be lighter than the strong cou-
pling scale Ac ~ 47 f; in addition, the mechanism of partial
compositeness, which we will discuss in detail in Sect. 4,
naturally realizes light top partners for a sizable degree of
compositeness of the top. Collective breaking then requires
that g, must not be much larger than gsy. In particular, this
fact implies that the top/vector partners must be weakly cou-
pled.

Little Higgs models are chosen such that the collective
breaking protects the Higgs mass parameter hencea = O(1),
while a tree-level quartic is generated by means of extra
scalars leading to b = O(1672/ gﬁ).5 The collective break-
ing mechanism also ensures that the large tree-level effective
quartic does not lead to enhanced corrections to the Higgs
mass term, the so-called collective quartic [50,51].

3.3 Loop-level mass and quartic: a = O(1), b = O(1),
g+« < 4m. Holographic composite Higgs

This is the scenario where the entire Higgs potential is loop
generated. These models need one tuning in the Higgs poten-

4 In most little Higgs models the leading quartic Higgs coupling is not
generated from the same SM coupling than the mass term, the latter
typically arising from top loops.

5 These scalars get ~ f/v larger mass terms than the Higgs, and they
can thus be consistently integrated out for what the Higgs potential
concerns.

@ Springer

tial of order & = v?/f2 in order to achieve the right Higgs
VEV v < f.However, once this tuning is achieved, the Higgs
mass will automatically be light. Again the divergences in the
Higgs potential are cut off at the scale of the top and vector
partners. Thus, the generic tuning required in this case scales
as

4
A= Apx Ay~ (1% ( ) (33

f )2 < 8x
1TeV /) \V/Ney:

where g%M ~ N, yt2 has been taken.

These models were inspired by the AdS/CFT correspon-
dence: some strongly interacting theories can be described
by weakly coupled AdS duals. The existence of such a
dual is intrinsically tied to the presence of ‘weakly’ cou-
pled resonances in the large N regime, with coupling g, ~
47t /+/N. One can include in this class of models their decon-
structed [52] versions as well, with several sites and links
[53-55].

The holographic composite Higgs models also feature
a version of collective breaking mechanism both in the
gauge and fermion sectors, which is a consequence of extra-
dimensional locality (or theory-space locality, its discrete
version for the deconstructed case) [56]. This protection is
generically absent in the scalar sector for the holographic
Higgs. However, since the quartic is already loop suppressed,
the loop contribution to the Higgs mass from the Higgs
self-interaction will be effectively two-loop suppressed, and
hence it is not dominating even if it is cut off at a scale higher
than the top/vector partners. The same will hold for contri-
butions to the Higgs potential obtained from integrating out
additional GBs. Thus we can summarize the two main dif-
ferences between little Higgs models and holographic com-
posite Higgs models: little Higgs models feature a tree-level
collective quartic b = O (1672/ gf), generated from inte-
grating out a particular class of ‘heavy’ GBs [50,51], while
holographic Higgs models have a loop-suppressed quartic.
Collective breaking in little Higgs models will ensure that the
Higgs mass contribution from scalar and self-interactions is
suppressed despite the appearance of a large effective quar-
tic, while no such mechanism is at work in holographic
models. In those models the quartic is simply small, thus
also ensuring the appropriate suppression of the Higgs mass
term.

Then, the collective breaking in holographic Higgs models
affects the Higgs mass term as well as the other pGBs, such
that the Higgs is only lighter than these extra scalars at the
expense of tuning the Higgs VEV, that is, m%l ~ Lv? while
m%, ~ Lf?. This is in contrast with little Higgs models,
where generically only the Higgs mass term is protected,
but not the other pGBs, in particular those involved in the
generation of the quartic Higgs coupling. The result in this

o2 o 02 02 while 2 o 02 £2 which
case is mj ~ gg\v~ while m¥; ~ gg\ f“, which is the same
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ratio as in holographic Higgs models but without the loop
suppression.

3.4 Twin Higgs: a = O(1), b = O(1) — (9(12752),

8x = &SM

The ‘twin’ Higgs models [57,58] yield the same predic-
tion for a as little Higgs or holographic Higgs models, but
the mechanism to eliminate the quadratic divergences in the
Higgs mass term is based on a discrete Z, symmetry instead
of collective breaking. Regarding b, the generic prediction is
a loop-level Higgs quartic coupling; thus, as in holographic
Higgs models b = O(1), although when these models were
originally proposed, it was convenient to introduce by hand
a tree-level quartic, such that b = O(1672/ gf) and a hierar-
chy v < f was naturally generated, as in little Higgs models.
However, since the overall scale of the Higgs potential is now
known, the latter option is no longer preferred, as discussed
in Sect. 2.

The most important difference with respect to the previous
models is that the partners cutting off the potential do not
necessarily carry SM charges, in particular color. Given the
lack of positive signals of top partners at the LHC, this is
a relatively unexplored scenario in which opportunities for
model building are still open, with the potential to produce
interesting developments.

3.5 Dilatonic Higgs

This scenario is quite different from the previous ones, and it
is not very useful to compare them based on the form of the
Higgs potential. In this case the dilaton (the pGB of spon-
taneously broken scale invariance) is playing the role of the
125 GeV Higgs-like particle [59-65]. The analog state in
the warped extra dimensional models is the radion [66-69],
the studies of which have inspired much of the work in the
general 4D framework. However, for these ‘dilatonic’ Higgs
models it is very important to point out that the dilaton VEV
is not directly related to the electroweak VEV, or in other
words m%v # g%(h)? /4, unlike for a genuine Higgs. Instead,
the VEV of the dilaton actually fixes the overall scale of the
potential, (h) = f, relative to a given UV scale wg. This
explains why in the limit of exact scale invariance the dilaton
potential only contains a quartic term (which itself is con-
sistent with scale invariance). A non-trivial minimum is then
achieved due to explicit scale invariance breaking induced by
the running couplings, which introduces an implicit depen-
dence of gsn on 2/ g, of the form gsm ~ (h/9)”sM, where
ysM 1s the anomalous dimension associated to gsy. Further-
more, a minimum with f < po only arises naturally for
gsm ~ 4m at the condensation scale, which is commonly

taken as an indication that the potential of the dilaton is driven
by a non-SM coupling.®

In order for the dilaton to resemble the SM Higgs, f must
accidentally be close to v, for instance if only operators with
the quantum numbers of the SM Higgs condense. Therefore
the experimental constraints in this case go in the opposite
direction that in the previous models, pushing towards v ~ f.
Moreover, let us note that the dilaton could actually arise
from a variety of scale invariant ‘strong sectors’, including
those that are ‘weakly’ coupled, that is, g, << 47. However,
explicit calculations using AdS/CFT imply that the large N
limit associated with this scenario is not preferred, since it
tends to push f > v.

As a final remark in this section, we would like to empha-
size that twisted versions of the models reviewed above also
exist. For instance, due to constraints from electroweak pre-
cision constraints, which affect more significantly the boson
sector of little Higgs models, it is known that it is favored not
to extend the SM gauge group, at the expense of a collective
symmetry breaking in the gauge sector that resembles that of
holographic models. This set-up was first proposed in [70],
and later the littlest Higgs coset SU(5)/SO(5) was realized
a la holographic Higgs, first as a warped extra-dimensional
model in [71] and then using the 4D effective description
[72].

As we have already done in this section, in the following
we use the term ‘partners’ to denote the new light and weakly
coupled states that cut off the Higgs potential.

4 Classification of the composite Higgs models
based on flavor structure

Another important distinguishing feature of the various com-
posite Higgs models is based on the mechanism for gener-
ating Yukawa couplings. The two main alternatives are con-
densation of 4-Fermi operators and partial compositeness.
Further classification of the partially composite case can be
done based on how the appropriate flavor hierarchies are actu-
ally achieved.

4.1 Condensation of 4-Fermi operators

This is the traditional way of obtaining Yukawa couplings in
strongly coupled (technicolor) theories [73,74]: a SM bilin-
ear interacts with the strong sector,

AMLYRO,

where O is a scalar operator with the quantum numbers of
the Higgs, for instance O = Yrrc¥rc in extended techni-

“.D

6 Although one possibility is that the coupling of the top to the strong
sector, which is related to its Yukawa, drives the spontaneous breaking
of scale invariance.

@ Springer
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color models. At low energies the operator O interpolates to
a function of the Higgs, therefore giving rise to an ordinary
Yukawa coupling of size

e Ac)4!
Yy A ,

where A(AF) is the value of the bilinear coupling at the fla-
vor scale Ap, Ac ~ 4nf is the strong sector scale, and d
is the dimensionality of the operator O. This is the mech-
anism relied on in the bona-fide composite Higgs models.
The most refined version of it goes under the name of con-
formal technicolor [75], which tries to explain why the Higgs
has properties similar to an elementary scalar in the Yukawa
interactions where it is linearly coupled, but it is very dif-
ferent from an elementary scalar in the Higgs mass term
where it appears quadratically. Conformal technicolor would
assume that, while the dimensionality of the linear Higgs
operator is close to one, in order to allow a large enough Af
as to satisfy flavor constraints while reproducing the sizable
Yukawa of the top, that of the quadratic one is bigger than
four, rendering it irrelevant. It also departs from the proposal
of walking technicolor [76,77] in that the large- N limit of the
strong gauge group is not taken, to avoid large contributions
to the S-parameter. However, the basic assumption is under
stress from recent general bounds on scaling dimensions in
4D CFTs using conformal bootstrap [78-81].

4.2)

4.2 Partial compositeness

All the other composite Higgs models use the alternative
mechanism for generating Yukawa couplings known as par-
tial compositeness. Although this mechanism was originally
proposed to address the flavor problem in technicolor mod-
els [82], its power was not appreciated until its realiza-
tion, via the AdS/CFT correspondence, as the localization of
bulk fermions along a warped extra dimension in Randall—
Sundrum models [31,83-87]. Here each SM fermion chiral-
ity couples to a different composite fermionic operator O, r
of the strong sector,

ALYLOR + ARYROL. 4.3)

At low energies the state to be identified with the SM
fermion is a mixture of Y, r and the lowest excitation of
OL Rr, which we call W R, to be identified with the vec-
torlike fermionic partners of the SM fermions. The frac-
tion of compositeness of the SM fields is characterized by
the parameters fi r, which depend on the mixing matrices
AL,R, as well as the fermionic composite spectrum, my; g,
as fLR = ALRf/muy . Assuming the Higgs is fully com-
posite and has unsuppressed Yukawa couplings Y,, 4 with the
composites W, r, the effective SM Yukawa couplings y, 4
for the SM fermions will be given by

@ Springer

vi = 1Y fil. vi = 1Y fq - 4.4)
There are two main approaches to obtaining the correct flavor
hierarchy without introducing large flavor violating interac-
tions involving the SM fermions. If the composite sector has
no flavor symmetry, then Y;, 4 are matrices with random O(1)
elements. In this case a hierarchical structure in the mixing
matrices fi r can yield the right flavor hierarchies together
with a strong flavor protection mechanism called RS-GIM.
The other option is that the composite sector has a flavor
symmetry, which would then be the source of the flavor pro-
tection. In this case some of the mixing matrices fi, r should
be directly proportional to the SM Yukawas y, 4.

4.2.1 Anarchic Yukawa couplings

The most popular version of partial compositeness is called
the anarchic approach to flavor, where the underlying Yukawa
couplings of the composites Y, 4 are generic O(1) numbers
without any structure. The flavor hierarchy in this case arises
due to the hierarchical nature of the mixings between the ele-
mentary and the composite states fi r, due to large anoma-
lous dimensions of the composite operators Or, r. In this case
the mixing is expected to be given by

Ac\4LR=5/2
JLr(AC) ~ fLR(AFR) (—) ; 4.5)

Af
where dp r are the scaling dimensions of the compos-
ite operators, and fi R(Af) are the values of the mix-
ing parameters at the flavor scale Ar. A hierarchical fla-
vor structure arises naturally for O(1) anomalous dimen-
sions. The CKM mixing matrix arises from the diagonal-
ization of the anarchic Yukawa matrices (4.4) resulting in
hierarchic left and right rotation matrices for the up and
down sectors L; ~ LZ] ~ min(fq"/fq], qu/fq"), R;{d ~
min(flj)d/fj’d, flj,d/flj,d)' This results in a hierarchical
CKM matrix completely determined by the mixing of the
LH states, and with the relations fq1 / fq2 ~ A, fqz/ fq3 ~
A2, f)/f;7 ~ A7 (where 4 is the Cabibbo angle), while the
diagonal quark masses are given by m;’d = fqi f:j,d”-

One of the consequences of this mechanism is that for
states where the mixing is close to maximal, the mass of the
heavy state must be well below the compositeness scale Ac.
We can understand this by considering the interplay between
a single composite fermion multiplet with mass my = gy f
and its couplings A, r with the elementary fermions ¥ r.
The mixing parameter is given by

ALR

VAR T 8

For this to approach unity we need gy < 4, in agreement
with our original expectation that the state responsible for

(4.6)
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cutting off the quadratic dependence of the Higgs potential
should appear well below the cutoff scale.

Flavor violations in this anarchic scenario are protected by
the RS-GIM mechanism [87], which is simply the fact that
every flavor violation must go through the composite sector;
thus, all flavor violating operators will be suppressed by the
appropriate mixing factors. For example, a typical AF = 2
4-Fermi operator mediated by a composite resonance of mass
m, and coupling g,, will have the structure

2
Fir pk gt e gigighy! @7)
m,

leading to a quark-mass dependent suppression of these oper-
ators. As we will review in Sect. 6.2, the RS-GIM mechanism
with completely anarchic Yukawa couplings is not sufficient
to avoid the stringent flavor constraints from the kaon system
or from several dipole operators, pushing the compositeness
scale f to the multi-TeV regime.

4.2.2 Flavor symmetries in the composite sector

Another possible way of protecting the flavor sector from
large corrections is by imposing a flavor symmetry on the
composite sector. In this case we will lose the explanation of
the origin of the flavor hierarchy; however, we might be able
to obtain a setup that is minimally flavor violating (MFV),
or next-to-minimally flavor violating (NMFV). This was first
carried out in the extra dimensional context in [88-90], and
later it was implemented in the four dimensional language
in [91,92]. The flavor symmetry structure is determined by
the flavor structure of the mixing matrices A r as well as
the composite Yukawa matrices Y, 4. A flavor invariance of
the composite sector will imply that the composite Yukawas
are proportional to the unit matrix Y, 4 o Id3 for the case
with maximal U(3)3 flavor symmetry in the composite sector.
In order to have MFV, we need to make sure that the only
sources of flavor violation are proportional to the SM Yukawa
couplings. The simplest possibility is to make the LH mixing
matrix proportional to the unit matrix, and the RH mixing
matrices proportional to the up- and down-type SM Yukawa
couplings:

AL o< Id3, ARy OC Yy, ARd X V4. (4.3)

This scenario corresponds to the case with composite left-
handed quarks and elementary right-handed quarks, and an
explicit implementation of MFV. However, the fact that the
left-handed quarks are composite will imply potentially large
corrections to electroweak precision observables. The other
possibility is to introduce the flavor structure in the left-
handed mixing matrix. In order to be able to reproduce the full
CKM structure, one needs to double the partners of the LH
quarks to include Q, and Qg : the composite Yukawa of Q,,

will give rise to up-type SM Yukawa couplings, while those
of Q4 to down-type Yukawas, while their mixings Ay, Arqg
are proportional to the SM Yukawas. Hence the ansatz for
right-handed compositeness is

A-LIA X )’u, )‘-Ld (08 ydv )LRu X Id37 )"Rd X Id?ﬂ (49)

which is also an implementation of MFV.

In the MFV scenarios discussed above the composite sec-
tor has a U(3)® flavor symmetry, and either the LH or RH
quarks are substantially composite, the degree fixed such
as to reproduce the Yukawa coupling of the top. However,
the light quarks appear to be very SM-like, more so after
LHC dijet production measurements pp — jj in agreement
with the SM, and it might be advantageous to reduce the
flavor symmetry, allowing only the third generation quarks
to be composites. Furthermore, the models with large flavor
symmetries can significantly influence the predictions for the
Higgs potential. If parts of the first and second generation are
largely composite, along with that of the third, their contribu-
tions to the Higgs potential will be enhanced beyond the usual
expectations. Accordingly, the phenomenology of the fully
MFV models can be significantly modified, as we comment
in Sect. 6. A lot of effort has been put recently into explor-
ing the models where the third generation is split from the
first two. This next-to-minimal flavor violation corresponds
to imposing a U(2)? x U(1)? or U(3)? x U(2) x U(1) flavor
symmetry on the composite sector: it is phenomenologically
viable or even favored [92-94], keeping the natural expecta-
tions that the Higgs potential is saturated by the top and its
partners. We will discuss the main phenomenological signa-
tures of these scenarios in Sect. 6.2.

Finally, there are other possibilities to reproduce the flavor
structure of the SM while avoiding the constraints from flavor
observables. These rely as well on flavor symmetries. One
scenario, originally proposed in [88], is to assume that all the
mixing matrices A R are proportional to the identity, while
all the flavor structure is provided by the composite sector,
thatis, Y, 4 o yy. 4. This setup satisfies the rules of MFV, and
all the SM quarks must have a large degree of compositeness.

One last logical possibility to comply with experiments is
that the composite sector respects C P, given that most of the
bounds come from C P-violating observables. In this case the
Yukawa couplings of the composite sector can be chosen to
be real matrices, while the mixings introduce non-negligible
C P phases if the SM fermions are coupled to more than one
composite operator. It has been shown in [91] that this idea
might give rise to a realistic theory of flavor.

5 Cosets of symmetry breaking

In this section we have compiled the most important symme-
try breaking cosets G/H from which a pseudo-Goldstone—
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Table 1 Symmetry breaking patterns G — H for Lie groups. The third column denotes whether the breaking pattern incorporates custodial
symmetry. The fourth column gives the dimension N of the coset, while the fifth contains the representations of the GBs under H and SO(4) =
SU(2)1, x SUR)R (or simply SU(2);, x U(1)y if there is no custodial symmetry). In case of more than two SU(2)s in H and several different
possible decompositions we quote the one with largest number of bi-doublets

g H C Ng Iy = Isu@)xsu@) (Fsu@)xu()) Ref.
SO(5) SO(4) v 4 4=2,2 31
SU@3) x U(1) SU2) x U(1) 5 24172+ 1o (30,48]
SU®4) Sp(4) v 5 5=1,1+@2,2) [43,70,95]
SU®M) [SU@)T? x U(1) F 8 2,22 =2-(2,2) [96]
SO(7) SO(6) v 6 6=2-1,1) +(2,2) -

SO(7) G» Ve 7 7=(1,3)+ 2,2 [97]
SO(7) SO(5) x U(1) v 10 100 =3, 1)+ 1,3)+(2,2) —

SO(7) [SUQ)P? F 12 2,2,3)=3-(2,2) -

Sp(6) Sp(4) x SU(Q2) v 8 4,2)=2-(2,2) [96]
SUG5) SU@) x U(1) * 8 4s+d,5=2-(2,2) [98]
SU(5) SO(5) V& 14 14=3,3+2,2)+ 1,1 [27,70,72]
SO(8) SO(7) v 7 7=3-1,1)+ (2,2 —

SO9) SO(8) v 8§=2-(2,2) [98]
SO9) SO(5) x SO4) Ve 20 5,49=2,2)+(1+3,1+3) [99]
[SUB3)? SU@B) 8 8=10+2+12+30 26]
[SO(5)1? SO(5) F 10 10=1,3)+@3 1D+ 22 [46]
SU@) x U(1) SU@B3) x U(l) 7 313+ 3+1/3 +190 =319+ 2+1,2 [48,57,58]
SU(6) Sp(6) v 14 14=2-2,2)+1,3)+3-(1,1) [44,70]
[SO(6)] SO(6) * 15 15=(1,1D+2-2,2)+@3, 1+ (13 [49]

Higgs could arise. The result is given in Table 1. Most of
the global symmetry breaking patterns G — H have been
described in the literature, mainly in the context of the little
and holographic Higgs models.

The minimal requirement on the global symmetries of
the strong sector is that the unbroken  must contain an
SU(2) x U(1) subgroup, while the coset G/H must con-
tain a 2.1/, representation corresponding to the quantum
numbers of the Higgs doublet under SU(2);, x U(1)y. How-
ever, in order to protect the T -parameter from large correc-
tions, one may instead require the unbroken H to contain
a larger ‘custodial’ symmetry SO(4) = SU(2) x SU(2)
(which in turn contains the previous SU(2) x U(1)). This
ensures that the actual custodial SU(2)c is left unbroken after
the Higgs gets its VEV, avoiding excessively large contribu-
tions to the T-parameter of order ~ v2/f2. In this case the
coset must contain a 4-plet representation of SO(4) (that is
ad = (2,2) of SU®R) x SU(2)). In Table 1 we have intro-
duced the column C to mark the cases with custodial sym-
metry H DO SU(2) x SU(2), with v/, while for the cases
with only H O SU(2) x U(1) this column is left blank.
Notice, however, that if there are GBs in addition to the sin-
gle Higgs which are charged under SU(2) x SU(2), such as
extra doublets or triplets (under either of the two SU(2)s),
the SU(2)c does not generically remain unbroken when all
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the scalars get a VEV. In such a case SO(4) is not large
enough, and extra SU(2)s or extra discrete symmetries are
required to ensure an unbroken custodial symmetry. When
there are additional SU(2)s, misaligned VEVs can be allowed
if a large enough ‘custodial’ symmetry is present for SU(2)c
to remain unbroken in the vacuum, while for the case with dis-
crete symmetries, the extra parities must enforce vanishing
VEVs for the additional scalars. We denote the cases without
extra custodial protection with v'*. Aside from symmetries,
the effects of these additional GBs could instead be tamed
by the introduction of additional gauge bosons that eat them.
This would allow the suppression of the dangerous violations
of custodial symmetry if the corresponding gauge coupling
can be taken large, effectively reducing the coset to a smaller
one without the dangerous GBs (we also denote these cases
with v'*).

Several additional comments are in order regarding
Table 1:

(1) Beyond rank 3 this is an incomplete list for Gs. We do
not intend to be exhaustive here.

(2) Further cosets can be obtained stepwise from Table 1
vihng—->H—->H — ---.

(3) ‘Moose’-type models are obtained by combining sev-
eral copies of the cosets in Table 1. This is the case
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for instance of the minimal moose of [26], given
by [SU(3)2/SU(3)]4, and likewise for other mooses
[46,48].

(4) In little Higgs models it is customary to gauge a sub-
group of G beyond the SM SU(2)L, x U(1)y, in order to
implement the collective breaking in the gauge sector.
Therefore, not all the GBs in Table 1 appear as physical
states in the spectrum. In this regard, the gauge col-
lective breaking in holographic models becomes appar-
ent by extending the symmetry structure, for instance
from SO(5)/SO(4) to [SO(S)]z/SO(S), and gauging a
SO(4) subgroup on one of the factors (or sites), while
the SM SU(2)r, x U(l)y is gauged on the other. We
do not include these possibilities as separate entries in
Table 1.

(5) Finally, little Higgs models with T -parity [100,101] typ-
ically require extra global symmetries (and its breaking)
beyond the model without T -parity they are built from.
For instance, the ‘littlest” Higgs model SU(5)/SO(5) is
extended with a [SU(2) x U(1)]?/SU(2) x U(1) in [291]
(see [102,290] for other attempts). We do not include
any of these extensions either in Table 1.

It is understood that the global symmetries of the strong
sector contain an unbroken SU(3)c factor that is gauged by
the SM strong interactions, thatis, G x SU(3)c. However, sev-
eral models have been proposed that include the color group
in a non-trivial way [103—106]. One of the main motivations
of these models is to provide a rationale for the apparent
unification of forces in the SM. By embedding SU(3)c in
a simple group along with SU(2);, x U(1)y (for instance
in SO(10), SU4); x SU4), x P13z, 0or SO(11)), the central
charges of the strong sector are the same for all the SM gauge
interactions, thus ensuring that the differential running of the
SM couplings remains the same than in the SM.” One of the
main implications of these constructions is that some of the
GBs carry color (also known as leptoquarks or diquarks).

At this point, it is worth to note which of these sym-
metry breaking patterns could arise from fermion bilin-
ear condensation (y') [107]. The possible cosets are
[SU(N)]?/SU(N), SU(N)/SO(N), or SUQRN)/Sp(2N),
depending on the representation of v, ' under the strong
gauge group, complex, real, or pseudo-real, respectively. This
fact might be relevant when considering possible UV com-
pletions of the composite Higgs.

Let us end this section by noting that more exotic pos-
sibilities have also been considered for G/H, in particular
non-compact Lie groups. Besides the case of the dilaton, cor-
responding to SO(4, 2)/ISO(3, 1), other possibilities such
as SO(4, 1)/SO(4) have also been considered [108,109],

7 Of course this feature could also be an accidental property of the
strong sector in those cases where SU(3) is factored out.

although much less investigation has been devoted to these
cases, mainly due to the expectation that their UV completion
is non-unitary.

5.1 The minimal model with custodial symmetry:
SO(5)/SO4)

The SO(5)/SO(4) is the minimal coset containing custodial
SO4) = SUQ2)L x SU(2)r symmetry that gives rise to a
Higgs bi-doublet (2, 2). The SU(2)L factor and the U(1)y
inside SU(2)r are gauged by the SM electroweak interac-
tions. Other models with larger cosets that also implement
custodial symmetry reduce to this one when the symmetry
breaking interactions make the other GBs heavy (or they are
gauged away).

This model, whose origin can be traced back to [46] as
a little Higgs moose model, and which was realized as a
warped extra-dimensional constructionin [31] (MCHM), has
been thoroughly examined in light of the Higgs discovery.
Besides the well-known fact that a certain degree of tuning
is required to bring down . to the observed value [110,111]
(see [112] for a recent assessment), several approaches have
been recently used to render the potential finite and there-
fore calculable, nailing down the features that the SM part-
ners (top and electroweak) must have in order to reproduce
the observations. Among these it is worth mentioning the
‘moose’ extensions, either SO(5) x SO(5)/SO(5) with extra
SO(4) gauged [113], or SO(5) x SO(5)/SO(5) x SO(4)
with extra SO(5) gauged [114], and the use of the Weinberg
sum rules (an old idea used to compute the pion masses in
the QCD chiral Lagrangian) [115,116].% The conclusions of
these works are similar to those previously obtained in real-
izations in a warped extra dimension [118], and which we
have explained in Sect. 2: light and weakly coupled top part-
ners are needed, and some tuning, ~5 %, is needed to push
f somewhat larger than v and comply with the experimental
constraints. We show in Fig. 1 the plot from [116] showing
that at least one of the top partners (in a 1 and 4 represen-
tations of SO(4), with masses m o, and mg,, respectively)
must be light in order to reproduce the observed Higgs mass.”

8 It has also been shown in this set-up that extra colored vector reso-
nances, or gluon partners, can mildly reduce the Higgs mass prediction
via renormalization effects [117].

9 Exceptions exist to this generic expectation [115,116]. These have
been found in the context of a fully composite #r, thus arising as a
massless chiral composite. In this case fr does not contribute to the
Higgs potential, and the top Yukawa coupling is simply given by y; =~
AL, hence the degree of compositeness of 71 is fixed. Further, in these
special cases the Higgs quartic is accidentally generated only at y;‘ order,
instead of ytzgf, thus losing the connection small A — small g,. Hence
the observed Higgs mass can be reproduced with heavier top partners.
However, this is at the expense of increasing the tuning in u? (for fixed
f), which scales as ytzg,%, as expected.

@ Springer



2766 Page 10 of 25

Eur. Phys. J. C (2014) 74:2766

2000F 7 v T T T T T T T 1
1500 b
>
© t
S 1000} 1
6; t
S
500 - b
O S S S MY PR B— PR B— PR |
0 500 1000 1500 2000
mg,(GeV)

Fig. 1 Masses of the top partners Q1 and Q4 that reproduce the Higgs
mass my, = 125GeV for v2/f? = 0.2, from [116]. The different lines
correspond to different SO(5) embeddings for the top quark. In blue
qL,tR € 5,in red q1,, tr € 10 (with Q1 — Q¢) and in black q1. € 5
and g €1

Let us conclude this section with another comment on
the ~5 % tuning in u”. This tuning can be accomplished
either by canceling two different top contributions, generi-
cally of O()\%) and O(A2R), or by canceling the top versus the
gauge contributions, of O(g?). In this latter case the expec-
tation is, as confirmed in explicit constructions, that the top
and gauge contributions appear with different signs, creat-
ing some degree of cancelation. Assuming that this is the
case, the current upper bound on the gauge partner masses,
m, >~ 2.5TeV (see Sect. 6.1), gives us a direct clue on where
the top partners should be: the approximate cancelation
Neyfm7 =~ (9/8)g*m? yields mr =~ 1 TeV. This mass range
will be thoroughly explored in the next phase of the LHC.

6 Signals

The SM partners (new particles light compared to the cutoff
Ac ~ 4rf) play an important role in the generation of the
Higgs potential in the little, holographic and twin Higgs sce-
narios, which can be considered the weakly coupled versions
of the bona fide composite Higgs case. The potential in these
cases could be affected by large logs, log(A% /m?2), where
again Ac is the compositeness scale while m, is a generic
mass for the partners, unless another layer of partners is light.
The partners, if present as suggested by the discussion in the
previous section, generically give the leading contribution to
electroweak precision tests (EWPT), in particular S, T, and
Zbb. They can also give rise to important flavor transitions
beyond the SM. Also, they modify the couplings of the Higgs
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boson, to be taken into consideration along with the intrin-
sic deviations due to the composite nature of the Higgs.!?
Finally, such resonances should be produced at colliders, if
they are sufficiently light and coupled to the SM matter. All
of these issues will be discussed in this section.

6.1 Electroweak precision tests

The electroweak precision observables characterize the prop-
erties of the SM gauge bosons and their couplings to the SM
fermions. Since we have not observed any particles beyond
the standard model thus far, it is reasonable to assume that
all new physics states are heavier than the electroweak scale.
This allows us, as a leading approximation, to parametrize
their effects at the electroweak scale and below via higher
dimensional operators with SM fields only.

6.1.1 Universal

Most of the new physics effects are of the ‘universal type’ and
can be encoded in the modifications of the SM gauge bosons’
two-point functions [119-121]. The most relevant effects in
each class can be parametrized by the parameters'! S, T, W,
and Y, where the first two generically yield the most stringent
constraints, since the other two are typically suppressed by
extra powers of g%/g2.

There are two generic contributions to the S parameter
which arise in all composite Higgs models: the UV contri-
bution from heavy spin-1 resonances that can be estimated
as

2
Suv ~ 22, ©.1)
M

and an IR contribution associated with the reduced Higgs
coupling cy to the EW gauge bosons [42]. This second
one can be understood as follows. For mj, > my, the S-
parameter in the SM scales logarithmically with the Higgs
mass as result of a cancelation of the log-divergent one-
loop contributions of virtual Goldstone and Higgs bosons,
logmy/mz = log A/mz — log A/my. In composite Higgs
models, while the Goldstone boson loop stays the same as in
the SM, the Higgs boson loop is reduced and hence the can-
celation is spoiled, leaving over log A /mz — c%, log A/my.
Thus the S-parameter becomes logarithmically sensitive to
the new physics scale A ~ m, to be identified with the
masses of the heavy resonances (of spin 0, 1, or 2) that cou-
ple to the W and the Z [42]

10 Notice that the partners, being composite as is the Higgs, will gener-
ically be affected by higher-dimensional operators, suppressed by suit-
able powers of m../Ac.

1§ and T are proportional to the Peskin-Takeuchi parameters S =
g%/(16m)S and T = apmT.
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Using a dispersion relation approach [122] one can refine
these estimates and achieve a O(my,/m,) accuracy in S at
leading order in g2 if the spectral density of the strong sector
is known. For example, using vector meson dominance as in
[115,122], one finds

(6.2)

2 2
S= ot (log o

m2 f2 f2
& —L2 __029)4+- W22 _Ja )
9672 12 \ 8 125Gev >+

2 2 2
f ms  mg

(6.3)

where f, , and m, , denote the decay constants and the
masses of vector and axial resonances. The new physics
contribution to S can be kept under control if m% is suffi-
ciently large, although this generically introduces some tun-
ing in the Higgs potential, since m% fixes the scale where
gauge-loop contributions are cut off. Another option is to
invoke some degree of cancelation between different contri-
butions directly in S, for instance coming from extra scalars
or fermions [123], although these are loop suppressed and
generically model dependent.'> Moreover, in [113] it was
pointed out that fermion loops in composite Higgs models
may provide additional sources of logarithmically enhanced
contributions that can be understood in terms of the running
of the two dimension-6 operators Oy p related to S [41].

It was recognized long ago [126] that the f—parameter can
be protected against new physics contributions by a custo-
dial symmetry SU(2)c € SO4) = SU2)L. x SU(2)Rr. This
requires that the new sector respects custodial symmetry to
a very high degree, most often forbidding new sources of
breaking beyond those already present in the SM, that is, the
Yukawa coupling of the top and the hypercharge gauge cou-
pling. In particular, itis required that the new states cutting off
the Higgs potential, in particular the vector partners, come in
complete representations of SO(4). This has been explicitly
verified in many little Higgs models, see for instance [127—
129]. In holographic Higgs models this requirement is satis-
fied by construction, since the partners always come in com-
plete representations of the unbroken global symmetry sub-
group, which contains SO(4) [130,131]. In addition, while
the custodial SO(4) is sufficient to protect the f”-parameter
when a single Higgs field breaks the electroweak symmetry
spontaneously, as we discussed in Sect. 5 this is not the case
when extra scalar fields charged under SO(4) are present,
additional Higgs doublets, triplets, etc. In these cases, an

12 See e.g. [124,125] for a discussion in the minimal SO(5)/SO(4)
model (MCHM).

S x10°

Fig. 2 Confidence-level contours (at 65, 95 and 99 %) for Sand T
from [132]. The IR contributions alone would imply & = v?/f2 < 0.1

‘enlarged’ custodial symmetry is required (see [96] for a
detailed explanation of the THDM case).

With custodial protection, the leading corrections to T
arise thus at one loop. Analogously to the case for S, there
is a universal IR contribution from the reduced coupling of
the Higgs boson which can again be estimated in the heavy
Higgs limit as

. 3g? mp (AN
Tir ~ 30,2 log my (m_h) :
These IR contributions due to the modified Higgs couplings,
Egs. (6.2) and (6.4), form a line in the § — 7 plane. If
these were the only corrections, then they would imply
£ =v?/f? < 0.1, see Fig. 2 reproduced from [132].

The one-loop contribution from fermions can be even
more important: within the framework of partial compos-
iteness it is generated by insertions of the mixings A r and
estimated as [41]

(6.4)

N, kﬁfz v?
1672 m2, f2°

(6.5)

N
Termions ™~

which can be the leading contribution. See e.g. [113,124,
125] on concrete realizations and for examples. The above
expression corresponds to the leading term in an expansion
in AL /gy. However, if the degree of compositeness of the LH
or RH top quark is large, the contributions to T are actually
controlled by my [41]. In that case T scales as mﬁ, / mf,, and
it has been shown that such contributions can be positive for
moderate values of my ~ 1TeV [133].
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Fig. 3 Best fit region for the Zbb couplings from [137] favoring small
positive 6grp. The SM is represented by the green point

As shown in Fig. 2, these contributions to T can be very
important in order to bring the model into the S — T ellipse
and thus reduce the bound on f.

6.1.2 Non-universal

Besides the oblique parameters, strongly interacting models
usually induce non-universal modifications to the couplings
of the top, and due to SU(2)L, invariance, also to those of the
left-handed bottom [134,135]. This is due to the necessarily
large coupling of the top quark to the strong sector, in order
to reproduce its large Yukawa coupling. The strongest con-
straints come from measurements of the Zbyby coupling,
sensitive to the masses of the new-physics states. However,
it was shown in [136] that the Zby by, vertex can be protected
from large corrections by a PLr parity symmetry, as long as
the b1, embedding does not break it, that is, if by, has —1/2
charge under both SU(2);, and SUQ2)R.!3 As for the cus-
todial symmetry, when this custodial parity is preserved by
the strong sector, corrections to Zby.by, can be kept under
control. Both symmetries yield important consequences for
the quantum numbers and spectrum of the top partner res-
onances (for instance extended representations such as the
4=(2,2)).

Figure 3 reproduced from [137] shows the best fit region
with a small positive §g g, where the following parametriza-
tion is used:'4

13 Notice that in symmetry breaking cosets with unbroken SO(4), PLr
actually arises as an accidental symmetry of the leading order derivative
Lagrangian [96].

14 There exists another best fit region with a larger negative 8ggp,.
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The contribution from fermion loops to dgr, is generi-
cally logarithmically divergent as a result of insertions of the

mixings that break the Ppr parity
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Another sensitive test concerns the anomalous coupling
of the right-handed top and bottom to the Z. This coupling
is tightly constrained by b — sy measurements. However,
the size of the anomalous coupling is generically suppressed
by y»/y:, yielding mild bounds on the new physics scale, see
for instance [138]. Other top related measurements still lack
of precision [133,139].

In the previous sections we have argued that due to its
contribution to the Higgs potential, fermionic top partners
should be the lightest new physics states. The effects of top-
partners on precision tests, which we have reviewed in this
section, have been thoroughly discussed in the literature,
either in the context of little Higgs models [140], holographic
Higgs models [42,92,125,133,141,142], or in more gener-
ality [132,143].

Finally, let us again note that modified Higgs cou-
plings to electroweak gauge bosons can be indirectly probed
through electroweak precision measurements, Eqs. (6.2) and
(6.4). Such modified couplings arise whenever the operator
(0u(H "H ))2 is generated, to which new physics contributes
even if the states responsible for taming the Higgs potential
only couple to the Higgs (even if they do not carry elec-
troweak charges in particular). Besides, this operator gener-
ically encodes the non-linear self-interactions of the Higgs,
intrinsic of its GB nature. As such, it will be suppressed by
o/ f?, with & a numerical factor that depends on the coset
structure.

Alsonote that the case of a dilatonic Higgs needs to be con-
sidered separately for the EWPTs. Since a composite Higgs-
like dilaton is not embedded into a SU(2) doublet, the argu-
ment before does not directly apply. Actually, the couplings
of the dilaton to the gauge fields agree with those of the SM
Higgs, except for a v/ f suppression. Thus the corrections to
Sir and Tir are minimized in the limit v /f — 1,the opposite
limit than in ordinary composite Higgs scenarios.

For a recent model independent analysis of the constraints
from EWPT, see [144].

Another important direction for taming electroweak pre-
cision constraints has been the introduction of T-parity
[100,101]: a Z; discrete symmetry under which all BSM
states are odd. Such a symmetry ensures that all corrections
to electroweak precision observables from the new states are
at least one-loop suppressed, thus reducing the bounds on the
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masses of the new states. In this case one can obtain a theory
consistent with the electroweak precision observables, even
with new states as light as ~1 TeV. T-parity has been one
of the leading themes for little Higgs models, and it can of
course also be implemented in the general 4D versions.!
An illustration of the electroweak precision observables in a
little Higgs model with T-parity can be found in [146].

6.2 Flavor and C P violation

The interplay between electroweak symmetry breaking and
the generation of the SM flavor structures has always been
one of the major concerns in composite Higgs models. The
degree of the problem, and thus the importance of the con-
straints, can be understood by the number and expected size
of the flavor structures present in the SM low-energy effective
theory. This crucially depends on the mechanism employed
to generate the SM Yukawas (see Sect. 4).

6.2.1 4-Fermi operators

It has been long known that a simple mechanism to generate
the interactions in Eq. (4.1) gives rise also to unsuppressed
SM flavor violating 4-Fermi interactions

clikl

AZ 9i9;jqkq1, (6.8)
which generically violate the stringent flavor constraints: for
instance from the kaon system, Ap > 1033 TeV, while
allowing for a sufficiently large top mass one would need
Ap = O(10) TeV. As explained in Sect. 4.1, this tension can
be relaxed if the dimension of the operator O in Eq. (4.1)
is sufficiently close to one, as long as the dimension of O?
does not decrease below four hence reintroducing the hier-
archy problem.

It is worth mentioning that other alternatives might be
viable, which rely on the flavor dynamics inducing addi-
tional suppression of the operators in Eq. (6.8), either via
the Yukawa couplings, c'/¥ ~ y'/ vk "in which case the
bounds on Af can be relaxed close to the scale required to
reproduce the top mass, or effectively imposing MFV, which
could be realized if the couplings of the standard model
fermions to the strong dynamics arise from the exchange
of (supersymmetric) heavy scalars, such as in bosonic tech-
nicolor [147-149]. In the former case new physics is to
be expected in flavor transitions, while in the latter super-
symmetric states remnant of the flavor generation should be
observable.

15 In warped extra-dimensional models one can find constructions with
KK parity [145], which also aim at reducing the tension with elec-
troweak precision measurements.

6.2.2 Anarchic partial compositeness

As discussed in Sect. 4.2, the RS-GIM mechanism of partial
compositeness significantly reduces the contributions to dan-
gerous flavor transitions. However, it has been shown that the
suppression is not quite enough as to provide a fully realistic
theory of flavor. Even though A F = 2 4-Fermi operators

2
I gp _

Ff FE 2 gl g gk 6.9)

mp
are effectively suppressed by four powers of the fermion
masses m /v or CKM entries Vckwy, measurements of C P
violation in the kaon system, €k, put stringent bounds on the
LR operators in Eq. (6.9), of the form m, 2 10% TeV
[87,91,111,150-152], as well on LL operators. Although
less significant, qualitatively similar bounds on LL operators
arise from C P violation in the B system, m, 2 1‘;—2 TeV.
Given the expectation m, ~ g, f, these type of constraints
bound the combination Y, , f. In explicit constructions of
the pGB Higgs, the composite Yukawas Y, 4 are correlated
with the masses of the composite fermions cutting off the
Higgs potential. These kind of bounds therefore have a sig-
nificant impact on the fine-tuning. In addition, these bounds
have to be contrasted with other potentially problematic fla-
vor observables such as dipole operators

3

S
fifd —— L G0 F*q;, (6.10)
7

1672 m2,
generated by loops of composite fermions of mass my and
the Higgs. These induce large contributions to b — sy,
direct C P violation in €’/eg, and contributions to the fla-
vor conserving electric dipole moment of the neutron, all
of them scaling with positive powers of Yy; thus, the con-
straints my > aY; TeV, witha ~ 0.5—21[91,92,152-154].
All these flavor bounds taken together force the scale of com-
positeness to be above 2 TeV along with composite couplings
Qip,w > gsm.'°

Moreover, let us notice that the operators in Eq. (6.9)
could also be mediated by the Higgs or other pGBs (of mass
m ), with the associated enhancement of their coefficients
by (mf)/m%)(v/f)4 or (mf)/m%{), respectively.!” However,
it was pointed out in [96,156] that these unwanted effects
can be avoided thanks to the Goldstone nature of these
scalars, as long as the embedding of the SM fermions into
the global symmetries of the strong sector only allows for a
single Yukawa-type operator gr.qr F (h, H), thus enforcing
the MFV structure in the scalar interactions.'8

16 Other relevant effects which could also give rise to important con-
straints on my arise from flavor transitions mediated by the Z [155].

17 Higgs mediated FCNCs will arise from the operators §; Hgq iH TH.

18 Flavor transitions mediated by extra pGBs can also be suppressed
by forbidding their couplings to fermions via symmetries [157,158].
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This is, however, not the case for a dilatonic Higgs, since
the lack of a direct connection with the electroweak VEV
generically implies that the fermion mass matrices and the
dilaton couplings are misaligned. In that case the best alter-
native is to assume that the composite sector is endowed with
flavor symmetries.

Let us briefly comment on the lepton sector. First of
all, given that neutrinos are much lighter than charged lep-
tons, and that their mixings are not hierarchical, it is cer-
tainly plausible that neutrino masses come from a different
source, or enjoy a different generation mechanism. Factor-
ing out the discussion of neutrino mass generation, the con-
straints on partial compositeness for leptons with anarchic
Yukawas come from [152,159,160] the electron EDM, and
W — ey transitions from penguin mediated dipole operators.
The bounds from experimental data are even more stringent
than in the quark sector, which makes the minimal imple-
mentation of leptonic partial compositeness not viable.

The most appealing option thus seems to rely on lepton
flavor global symmetries, enforcing LMFV [161]. Another
option to remove tree-level constraints on lepton partial com-
positeness is by imposing an A4 symmetry on the composite
sector [162], alleviating the tension with the loop-induced
processes. In that case the degree of compositeness of the
leptons must increase in order to yield the proper Yukawa
couplings, with the consequence of light tau partners [163].

6.2.3 U(3)? symmetric partial compositeness

As review in Sect. 4.2, the scenarios falling into this cate-
gory can be classified as LH or RH quark compositeness. The
degree of compositeness in each case is fixed by the require-
ment fi R 2 y:/Yy, in order to reproduce the top mass.

Therefore, in every case the inevitable signal will come from
flavor diagonal 4-quark operators,

2

g o
L ARGy @ v"q).
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generated from the exchange of heavy resonances of mass
m, and coupling g,. These have been recently probed at
the LHC in pp — jj angular distributions. The individual
bounds for the complete set of independent 4-quark oper-
ators, their coefficient normalized to A2, range between
A 2 1 —5TeV [164]. These place strong constraints on the
degree of compositeness of the quarks, given the identifica-
tion A ~ f/ ff r» form, ~ g, f. Taking the most favorable
situation, that ié, JLR ~ y:/Yu, the dijets constraints bound
the combination Y, ,42 f, again implying large partners masses
as in the anarchic case.

There is another class of constraints that apply only to
LH or RH compositeness. If the LH quarks are compos-
ite, their (flavor diagonal) couplings to W and Z receive
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significant corrections, which affect precision observables
such as quark—lepton universality in kaon and B decays
or the hadronic width of the Z [91].!° The corresponding
bounds take the form my 2 35 fi. Y, v, which again, taking
JLR ~ ¥/ Yy, implies a strong bound on the partners masses
my = 35m;. For the case of RH composite quarks, given
that their coupling to W and Z are still poorly measured (and
can be easily protected by their proper embedding into the
global symmetries of the strong sector), the previous mea-
surements do not yield important constraints. However, flavor
violating LL 4-Fermi operators Eq. (6.9) are still generated
with a significant coefficient (y, yi)2/(f2Y? £#) 1921, which
even though MFV suppressed, still yields Yu2 fI% f 2 6TeV.
Notice in particular that while this constraint prefers fr large,
the dijet bounds push towards fr small.

In summary, flavor models with U(3)? symmetry are under
asignificant stress from recent measurements of dijet produc-
tion at the LHC. With the increase of energy at the next run of
the LHC, such measurements will provide conclusive results
about this possibility.

6.2.4 U(2)3 symmetric partial compositeness and variants

In models where the flavor symmetry is reduced in order to
uncouple the fraction of compositeness of the light genera-
tions and that of the top quark, the compositeness constraints
from measurements of W and Z couplings or dijet production
(discussed above), are irrelevant. Therefore in these scenar-
ios the only phenomenologically relevant flavor constraints
are the consequences of the third generation (LH chirality,
RH, or both) being distinct from the first two. In this case
it is important to point out that the R rotation matrices are
very close to the identity in all the scenarios, with the cor-
responding suppression of the most dangerous LR 4-Fermi
operators in Eq. (6.9) [92,94]. Still the most sensitive flavor
observables come from the kaon and B systems (and the D
system in the case of RH compositeness), as in the anarchic
case, but with correlations among them, depending on the
particular symmetry implementation. Most importantly, the
associated bounds can now be satisfied for relatively low val-
ues of f or the partner masses. This makes the U(2) scenarios
the most favored ones for a natural electroweak scale, while
still offering good prospects of new physics effects in flavor
physics.

Let us conclude this section by commenting on the partic-
ulars of little Higgs models. Although their UV completion is
not a priori determined, thus making an assessment of flavor
and CP violation more model dependent, solely from the
interactions of the low energy degrees of freedom valuable

19 1f the compositeness fraction of the LH leptons is equal to that of the
LH quarks, there will be universal shifts in couplings to gauge bosons,
which can be interpreted as a (too large) contribution to the S-parameter.
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lessons can be inferred, which are of course similar to those
discussed in this section. Gauge and top partners contribute
to neutral meson mixing and C P violation, with bounds at
the same level or in some cases milder than those coming
from EWPT [165-171] (and see [140] for a recent review on
the top partners effects).

6.3 Higgs production and decay

Higgs physics is a direct probe of the electroweak symmetry
breaking sector, making the measurement and study of its
couplings one of the major goals in particle physics today.
This is particularly relevant in the composite Higgs scenario,
given that its GB nature unavoidably implies non-linearities
in its couplings to SM fields, i.e. corrections of order v?/f?
withrespect to the SM predictions. Importantly, this is regard-
less of any new states that might be present in the spectrum,
given that such GB effects cannot be decoupled.

6.3.1 Single-Higgs production

After the Higgs discovery, one of the major enterprises in par-
ticle physics has been the extraction of the linear couplings
of the Higgs to the other SM fields. These are obtained by
fitting the experimental data on o x BR, see [172-174] and
references therein. The best tested Higgs couplings to date
are those to electroweak gauge bosons hZZ and hWW (with
less precision), and to massless gauge bosons hgg and hy y,
induced at one loop in the SM. Indirectly, through its contri-
bution to hgg and hy y, the coupling to top quarks, ht7 is also
being tested. The first results on the coupling to tau leptons
htt and bottom quarks ~bb have also been obtained.

In order to make connection with the experimental data
and compare with different models, we parametrize the linear
interactions of the Higgs by the following Lagrangian:

Ll = (cv @myWiw = +m%72)

=
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and present in Table 2 the predictions for two distinct com-
posite Higgs models, the SO(5) /SO(4) model of [31], known
as the Minimal Composite Higgs Model (MCHM), and the
dilatonic Higgs following [63]. For the MCHM, we only
include the predictions associated to the GB non-linear nature
of the Higgs, dictated by the symmetry structure of the model,
and we comment on the effects of the light SM partners below,
which in any case give subleading corrections. For the case
of the dilaton the couplings are entirely determined by scale
invariance and its breaking.

Table 2 Coefficients of the linear Higgs couplings in Eq. (6.12), for
the SM, the SO(5)/SO(4) composite Higgs (MCHM), and the dilaton
Higgs

Coupling SM MCHM Dilaton

cv 1 JI—E VE

ey 1 e (1+yy)VE
o0 £ - o3
o o 6 — b3V
Cgg 0 %(bl(l? - bg\)/)«/g

In Table 2 we have defined £ = v2/f2, and we notice first
the important fact that in the MCHM the deviations from the
SM scale with & thus, the SM limit is reproduced for £ — 0.
This is a common feature of all the composite Higgs models
except for the dilatonic Higgs, where instead the SM limit is
recovered when & — 1. For the dilaton, however, this is not
the only requirement to reproduce the SM. The anomalous
dimensions of the SM operators, which encode the explicit
breaking of scale invariance from the SM fields, must also
vanish. These are associated to the Yukawa coupling of the
fermion, ¥ =1, b, T, yy, and to the gauge field strength ten-
SOTS, Vg, = (bI(R/ — bI(Q ) gi2 / (471)2. Importantly, the interac-
tion of the dilaton with massless gauge fields receives its lead-
ing corrections from the trace anomaly, in contrast with the
MCHM where these corrections arise only after integrating
out light composite states, generically small and not included
in Table 2. Let us also note that for the MCHM, the numeri-
cal factor multiplying £ in the coupling to electroweak gauge
bosons, 1/2 when expanded in powers of &, is fixed by the
SO(5)/SO(4) symmetry. In larger cosets such factor might
be different, for instance in SU(5)/SO(5) itis 1/8. However,
one should bear in mind that if the additional GBs in these
extended cosets are decoupled via large explicit breakings,
the prediction for 2V V should approach those of the MCHM
(as long as custodial symmetry is preserved).”’ Let us also
point out that the Higgs interactions with fermions depend on
the specific form of the fermion couplings to the composite
sector, in particular on the embeddings into the global sym-
metries. Using the general structure presented in [116] for the
mass of the fermion, my (h) o sin(h/f)cos™ (h/f), with
my (h) = gf sin(h/f)/2, one can derive the cy presented
in Table 2.

To parametrize this model dependence, the deviations in
the Higgs couplings can be analyzed in general by encod-
ing the effects of new physics in higher-dimensional opera-

20 In the littlest Higgs model of [27], based on the SU(5)/SO(5) coset,
once the extra vector resonances are integrated out and the custodial
breaking triplet VEV is fine-tuned to vanish, one obtains a factor 5/32
[41]. This is far from the MCHM, but only because the corrections
gsM/ &« are important in that particular realization.
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Fig. 4 Higgs fits from [173]
(left panel) and [182] (right
panel). Left panel Fit to v/ f for
the MCHM with (black) or with-

out (gray) including electroweak
precision data, with ny = 0

(solid), ny = 1 (dashed), and
ny = 2 (dot-dashed). Right
panel Fit to &€ = v?/f% and
cyy /& from Higgs data, with e =
yy marginalized in the range 0 <
€ < 0.6. The star is the best-
fit point, while the cross corre-
sponds to a Higgs-like dilaton

limit

0.4

e=v/f

tors involving the Higgs complex doublet field [41,175]. The
most relevant ones are: (1) Universal corrections to all Higgs
couplings, arising as a modification of the Higgs kinetic term
from the operator (9, (H TH))?. This is generically generated
by the non-linear structure of the coset interactions, extra
scalars mixing with the Higgs, tree-level exchange of vec-
tor partners, and at one loop by top partners and extra GBs.
Notice that this term gives rise to modified Higgs coupling to
electroweak gauge bosons correlated with the modification
in the couplings to fermions; (2) This correlation is broken by
the operator H H vy Hyg, which affects only the fermionic
couplings of the Higgs; (3) Given its importance for Higgs
production and decay, the operators H'HF /%v parametrize
the corrections of the Higgs couplings to massless gauge
bosons. The contributions of these operators to the parame-
ters of Eq. (6.12) can be found in Table 1 of [176].2' Sev-
eral other works have also recently reassessed such effective
Lagrangians in the context of the newly discovered Higgs
boson [177-180]. Given a proper complete basis of opera-
tors for physics beyond the SM, corrections and correlations
on observables can be consistently derived, allowing one for
instance to identify which new physics Higgs signals are still
poorly constrained [179,180]. One particularly interesting
unconstrained channel is the h — Zy decay rate [179,181].

The odd case is again that of the dilatonic Higgs [63,182],
where the proper effective Lagrangian disengages the longi-
tudinal components of the W and Z from the Higgs particle,
see for instance [177].

Given all these considerations, we come back to the par-
ticular models discussed above, to show in Fig. 4 left panel
the fit for the MCHM in terms of v/f (e in the plot) for
ny =0, 1, 2, taken from [173], and in the right panel for the
dilaton in terms of £ = v /f 2 and ¢yy /& (¢ in the plot) for
vy (€ in the plot) between 0 and 0.6 and ¢, = 0, taken from

21 n that table the contributions of several other operators to a more
complete set of effective interactions of the Higgs are also shown, which
are relevant for 3-body Vi Higgs decays, V = W, Z.
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[182]. For the MCHM, given the absence of significant devi-
ations from the SM predictions, a lower bound on the com-
positeness scale f = 700 GeV at lo level can be obtained
from Higgs couplings measurements only (gray lines), while
f 2 1.5TeV if the electroweak precision data, mostly affect-

ing cy, isincluded in the fit (black lines). As explained above,
these bounds apply to most of the composite Higgs models,
although they can be somewhat relaxed if there is an extended
GB sector [72,183,184] (see also [185]), or extra contribu-
tionsto 7 as explained in Sect. 6.1. For the Higgs-like dilaton,
if the electroweak precision data is not included there is still
a significant allowed range for & around 0.8, correlated with
the values of ¢, and cg,, which in this case can display
O(1) deviations from the SM. However, if the bound on cy
from EWPT is taken into account, it forces f < 300 GeV

and small anomalous dimensions yy, y,; < 1.

At this point it is worth pointing out that deviations in
the htf coupling and direct contributions to the hgg coupling
both affect the Higgs production channel via gluon fusion.
Given that in models such as the MCHM, the leading new
physics effects modify ¢, while for the dilaton it is cg, that
receives the largest corrections, one important subject is to
disentangle them. Several approaches have been proposed to
achieve this: th production [186,187], tth production [188,
189], and &j production [190,191].

It is thus clear that it is very important to identify which
new physics contributions to the Higgs one-loop couplings
to gluons and photons are predicted in scenarios such as the
MCHM due to the presence of light states (the top and vector
partners). Since the Higgs is assumed to be a pGB, these con-
tributions are expected to scale with géM / mi, in addition to
the loop factor g2/1672. Several analyses have considered
such deviations due to the light top partners [192—-194], and
the same behavior is expected for the vector partners. In these
corrections collective symmetry breaking plays an impor-
tant role: it basically eliminates the dependence on masses
of the partners, leading to a shift in the 4gg coupling which
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scales as v2/f2, and independent of g, = m,/f to leading
order in mj /m2. This shift is the same as in the htf cou-
pling to leading order in A% R/ gf. This was first pointed out
in [195] in the holographic, Higgs framework, followed by
recent works [196,197]. This pattern of deviations no longer
holds if the partners for the light SM fields, such as the bot-
tom quark, are light. This is due to the fact that light SM
fields do not contribute to loop-mediated Higgs couplings,
while their partners do [196,198]. In this case the hgg and
hyy couplings are sensitive to the spectrum of partners, their
corrections scaling with the expected )L% R/ mi ratio. Also, if
the low-energy theory contains more than one LR Yukawa-
type operator, non-trivial dependence on m,, can arise.?? It is
important to point out at this point that the GB suppression
does not hold for 4 Zy, since this coupling involves both a
massless and a massive SM gauge boson; thus, it does not
need to be suppressed by the GB symmetry [181].

Finally, notice that in twin Higgs models, where the SM
partners are not charged under the SM gauge symmetries, no
effects are present except through Higgs operators [200].

6.3.2 Double-Higgs production

We begin this section by noticing an important but obvious
point. Since the recently discovered Higgs boson has SM-
like couplings, in particular to the massive gauge bosons
V = W, Z, the unitarization of their scattering amplitudes
VV — V'V is accomplished to a high degree by the Higgs
itself, without the need of any new resonances up to at least
~3TeV [201-203]. For the case that the Higgs arises as a
4-plet of GBs, the above statement, in effective field theory
language, is equivalent to the confirmation that the opera-
tor (0, (H TH))? is suppressed by a scale f hierarchically
larger than the electroweak scale. Furthermore, in this case
the properties of the W and Z are intrinsically tied to those of
the Higgs boson, and as such their behavior at high energies
is completely correlated by the SO(4) symmetry. Because of
this, the high energy behavior of double Higgs production
does not offer a new (compared to WW scattering) avenue
where beyond the SM behavior might be expected. How-
ever, two important comments are in order. First, there is a
composite Higgs candidate which does not exhibit the above
features by construction: the dilatonic Higgs. Second, the
production of Higgs boson pairs can be affected by several
other new-physics effects, as we now show.

As in the previous section, we parametrize the double
interactions of the Higgs by a phenomenological Lagrangian
[204]

22 Besides, Higgs plus jet production has been shown to display a higher
sensitivity to the top partners masses and couplings [199].

Table 3 Higgs couplings in Eq. (6.13) for the SM, the MCHM, and the
dilaton

Coupling SM MCHM Dilaton
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and present in Table 3 the predictions for the MCHM of [31]
and the dilatonic Higgs [63]. For the MCHM we omit again
the effects of the light SM partners, but we comment on those
below. As for the linear Higgs couplings, the deviations from
the SM vanish in the limit & — 0 for the MCHM, as well
as in other models where the Higgs boson belongs to the
same multiplet as the scalars eaten by the W and the Z. Once
again, the dilaton mimics the SM prediction in the opposite
limit & — 1, along with vanishing anomalous dimensions,
except for one notable exception, the trilinear Higgs self-
interaction c¢3. This can be understood by noticing that the
SM result ¢3 = 1 is reproduced if the perturbation explicitly
breaking scale invariance is a pure mass term, as in the SM,
since then dB/d) = —2 (where in the SM case A = ). How-
ever, the natural realization of the Higgs-like dilaton scenario
(with a sufficiently light dilaton) implies df/dA o« m3/AZ,
which makes this a subleading contribution. This fact then
establishes double-Higgs production as the key test to distin-
guish the dilatonic Higgs scenario from an ordinary Higgs.
Let us also note that for the MCHM the numerical fac-
tor multiplying & in dy is again fixed by the SO(5)/SO(4)
symmetry, and for larger cosets these coefficients could be
different. This also applies to double Higgs couplings to
fermions, which are embedding dependent, and which we
have derived again from my (h) o< sin(h/f)cos™ (h/f).
The prediction for c¢3 in the MCHM is more model depen-
dent, since it depends on what the leading contribution to the
Higgs potential is. We have assumed here that it is of the
form V (h) = cos'™ (h/f) (o — B cos! T (h/f)). All this
model dependence can again be encoded in the coefficients
of higher-dimensional operators beyond the SM, in partic-
ular (0, (H"H))?, H' Hy. Hyr, H'HG?, ,, and (H"H)®,
for dy, dy, dge, and c3, respectively [201]. In any case it is
important to stress that double-Higgs production via gluon
fusion is not only sensitive to the trilinear Higgs coupling, but
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also to the hhtt and hhgg couplings. The actual sensitivity
is more promising for the latter rather than the former [204].
The effects of the top partners on these couplings have also
been studied [193], with the important result that the process
gg — hh gets sizable contributions, contrary to the expec-
tations for single-Higgs production in gg — h.

Let us conclude this section with more comments on the
high energy behavior of W, Z and h scattering. We stress the
fact that in most composite Higgs models at the high ener-
gies the relation AWTW™ = hh) ~ AWTW™ — ZZ)is
expected to hold due to the Higgs being part of an SO(4)
vector, unlike for the dilaton. The relation between the
linear and double dilaton couplings to the massive gauge
bosons V. = W, Z ensures that the growth with energy
in VV — hh is absent at leading order AWTW™ —
hh) ~ (dy — c%,)(s/vz) = 0. However, this relation is
affected by higher derivative terms, such as 9,29,h0"*9"h
or 2m%, V,, V,,0"hd"h. The first of these operators breaks the
h — —h parity symmetry present in the chiral Lagrangian
of the MCHM (a property that is shared by all the composite
Higgses except for the dilaton). The feasibility of probing
these interactions at the LHC is quite limited, with better
perspectives at a linear collider [205].

6.3.3 Invisible decays

Composite Higgs models providing a dark matter candidate
may predict invisible Higgs decays which in turn affect the
various branching ratios into visible final states. Because of
the small Higgs width in the SM, I'spp ~ 10~%my,, even
relatively small couplings of the Higgs boson to dark matter
(or to other undetectable final states) may resultinto relatively
large modifications of the branching ratios. CMS has placed
a direct upper bound of 69 % (at 95 % CL) on the invisible
branching ratio in the VBF channel [206]. The upper bounds
on the Higgs invisible branching ratio in the Zh associated
production channel are 75 % from CMS [207], and 65 % from
ATLAS [208]. The invisible Higgs branching ratio is also
constrained indirectly by BRiny < 0.6 [209,210] obtained
from fitting the Higgs couplings. Milder bounds in the 35—
50 % range can be obtained by allowing variations of the
Higgs couplings to gluons and photons in the fit [173,174].

6.4 Direct searches

The SM partners are constrained indirectly from electroweak,
flavor, and Higgs physics, as we have reviewed in the previ-
ous sections. Already from LEP the bounds on generic vector
partners is quite strong, m, 2 2.5TeV. On the other hand
pre-LHC bounds on fermion partners were less constraining,
and LHC Higgs couplings measurements are not contribut-
ing much to the bounds on the partner masses. Nevertheless,

these indirect measurement can be sensitive to the UV prop-
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erties of the models around the strong coupling scale Ac,
while direct searches do not have that problem. The latter
thus constitute a direct probe of the fine-tuning in any given
model.

There are many studies on the phenomenology of the SM
partners, either in little Higgs [211-214] or in holographic
Higgs models [215,216]. We will classify them based on the
spin.

Spin-1 gauge partners: These vector resonances are
the Wy, Zy gauge boson partners in little Higgs models
[217,218], in warped extra dimensions they are the KK
gauge bosons [219-221], or generically they are simply p
mesons. These states could have played an important role
[203] in the unitarization of the W W scattering amplitudes;
however, since the Higgs couplings are SM-like there is
not much need for that. Therefore their main role is to
tame the radiative contributions to the Higgs potential from
the SU(2);, x U(1)y gauge bosons. For studies of the 4D
general effective Lagrangians describing these fields see
[202,203,222].

Due to the strong indirect bounds, we focus on the limit
of strong coupling g, > g (which increases the mass of
the p to several TeV). These resonances have coupling g,
to the composite states (including the Higgs and longitu-
dinal gauge bosons), while the coupling to quarks, leptons
and transverse gauge boson are expected to be significantly
smaller, g2/g o (unless one has a U(3) flavor symmetry [223]
and light quark compositeness or simply g, ~ g, though the
latter is disfavored by EWPTs). Note that these latter cou-
plings are not necessary to cut off the Higgs potential. In
this case the branching ratios of the p are dominated by the
decays p —> WW, WZ, Wh, Zh. Also decays to tf are plau-
sible given the assumption of the compositeness of the top.
Moreover, given the necessary hierarchy implied by the con-
straints and the fine-tuning arguments, decays to top partners
could actually dominate. The production of the p is expected
to be dominated by single Drell-Yan production, through
their mixing with the W and Z. Another important channel
might be associated production with jets if they are coupled
more strongly to light quarks. At a linear collider, effects on
ete™ — ff due to the p have been studied for instance in
[218].

While 4D models do not necessarily include them, exci-
tations of the gluon are an integral part of most extra dimen-
sional models, and they have been thoroughly investigated
[224-226]. In fact this is one of the most prominent signals
of the extra dimensional versions, due to the enhanced pro-
duction rate of the KK gluons at hadron colliders. In fact,
it is possible that such color-octet excited states show up in
generic models as well, since some of the fields in the com-
posite sector must be charged under color in order to be able
to generate the top partners (even though the mass of the
gluon partners has no direct connection with naturalness).
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Fig. 5 Preliminary CMS bounds from run 1 of the LHC on the pro-
duction of spin 1 resonances. Left panel bound on p* using decays to
W Z, from [227]. Right panel bound on the KK gluon decaying to 7,

The direct searches at ATLAS and CMS are most sensi-
tive to p* production with decays to W Z. The final CMS
run 1 bound is m, > 1.1TeV at 95 % CL (~20fb~! at
8TeV) [227], see Fig. 5 left panel. One obtains similar bounds
in ATLAS [228] although the integrated luminosity in the
most recent analysis is somewhat lower ~14fb~!, leading
to a slightly reduced bound. Important constraints can arise
also from resonance searches in 77 production. The result-
ing bounds depend on the degree of compositeness of the
top, generically for the p they are milder than those from
WZ searches. On the other hand for the KK gluon this
is the leading channel, since the branching ratio is usually
strongly dominated by ¢7. The resulting run 1 CMS bound
is mg > 2.5TeV at 95 % CL (~20fb~! at 8 TeV) [229]
(and again slightly weaker for ATLAS due to less luminosity
[230]). Notice that if the decays to ¢7 and ¢ b are non-negligible
then the BR to V'V and V & will be reduced; thus, the above
bounds can be weakened (to date no analysis for a combined
bound in both channels has been performed).

Spin-1/2 top partners: The investigation of the phe-
nomenology and collider physics of the top partners has
been initiated in the framework of the Little Higgs models
[231], for recent analyses in this context see [140,232]. As
discussed throughout this review, these states are also pre-
dicted in the warped extra-dimensional models or pure 4D
descriptions [233-238] as they are responsible for taming the
radiative contributions to the Higgs potential from the top
quark. Recent analyses of 4D effective Lagrangian descrip-
tions parametrizing the most general possible interactions of
the top partners can be found in [239-242].

The properties of the top partners depend on their quan-
tum numbers under the global symmetries of the compos-
ite sector. If custodial SO(4) is assumed, it is common to

M., [TeV]

from [229]. Note that the dashed curve is for a Z’, the KK gluon bound
from the same plot is around 2.5 TeV

find a 4 (required to couple to gr.) and 1 (required to couple
to fr). In almost all composite models they are triplets of
color (the exception being twin Higgs models). Searches are
typically classified by their electric charges: 75,3, T2/3, and
T_1/3 = B, although even more exotic charges have been
proposed e.g. Tg,3 [243], arising from a 9 of SO(4).

The phenomenology of the top partners depends on their
production and decay. The leading gluon fusion initiated pro-
duction is more model independent. However, single produc-
tion via W, Z exchange is also very important for relatively
heavy states. Their decays are usually fixed by symmetry. The
Goldstone boson equivalence theorem mostly fixes the cou-
plings and therefore the decay rates: (1) BR(T — Zt) ~
BR(T — ht) ~ BR(T — WTb)/2 for the T»/3 singlet
under SO(4) (or SU2)L). 2) BR(B — W™t) >~ 1forthe B
doublet (under SU(2)1). 3) BR(T — Zt) >~ BR(T — ht)
for the 7,3 doublet (under SU(2)r). (4) BR(T — Wt) =~
1 for the 75,3 doublet (under SU(2) ). Itis important to recall
that this is somewhat dependent on the spectrum. There could
be cascade decays or extra light GBs that can reduce the
branching ratios [244,245]. The phenomenology of compos-
ite light generations with various flavor symmetries can be
found in [246].

The 95 % CL final run 1 bounds from CMS using ~20 fb~!
luminosity at 8 TeV are shown in Fig. 6: mr;; 2 800 GeV

~

left panel [247], mr,,, 2 700GeV for the singlet, middle
panel [248], m 2 700 GeV right panel [249], where B

is asinglet under SU(2)r; thus, BR(B — Zb) ~ BR(B —
hb) ~ BR(B — W ~t)/2. The references also contain limits
for ‘non-standard’ B R. Reference [250] recast experimental
searches for single and doubly produced top partners and
showed that the single-lepton search could be more sensitive

than the same-sign lepton search.

@ Springer
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Fig. 6 CMS bounds on spin 1/2 top partners after run 1. Left the bound on the charge 5/3 top partner from [247], middle: the bound on the charge
2/3 singlet from [248], right the bound on the charge —1/3 singlet bottom partner from [249]

The most recent ATLAS bounds are for slightly lower
luminosity ~14fb~! at 8 TeV, yielding somewhat milder
bounds. The ATLAS analyses are organized by collider sig-
natures and thus they apply to several top partners: lepton plus
jets corresponding to mainly 7>,3 — ht is found in [251],
Ty — Wb is in [252], same-sign dileptons correspond-
ing to all possible kinds of 7,3 and B decays (singlets and
doublets under SU(2)r) [253], and Z plus jets correspond-
ing mainly to 72,3 — Zt and B — Zb decays (singlets as
well as doublets) can be found in [254]. These analyses also
provide limits as a function of branching ratios.

6.5 Dark matter

Dark matter (DM) candidates in composite models are of
several nature. We can find partners of the SM states that
enjoy a protecting global or discrete symmetry that renders
them stable. Alternatively, the coset space G/H may have
non-trivial homotopy groups and give rise to topologically
conserved charges.

Non-trivial homotopy groups 7, (G/H) lead to (2 — n)-
dimensional defects such as domain walls (n = 0), strings
(n = 1), and magnetic monopoles (n = 2) whose cosmo-
logical abundances were studied e.g. in [255]. The case of
Skyrmions, 73(G/H) # 0, has been explored recently within
Little Higgs models in [256,257] where it was shown that
the geometric annihilation cross-section o = 7 (r?) may
account for the observed DM relic density provided a quite
large Skyrme parameter is chosen. One generic problem of
the models based on skyrmions is the stability of their masses
and sizes which is achieved by balancing two operators with
different dimensions, going beyond the regime of validity
of the EFT. Nevertheless, there exist 5D realizations [258]
where the size of the skyrmion is in fact larger than the inverse
cutoff of the theory and the predictions can thus be trusted.

Models with extra conserved U(1)s were proposed origi-
nally within technicolor models [259,260] where the lighest

@ Springer

‘technibaryon’ (which may or may not be a PNGB) is sta-
ble and can have the observed DM relic density [261-263],
which is typically linked to the ordinary baryon asymmetry,
similarly to the case of asymmetric DM models [264].

Other models with conserved U(1) baryon and lepton
numbers have been considered within holographic versions
of composite grand unified theories [103, 106,265] where the
U (1)s are gauged and then spontaneously broken at the UV
brane. Similarly to R parity in SUSY, the resulting accidental
Z, symmetry is enough to ensure DM stability over cosmo-
logical time scales [266].

Models with large cosets may give stable PNGBs by
invoking suitable discrete symmetries acting on G/H. For
example, the next-to-minimal composite Higgs model O(6)/
O(5) studied in [267] features an extra PNGB », which is a
SM singlet stabilized by one of the O(6) parities, n — —n.
Interestingly, the model is particularly predictive in the region
of parameter space that is consistent with the latest bounds
from the LUX [268] and XENON100 [269] experiments.
In particular, the n can provide all the relic DM abundance,
while naturally accommodating all the constraints, by choos-
ingm, 2 100GeV and f ~ 1 TeV. In this case, the annihila-
tion cross-section mediated by the Higgs boson is controlled
only by f, which fixes all the PNGB derivative coupling
terms of the states parametrizing the coset as

1. 5\
§8Mn> .

Notice also that in the regime m,; < my,/2 bounds from the
invisible B R of the Higgs boson are among the strongest in
this scenario [267].

Models with T-parity [100,101] naturally contain a dark
matter candidate, the lightest T-odd particle. Within little
Higgs models this often turns out to be the partner of the
neutral gauge boson B. A lot of work has been devoted to
analyzing the viability of this scenario [270-273].

1

1 2 2
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7 UV completions

The models presented here are all effective theories with a
cutoff scale Ac =~ 4xf ~ 5-10 TeV. An important ques-
tion is what these theories would look at a scale beyond
the cutoff, which is not too far above the LHC energies.
This motivates the search for UV completions. Assuming
that one wants to avoid reintroducing the hierarchy prob-
lem, UV completions generically fall into two categories.
The first are non-supersymmetric strongly coupled theories
similar to QCD/technicolor, but with modified dynamics. In
this case one needs to guess the right symmetry breaking pat-
tern and low-energy degrees of freedom, which should then
be verified by lattice simulations. The second are supersym-
metric UV completions, which may also involve some strong
dynamics (but is usually under control due to the added con-
straint of supersymmetry).

One should emphasize that there are several different ways
of trying to combine the pGB Higgs ideas with supersymme-
try. In many cases, the low-energy theory (at a few 100 GeV)
is actually a SUSY theory, which due to the pGB nature of the
Higgs has interesting properties different from the ordinary
MSSM. These include so-called super-little Higgs [274-280]
and buried Higgs [281,282] models. A particularly interest-
ing SUSY model is where only the idea of partial compos-
iteness is implemented [283,284]—due to SUSY there is
no need to further protect the Higgs potential. Partial com-
positeness could rather raise the physical Higgs mass, and
also it could provide a reason for hierarchical soft breaking
terms [285]. Purely composite SUSY Higgs models usually
go under the name of ‘fat Higgs’ [286,287]. While all of
these models contain some of the ingredients used in the
non-SUSY pGB composite Higgs models, they are not true
UV completions, since there is no regime where the theory is
truly non-supersymmetric composite Higgs model, with only
a composite Higgs, the top partners and the vector partners
in the spectrum. An attempt at such a SUSY UV comple-
tion for the MCHM was recently proposed in [288,289]: the
effective theory below 10 TeV is the SO(5)/SO(4) MCHM
with top and vector partners (and perhaps a few scalar super-
partners of the top partners). Other superpartners show up at
10 TeV. The model is based on the SO(4),, magnetic dual of
a strongly coupled electric SO(N) theory, where the flavor
symmetries contain an additional SO(5) factor. A different
type of SUSY UV completion is based on a weakly coupled
SUSY theory, a concrete example has been worked out for
the case of little Higgs models in [290,291].

The non-supersymmetric UV completions include a stron-
gly coupled (non-QCD-like) SO(7) theory for the littlest
Higgs model [292], as well as condensing 4-Fermi opara-
tors a la NJL [293].

Of course many of the composite Higgs models originate
from extra dimensional constructions. These have their own

cutoff scales, which depends on the parameters of the theory.
The theory below the cutoff generically describes the first few
weakly coupled KK Modes of the theory, the lightest of which
can be identified with the top and gauge partners. However,
to find a true UV completion one either needs to find a string
theory construction, or use a deconstructed version without
elementary scalars.
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