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Abstract
The flavor protection in composite Higgs models with partial compositeness is known to be
insufficient. We explore the possibility to alleviate the tension with CP odd observables by assuming
that flavor or CP are symmetries of the composite sector, broken by the coupling to Standard Model
fields. One realization is that the composite sector has a flavor symmetry SU (3) or SU (3)U ⊗
SU (3)D which allows us to realize Minimal Flavor Violation. We show how to avoid the previously
problematic tension between a flavor symmetric composite sector and electro-weak precision tests.
Some of the light quarks are substantially or even fully composite with striking signals at the
LHC. We discuss the constraints from recent dijet mass measurements and give an outlook on
the discovery potential. We also present a different protection mechanism where we separate the
generation of flavor hierarchies and the origin of CP violation. This can eliminate or safely reduce
unwanted CP violating effects, realizing effectively “Minimal CP Violation” and is compatible with
a dynamical generation of flavor at low scales.
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Introduction

The striking phenomenological success of the Standard Model (SM) flavor sector is potentially threatened by any new physics that addresses the hierarchy problem. If new degrees of freedom coupled
to SM fields appear around the TeV scale, as demanded by a natural of weak scale, then the theory
has generically more flavor violating structures than the single Cabibbo-Kobayashi-Maskawa (CKM)
matrix of the SM and unacceptably large Flavor Changing Neutral Currents (FCNC) are generated.
Two structural solutions to this puzzle may be conceived. Either the flavor structure of new physics
is identical to the SM or a dynamical mechanism exists around the TeV scale which approximately
aligns new physics flavor breaking with the SM. In the first case, which goes under the name of
Minimal Flavor Violation (MFV) [1, 2], flavor is decoupled from the electro-weak scale and imprinted
on the Yukawa matrices at arbitrarily high energies, while in the latter flavor signatures can be more
revealing and the theory of flavor could be explored at the LHC.
In this paper we will focus on the flavor problem in Composite Higgs Models (CHM) with partial
compositeness, where both approaches might be relevant (see [3] for earlier work and [4] for reviews).
Similar considerations can also be applied to Higgless theories [5]. In CHM the Higgs doublet is
a composite state, likely a Goldstone Boson, of some strongly coupled theory characterized by a
dynamical scale mρ of a few TeV and a coupling 1 < gρ < 4π. The compositeness scale can be
larger than in technicolor (or Higgsless) theories which allows in principle to get as close to the SM
limit as required. Not surprisingly mρ can be at most a few TeV if the theory shall remain natural.
The new ingredient of modern proposals is the idea of partial compositeness. The SM fermions and
gauge fields are elementary particles which mix with composite states with equal quantum numbers,
similarly to the photon-ρ mixing in QCD. The degree of compositeness of fermions increases with
their mass so that light generations are mostly elementary while the top is strongly composite. Under
broad assumptions and despite the presence of many new flavor structures, FCNCs are proportional to
the elementary-composite mixings and therefore are suppressed for the light generations as demanded
by observations [6]. This feature offers a largely superior solution to the flavor problem of classical
technicolor theories where fermion masses are generated by means of non-renormalizable interactions.
Moreover if the strong sector is a CFT then the hierarchies of masses and mixings can be dynamically
generated by the Renormalization Group Evolution (RGE) of the coupling starting from an anarchic
flavor structure of the composite sector [7]. Finally, all these ideas can be realized as effective field
theories in five dimensions, á la Randall-Sundrum.
Despite these improvements, the flavor protection generated by partial compositeness appears at
present insufficient for several CP odd observables, most notably in the Kaon system, which indicates
a scale of compositeness of 10-20 TeV [8], clearly at odds with naturalness. In our opinion this is a
strong reason to believe that these models are at best incomplete. In this paper we will first discuss
how the hypothesis of MFV can be realized in CHM. This erases the flavor problem at the price of
abandoning the dynamical generation of flavor. The possibilities can be divided in two categories. In
the approach pioneered in [9] all the SM fermions are composite states and the SM flavor structure is
1

directly shined on the Yukawas of the composite sector through appropriate flavon fields. Clearly full
compositeness is severely constrained by a variety of precision measurements. Alternatively, and we
will focus on this possibility here, the flavor structure may arise from the mixings if the strong sector is
flavor symmetric. This implies that the composite sector has global flavor symmetries, like QCD. This
idea has been considered in the past within five-dimensional constructions [10]. We extend this setup
to general CHM within an effective four dimensional description and present novel scenarios where the
flavor structure originates from the mixings of left-handed fields. One important ingredient will be the
mixing into split left-handed doublets, where each left-handed doublet couples to two different states of
the composite sector. Realizing MFV demands some of the light quarks to be significantly composite.
We show that constraints from precision electro-weak measurements can be avoided. As a bonus we
show that Electric Dipole Moments (EDM) are also suppressed compared to the standard scenario, a
feature not granted by MFV. In particular we find that the new scenario with composite right-handed
quarks is very weakly constrained by present data, allowing these chiralities to be strongly or even
entirely composite. In this case very exciting phenomenology is expected at the LHC where large
cross-sections for the production of new resonances are expected.
Within the same framework we are also led to a different solution which hinges on the assumption
that the composite sector is CP invariant. One intriguing feature is that most of the experimental
tension originates from CP odd observables. One natural idea is to try to separate the origin of
CP violation in the SM from the origin of the flavor hierarchies. This is impossible within the SM
where only the CKM matrix is physical but it might be possible in CHM where more flavor structures
exist. If the strong sector respects CP, then this symmetry must be broken by the mixings in order to
reproduce the O(1) CP phase of the CKM matrix. Depending on how CP violation is communicated
to the SM very different effects are obtained, not necessarily improving the phenomenology (except for
EDMs). We find however that if CP violation originates from the mixing of third generation quarks,
then all CP violating effects beyond the SM are automatically suppressed for the light generations,
allowing us to evade all experimental constraints with a low scale of compositeness. We dub this
mechanism “Minimal CP Violation”. Interestingly, this is compatible with the dynamical generation
of flavor structure at low scales.
This paper is organized as follows: In section 2 we introduce the CHM that we will study in
the language of a simple two site model which includes only the first resonances of the composite
sector. We discuss the relevant representations of the composite states with emphasis on the case
of split left-handed fermions which has special phenomenological features and we review the status
of experimental bounds in these models. In section 3 we discuss the different possibilities to realize
MFV assuming a flavor symmetric the strong sector. Two possibilities stand out with composite lefthanded or right-handed quarks. We study the experimental bounds from precision measurements and
compositeness limits. We outline the phenomenology of this model at the LHC where cross-section
much larger that in the standard CHM could be obtained. In section 4 we study the possibility that
the strong sector is CP invariant. This allows us to separate the origin of flavor and CP violation.
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We show that if CP violation is induced from the mixing of third generation quarks, unwanted CP
violating effects can be strongly suppressed. We end in section 5.

2

Framework

The physics of composite Higgs models that we wish to study can be efficiently captured in terms
of a 2 site model where the composite sector is replaced by the first resonances which mix with the
SM fields [11]1 . Most minimally, besides the Higgs doublet, the strong sector contains massive Dirac
fermions in the same representation of the SM fermions under the SM gauge group as well as spin 1
resonances of SM gauge fields. The lagrangian reads [11]2 ,
mi2
1
ρ i2
+
ρ + |Dµ H|2 − V (H)
Lcomposite = − ρi2
4 µν
2 µ
Q̄i (iD
/ − miQ )Qi + Ū i (iD
/ − miU )U i + D̄i (iD
/ − miD )Di
j
j
+ h.c.
+ ỸijU Q̄iR H̃ULj + ỸijD Q̄iR HDL
+YijU Q̄iL H̃URj + YijD Q̄iL HDL

(2.1)

where ρiµ are massive SU (3)c ⊗ SU (2)L ⊗ U (1)Y gauge fields coupled to the fermions through standard
covariant derivatives. By assumption the strong sector does not have large hierarchies and can be
characterized by a single mass scale mρ and a coupling gρ . We will however keep the Yukawa couplings
and gauge coupling independent since even small hierarchies between them can produce important
phenomenological effects.
The elementary sector includes chiral fermions with SM quantum numbers and massless SU (3) ⊗
SU (2)⊗U (1) gauge fields. Importantly SM fields are coupled linearly to operators of the strong sector,
inducing a mixing between the states of the two sectors
i
h
ij
ij
d
D̄
+
h.c.
(2.2)
Lmixing = mρ λij
q̄
Q
+
λ
u
Ū
+
λ
q Li Rj
u Ri Lj
d Ri Lj
Due to these mixings the SM quarks are a rotation of elementary and composite fermions. The mixing
are in general complex matrices which can be diagonalized with a bi-unitary transformation,
λ = L · λ̂ · R

(2.3)

The left matrix is not physical and can be eliminated through a redefinition of the elementary fields.
In this basis the mass eigenstates of left doublets (before electro-weak symmetry breaking) are given
by,
!
!
!
el
qLi
cos ϕqLi − sin ϕqLi
qLi
=
(2.4)
L Qco
QLi
sin ϕqLi cos ϕqLi
Rij
Lj
1

This picture should be refined in the case where the Higgs is pseudo-Goldstone boson [12]. However one obtains
similar results in both cases so we will use the language of the two site lagrangian in the rest of the paper.
2
We focus on the quark sector, the extension to leptons being trivial in what follows.
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and similarly for the singlets. Note that we have included a unitary matrix needed to connect the two
bases in general. Rotating to the mass basis one obtains the SM Yukawa couplings,
u
yij

= fqLi Y U



d
yij

= fqLi Y D



ij
ij

fu†Rj
fd†Rj

(2.5)

where the mixing functions are given by,
fψi =

3
X

ψ
sin ϕψj Rji

ψ = qL , uR , dR

(2.6)

j=1

In the standard construction the SM Yukawa hierarchies are generated by hierarchies of the mixing
angles for which a dynamical origin can be realized. If Yu,d are general complex matrices the matrix
R is redundant and can be dropped.
Similarly the SM gauge fields mix with the heavy spin-1 resonances in a way entirely analogous
to the photon-ρ mixing in QCD. Denoting the coupling of the elementary gauge fields gel , upon
diagonalization one has,
gel
.
(2.7)
g = gel cos θ ,
tan θ =
gρ
where g is the SM gauge coupling.

2.1

Choice of Representations

The basic picture reviewed above must be refined to build realistic scenarios where the Higgs is a composite state. Most importantly the strong sector which delivers the Higgs should respect the custodial
symmetry SU (2)L ⊗ SU (2)R needed to protect the T parameter from large tree level corrections. This
is an accidental symmetry of the renormalizable SM lagrangian which needs to be promoted to a true
symmetry of the strong sector in order to avoid isospin violations from dimension 6 operators suppressed by a low compositeness scale. To reproduce the hyper-charge of SM fermions the composite
states should also carry a U (1)X charge so that,
Y = T3R + X

(2.8)

When the Higgs is pseudo-Goldstone boson arising from the breaking G/H, with SU (2)L ⊗ SU (2)R ∈
H, there can also be states associated to G representation of the strong sector. We omit these as they
will not play an important role in what follows.
Composite states are classified according to representations of SU (2)L ⊗ SU (2)R ⊗ U (1)X . The
choice of left SM fermions coupled to states in the (2, 1) 1 representation is phenomenologically strongly
6
disfavored. The argument runs as follows [12]. By custodial symmetry the right SM fermions should
couple to fermions in the (1, 2) 1 rep. This mixing breaks custodial symmetry and leads to a sizable
6
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loop correction to the T parameter. The leading contribution due to the top right can be roughly be
estimated as,
v2
3
YU4 sin4 ϕtR 2 .
(2.9)
αem T ∼
2
16π
mρ
The tree level correction to the coupling of the Z to fermions can be estimated in the two site model
as [11]

Y 2v2
v2
2
0
2
δg ≈
sin
ϕ
T
(Q)
−
T
(q)
+
g
sin2 ϕq (T3R − T3L )
(2.10)
q
3L
3L
∗2
2 m2ρ
4m2ρ
where the first contribution is due to the mixing, after electroweak-symmetry breaking, of the SM
fermions with heavy fermions of different electro-weak charge, while the second is generated by the
mixing of the Z with vector resonances. The contribution to T grows with the mixing of tR while
the correction to gbL increases with the mixing of the left doublet. Since the product of the two
mixings is constrained by the top mass, both bounds cannot be satisfied simultaneously, if the scale
of compositeness is around 3 TeV as required by the S−parameter.
A better choice is to couple the left fermions to states in the (2, 2) representation of custodial
symmetry (the 4 of SO(4)), as in this case the right-handed top can be coupled to a singlet of
custodial symmetry and does not contribute T . The (2, 2) 2 representation contains,
3

LU =

T

T5

!

3

B T2

(2.11)
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where (T, B) have the same quantum numbers as the left doublet. Yukawas for the up sector are
generated by coupling the up right-handed quarks to fermions in the 1 2 rep. The correction to SM
3
couplings of left-handed fermions reads [13],


c2 − c1
c1 + c2 + 2c3
g
g
µ
µ
b̄L γ bL −
t̄L γ tL Zµ − √ (c2 + c3 )t̄L γ µ bL Wµ† + h.c.
(2.12)
cos θ
2
2
2
where c1 , c2 and c3 are coefficient of effective operators generated by integrating out the strong
dynamics. If the strong sector possesses a discrete symmetry L ↔ R, then c2 = c1 so that the
coupling of the bL is not renormalized (at zero momentum) while the correction of the other two
couplings are related. From eq. (2.10) we estimate,
δgtt̄ = δgtb̄ ≈

YU2 v 2
sin2 ϕqL
2 m2ρ

(2.13)

We note that, when the Higgs is a Goldstone boson of the strong dynamics, even if the strong sector
is not Z2 symmetric, this symmetry often arises as an accidental symmetry of the 2 derivates effective
lagrangian [16]. This is due to the fact that the spontaneously broken symmetry G imposes additional
selection rules which might forbid the generation of couplings that violate the L ↔ R symmetry. We
will assume in what follows that the Z2 protection, either exact or accidental is realized in our models.
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In order to generate the Yukawa couplings for the down quarks, one possibility is that the latter are
coupled to fermions in the (1, 3) 2 representation since a singlet is forbidden by U (1)X symmetry. This
3
can be done in particular respecting the Z2 symmetry above so that the correction to the coupling of
bL (or any left-handed down quarks) to the Z is zero at zero momentum.
In this paper we will focus on the alternative possibility where the left doublet couples to two
distinct operators, one responsible for the generation of up Yukawas and the other for down Yukawas.
This choice is also quite natural since it allows to treat the up and down quarks symmetrically.
Assuming that dR couples to a 1− 1 state, Yukawas for the composite fermions are allowed if qL also
3
couples to a (2, 2)− 1 composite fermion. The embedding is in this case,
3

LD =

B− 1

T0

B− 4

B0

3
3

!
(2.14)

The mixing breaks the L ↔ R symmetry for bL and produces a shift on the coupling of the Z while
the coupling of tL is protected. One important consequence of having two different operators for up
and down quarks is that, since the size of the mixings can be different, the correction to the coupling
of bL is suppressed if λbL  λtL 3 . Such a hierarchy is also welcome to reproduce the ratio mb /mt and
we will work under this assumption in what follows.
The situation is simpler for the right-handed quarks which are coupled to singlets of strong sector
carrying only U (1)X charge. Repeating the operators analysis of [13] it is easy to see that no correction
to the coupling of the Z is generated, independently of whether the strong sector is Z2 symmetric or
not. This can also be checked from equation (2.10). The second term is obviously zero because states
are singlets, while the first term is zero, say for the up quarks, due to the cancellation of the shifts
from the mixing of tR with T and T2/3 which have opposite T3L .
To summarize our setup the right-handed quarks are coupled to singlets of custodial symmetry with
X charge equal to the electric charge while the left doublets are coupled to two different operators
in the (2, 2) representation of custodial with X = 2/3, −1/3, one responsible for the generation of
Yukawas of the up sector and the other for the Yukawas of the down sector. While natural, this choice
is particularly favorable phenomenologically because only the couplings of left-handed up quarks to SM
gauge bosons are modified in a significant way. For our estimates we will use the following “improved”
effective lagrangian which captures the relevant phenomenological features
mi2
1
ρ i2
+
ρ + T r[|Dµ H|2 ] − V (H)
Lstrong = − ρi2
4 µν
2 µ
+ T r[L̄iU (iD
/ − miLU )LiU ] + T r[L̄iD (iD
/ − miLD )LiD ] + Ū i (iD
/ − miU )U i + D̄i (iD
/ − miD )Di
j
j
+ YijU T r[L̄iU H]L URj + YijD T r[L̄iD H]L DR
+ ỸijU T r[L̄iU H]R ULj + ỸijD T r[L̄iD H]R DL
+ h.c.

(2.15)
3

In models with a conformal sector which explain the generation of flavor hierarchies through RGE it was shown that
a hierarchy between the two left mixings is naturally generated [17]. In the present scenario realizing MFV, the RGE
can not be used to generate the full flavor structure but only a hierarchy between up and down quarks.
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where we use matrix notation for the Higgs with H = (H̃, H) and H̃ = iσ2 H ∗ , and where ρiµ are
SU (3)c ⊗ SU (2)L ⊗ SU (2)R ⊗ U (1)X gauge fields. The mixing terms are,
ij i j
ij i
j
ij i
j
i j
Lmixing = mρ [λij
Lu q̄L QRu + λLd q̄L QRd + λRu uR ŪL + λRd dR D̄L ]

(2.16)

where QRu is the (T, B)R fragment inside Lu and QRd the (T 0 , B 0 )R fragment in Ld . The Yukawas
are now,
 †
y u = fLu · Y U · fRu
 †
y d = fLd · Y D · fRd

(2.17)

For notational simplicity we have promoted the mixing functions to diagonal matrices.

2.2

CP Violation

For a compositeness scale of 3 TeV, which is compatible with electro-weak precision tests (in particular
the S parameter), the main bound on CHM originates from CP odd observables. In this section we
review the experimental status of CP violation in CHM, with emphasis on the choice of representations
discussed above which possess special phenomenological features.
2.2.1

Flavor Changing Processes

If the Yukawas of the composite sector are anarchic complex matrices the theory contains many new
flavor violating structures and CP violating phases, diagonal and off-diagonal. Remarkably partial
compositeness automatically reduces the flavor violating effects associated to the light generations
because these are suppressed by the mixing. It is easy to see that 4-Fermi operators are generated
with the following parametric suppression,
∼ fqi fq†j fqk fq†l

gρ2  i j k l 
q̄ q q̄ q
m2ρ

(2.18)

iα q j q̄ iβ q j
in the basis (2.17). For example for the Wilson coefficients (C4ij ) of LR 4-Fermi operators q̄R
Lα L Rβ
are suppressed by [8],
1 gρ2 2mi mj
∼ 2 2
(2.19)
mρ Y
v2

Note, that this estimate does not hold in general when qL mixes to two different fermions, as in our
model. If qL couples to a single state as in the standard case, using the singular value decomposition of
the mixing matrix, there is only one unitary matrix on the left which is unphysical and can be removed
by a field redefinition of qL as we did in eq. (2.4). It is then possible to prove that the matrices needed
to diagonalize the Yukawas have hierarchies similar to the CKM matrix and the quark masses. This is
crucial to show that the flavor suppression (2.18) survives after the rotation to the quark mass basis.
When left-handed fermions couple to two different states the relative misalignment of the left mixings
7

is physical and it is not connected to the hierarchies of masses and mixings. The rotation matrices
are not hierarchical unless DL and UL are aligned and one can obtain, after rotation to the physical
basis, larger flavor violations from contributions originating from the third generation in eq. (2.18).
This can be avoided for example by imposing UV flavor symmetries that align the matrices DL and
UL [18]. In this case the relevant left mixing in eq. (2.18) is the larger one.
With the above caveat, the mechanism of partial compositeness works quite well for the effective
operators in the B and D systems but is in general insufficient for CP violation in the Kaon system.
Experimentally one finds Im[C4K ] < 3.9×10−11 TeV−2 [14]. Using the above estimate we derive [8,15],
gρ
mρ >
∼ 10 Y D TeV

(2.20)

These are by not the only problematic observables. Loops of composite dynamics generate dipole
operators,
e mb µν
e mb µν
Q7 =
b̄σ Fµν (1 − γ5 )s
Q07 =
b̄σ Fµν (1 + γ5 )s
(2.21)
8π 2
8π 2
which contribute to the b → sγ transition (both to the real and imaginary parts of the amplitude).
These are generated by diagrams as in Fig. 1. with composite fermions and the Higgs (physical and
unphysical polarization) in the loop. Using the results of [19] we estimate the Wilson coefficients of
the operators above as,
√
h
i
2
†
†
D
D†
D
C7 (mρ ) ∼
D
·
f
·
Y
·
Y
·
Y
·
f
·
D
R
Ld
L
Rd
16 m2ρ GF mb Vts
23
√
i
h
2
†
†
D
D†
D
·
D
(2.22)
·
f
·
Y
·
Y
·
Y
·
f
D
C70 (mρ ) ∼
R
Ld
L
Rd
16 m2ρ GF mb Vts
32
√
where C7 and C70 are defined by Hef f (b → sγ) = −GF / 2Vts∗ Vtb [C7 (µb )Q7 + C70 (µb )Q07 ]. A difference
with respect to the estimates in Ref. [19] is that only neutral scalars contribute. This is due to the
U (1)X symmetry which in combination with our choice of representations forbids diagrams which
involve the up and down sector Yukawas. Moreover the diagrams associated to the imaginary part of
h0 (the longitudinal component of the Z) tend to cancel due to contributions with opposite signs of
B 0 and B−1/3 in the loop. In this case the dominant contribution would be associated to the physical
Higgs which however could be suppressed depending on its mass. Without invoking this suppression
one finds from eq. (2.22),
1
C7 ∼
16



YD
mρ

2 √

2

GF

C70

,

1
∼
16



YD
mρ

2 √
2 ms
GF mb Vts2

(2.23)

from which follows the bound,
D
mρ >
∼ 0.5 Y TeV.

(2.24)

These estimates are compatible with experimental bounds unless extreme values of the coupling are
considered.
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Figure 1: Penguin diagram. The photon attaches to the fermion and to charged scalars.

The contribution to direct CP violation in 0 /K has a spurion dependence similar to b → sγ. In
this case one derives a more stringent bound [20],
D
mρ >
∼ 1.5 Y TeV

(2.25)

These bounds scale differently from the one in eq. (2.20) so that they cannot be satisfied together
systematically for any choice of parameters.
2.2.2

EDMs

Among flavor diagonal observables the strongest bounds arise from electric dipole moments. Experimentally the EDM of the neutron is bounded by [21]
|dn | < 2.9 × 10−26 e cm

(2.26)

In composite Higgs models new contributions to EDMs of up and down quarks arise from the same
type of diagrams that contribute to b → sγ, with different external legs. These contributions were
estimated in [22] in the context of Randall-Sundrum scenarios and we here derive similar estimates in
2-site model. For the down quark we obtain the contribution4 ,
dd ∼

h
i
v
1
†
†
D
D†
D
√
Im
D
·
f
·
Y
·
Y
·
Y
·
f
·
D
R
Ld
L
Rd
32π 2 2m2ρ
11

(2.27)

and similarly for the up quark. Again only the diagrams with neutral Higgs in the loop contribute.
Using the naive quark model the EDM of the neutron can be estimated in terms of its constituents
as,
1
dn ≈ (4dd − du )
(2.28)
3
4

We should in principle consider the running of this operator from the scale mρ where it is generated to the low scale.
This is to good approximation taken into account by evaluating the quark masses at the matching scale 3 TeV.
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The contribution of the up quark relative to the down quark is further suppressed by the ratio md /mu ∼
3 so that its contribution is naturally a factor ten smaller than the one of the down quark. Therefore
we can neglect this contribution. From
−26

dn ∼ 2 × 10


e cm

YD × 3 TeV
mρ

2
(2.29)

we get,
D
mρ >
∼ 2 Y TeV.

(2.30)

Summarizing, bounds from CP odd observables require a compositeness scale of at least >
∼ 10 TeV.
Further, the problem can not be solved by merely aligning the new physics flavor violation with the
down sector (to avoid the constraints from K and 0 /), one must also alleviate flavor diagonal CP
violation (to survive the EDM constraints).

3

Flavor Symmetric Composite Higgs

To make progress within the framework of partial compositeness it seems clear that assumptions
must be made on the strong sector or on the mixings (see appendix A for the realization in five
dimensions). In this section, we abandon the mechanism of partial compositeness to suppress flavor
transitions of composite Higgs models and show that if the strong sector has trivial flavor structure, it
is possible to realize the hypothesis of Minimal Flavor Violation [1, 2]. Regrettably this assumption is
incompatible with the dynamical mechanism to generate flavor hierarchies starting with structure-less
or anarchic Yukawas, which is realized in Randall-Sundrum scenarios or theories with a conformal
sector [6]. Flavor is, as in the SM, generated in the UV, external to the strong sector, and decoupled
from the electro-weak scale. The advantage of this approach is however that the flavor suppression is
sufficiently effective for all observables with a compositeness scale of ∼ 3 TeV which is demanded by
the S−parameter and it applies in general to models where the Higgs is a composite state even if the
dynamics is not conformal.
The hypothesis of MFV can be realized within the partial compositeness paradigm as follows.5 We
require that the composite sector respects a flavor symmetry which forbids any flavor violation but still
allows the presence of degenerate Yukawas. This symmetry should be unbroken in the vacuum. In the
most economical realization we consider a composite sector which possesses an SU (3) flavor symmetry
under which the composite fermions transform as fundamentals. The composite sector Yukawas and
masses in eq. (2.15) must be proportional to the identity. The flavor structure of the SM must be
generated by the mixing parameters. General mixings will introduce new flavor structures beyond the
ones present in the SM (the CKM matrix and the masses) and this will potentially lead to problems
with FCNCs. MFV can now be realized assuming that the left mixings are trivial while the right
5

See [10, 23]) for related work and [9, 24] for a different construction which assumes that the strong sector has flavor
dynamics which however is controlled only by two structures, identified with the SM Yukawas.
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mixings are proportional to the SM Yukawas,
λLu ∝ Id,

λLd ∝ Id

λRu ∝ yu

λRd ∝ yd

(3.1)

We refer to this scenario as left-handed compositeness. When yu,d = 0 the theory has a global
symmetry U (3)3 which is broken explicitly to U (1)B by the mixings of right-handed quarks. This
guarantees that as in the SM the only flavor violating structure is given by the CKM matrix. To see
this explicitly we can use the singular value decomposition (2.3) for the right mixings. The matrices
on the right hand side can be eliminated with a redefinition of the elementary right-handed quarks
while one of the two matrices on the left can be reabsorbed through a flavor symmetry rotation which
leaves the rest of the lagrangian invariant. The only flavor violating structure is than, as in the SM,
the CKM matrix UL† DL . This shows that the theory realizes MFV.
If we assume that the flavor structure is contained in the left mixings we would not obtain a theory
which respects MFV6 . Indeed in this case the diagonal right mixings would break the strong sector
+ SM flavor symmetry to SU (3)2 which is insufficient to take the left mixings to the CKM form.
As a consequence additional flavor violation would be generated in this case. To realize this type of
scenario we note that, because of the U (1)X symmetry, the SU (3) flavor symmetry of the action (2.15)
accidentally implies an SU (3)2 symmetry under which composite quarks which couple to up and down
SM quarks rotate independently. We may then naturally consider scenarios where this is a symmetry
of the composite sector. In this case the MFV hypothesis can be realized in various ways. A simple
option on which we will focus is indeed that the flavor structure originates from the left mixings and
composite right-handed quarks,
λLu ∝ yu ,
λRu ∝ Id

λLd ∝ yd
λRd ∝ Id .

(3.2)

Note that if the right-handed quarks are part of the composite sector and no elementary partner
exists, this choice automatically follows from the global symmetry of the strong sector. Alternatively
it is possible to construct mixed scenarios where the up Yukawa is given by the left mixings while the
down Yukawa is given by the down or vice versa. In all cases the diagonal mixings leave an U (3)3
global symmetry unbroken. When this symmetry is explicitly broken by the mixings proportional to
the Yukawas the only flavor structure is the CKM matrix realizing MFV.
In a strongly coupled theory, we expect resonances associated to the global symmetries, SU (3)
or SU (3)U ⊗ SU (3)D , which are created acting with the respective currents on the vacuum. This
is for example clear in the 5D realization of these models, see [10]. The effective lagrangian (2.15)
should also include these states. Note that since the flavor symmetries are neither weakly gauged nor
6

In order for the flavor structure to arise from the left mixings it is necessary that the elementary left fields mix to
more than one fermion species of the strong sector, as is the case in our scenario.
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spontaneously broken there are no extra light degrees of freedom but we expect them to have a mass
similar to the electro-weak resonances.
We have shown how MFV can be realized in CHM with one Higgs doublet. However the flavor
protection that we discussed works in general within the framework of partial compositeness and could
for example be applied to technicolor or Higgsless models [5]. The electro-weak constraints are more
severe in this case since the scale of compositeness is necessarily less than 3 TeV but the flavor problem
would be solved.
Another application are CHMs with an extended Higgs sector. In the most compelling composite
scenarios the Higgs is a Goldstone boson associated to the spontaneous breaking of a global symmetry
of the strong sector, SO(5)/SO(4) in the simplest realization [7]. In absence of the microscopic theory
that realizes the pattern of symmetry breaking, there is no a priori reason to prefer a single Higgs
model with respect to a multi-Higgs scenario. Moreover the fine tuning does not necessarily worsen.
This possibility was studied in detail in [16], where various cosets leading to two pseudo-Goldstone
Higgs doublets were considered.
The flavor problem is ubiquitous in two Higgs doublet models and is even more severe in composite
scenarios due to the non-renormalizable nature of the effective theory which allows more flavor violating
operators. Interestingly within the MFV hypothesis the flavor problem is solved identically to the
single Higgs case because the flavor symmetry forbids any flavor violation in the composite sector and
the SM flavor structure is generated by the mixings. To see how this works in an example consider
the coset [16],
SO(6)
(3.3)
SU (2)L ⊗ SU (2)R ⊗ U (1)
which delivers two Higgs doublets in the (2, 2) of custodial. Fermions can be embedded in the 6
reps which decomposes as (2, 2)0 + 12 . As explained in [16] several strong sector operators producing
Yukawas can be written down. Nevertheless assuming our flavor symmetries the flavor structure is
contained in the mixings. As a consequence if two of the them respect the flavor symmetry, the
theory realizes MFV flavor transitions are suppressed to an acceptable value. The same scenarios
with left-handed and right-handed compositeness can be realized in this case.

3.1

Constraints

The motivation to realize MFV in partially composite Higgs models is that flavor bounds are automatically respected. Actually this requires some qualification in our scenarios. In general even with
MFV, successful suppressions of flavor transitions requires the scale associated to certain operators
to be larger than ∼ 5 TeV (see e.g. [2]), which is larger than the compositeness scale that we will
consider. Fortunately in our case there are no FCNCs generated at tree level (see appendix B), while
flavor violating effects with up and down type quarks are strongly suppressed with respect to the
SM [10]. As a consequence these models are consistent with all flavor bounds for any reasonable scale
of compositeness.
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Having solved the flavor problem the main constraints arise from precision measurements and
compositeness bounds to which we now turn.
3.1.1

Modified Couplings

Contrary to the anarchic scenario where only the mixing of bL is large, some of the light quarks have
sizable mixing due to the flavor symmetry which relates their mixing to the ones of third generation
quarks. This leads to a modification of the couplings of the light generations which like the one of the
b is very constrained.
The hadronic width and the b partial width of the Z are measured with per mille precision at
LEP [25]. Experimentally
Γ(Z → bb̄)
= .21629 ± .00066
(3.4)
Rb =
Γ(Z → q q̄)
The SM value is 1σ below the LEP measurement. From eq. (2.10) it follows that the mixing reduces
the coupling at least for the simple choices of representations that we are considering. As a consequence, Rb constrains δgZ→bL b̄L /gZ→bL b̄L to be less than 2.5 per mille allowing a 2σ deviation from
the experimental value. As explained in section 2.1, in our models there is no shift of the couplings
due to the up left mixing due to the Z2 symmetry. The bound on Rb is then easily satisfied since the
shift of the couplings in controlled by λLd which is naturally small. In general all our bounds will arise
from the up sector where sizable shifts are possible.
For the total hadronic width we have [25],
Rh =

Γ(Z → q q̄)
= 20.767 ± .025
Γ(Z → µµ̄)

(3.5)

which is again 1σ above the SM value. At tree level in the SM we have,
2
2
2
2
).
+ gRd
Γ(Z → q̄q) ∝ 2(gLu
+ gRu
) + 3(gLd

(3.6)

While the mixings in the down sector are naturally small some of the light quark in the up sector will
have large mixings in order to reproduce the top mass and these are strongly constrained by Rh . The
relative change in the hadronic width due to a common variation of the couplings in the up and down
sector is,
δRh
4gLu δgLu + 4gRu δgRu + 6gLd δgLd + 6gRd δgRd
=
2 + g 2 ) + 3(g 2 + g 2 )
Rh
2(gLu
Ru
Ld
Rd
δgLu
δgRu
δgLd
δgRd
≈ .57
+ .11
+ 1.28
+ .04
gLu
gRu
gLd
gRd

(3.7)

Since as before the corrections to the couplings reduce the SM result allowing for a 2σ deviation from
the experimental value we find,
δgLu
< .002
(3.8)
gLu
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The allowed variation for up right coupling is instead about 1%. Note that the constraint on the
left-handed down type quarks is even stronger than the one on Rb , while the right-handed coupling is
very weakly constrained due to the smallness of its value in the SM. For the latter the bound originates
from forward-backward asymmetry of the b which actually favors a percent increase of the coupling.
Significant bounds on the left-handed couplings arise also from the unitarity of the CKM matrix.
The constraint is particularly severe for the first row [25],
|Vud |2 + |Vus |2 + |Vub |2 = .9999 ± .0012

(3.9)

where again the error corresponds to a 2σ deviation with respect to the central value.
In our model we obtain from eq. (2.12),
|Vud |2 + |Vus |2 + |Vub |2 ≈ 1 − 2 δgLu = 1 − .7

δgLu
gLu

(3.10)

which implies a bound similar to eq. (3.8).
Let us also mention precision electro-weak constraints, see [12] for details. Bounds on the S
parameter require very generally the scale of compositeness mρ to be 3 TeV or larger. For the T
parameter, since the right mixings do not break custodial symmetry, the contribution depends on the
left mixing. For one fermion species this can be estimated as,
αem T ∼

v2
3
4
4
Y
sin
ϕ
qL 2 .
16π 2 U
mρ

(3.11)

which holds as long as the mixing is small.
3.1.2

Compositeness Bounds

Since some of the light quarks are significantly composite, unlike in the anarchic scenario, compositeness bounds from flavor preserving 4-Fermi operators can be important in our scenarios.
The effective lagrangian of 4-Fermi interactions associated to compositeness is commonly parametrized
as follows [26],
L4−F ermi = cLL (q̄L γ µ qL )2 + cRR (q̄R γ µ qR )2 + 2cLR (q̄L γ µ qL )(q̄R γ µ qR )

(3.12)

where q = (u, d) and color indices are contracted in each quark bilinear. Recent studies [27] constrain
cLL < 0.2 TeV−2 , a measure that will improve in the future with higher luminosity and particularly
higher energies7 . Since QCD does not distinguish left and right, the same bound applies to cRR if
up and down quarks have equal degree of compositeness, while the bound on the LR operator is not
reported in the experimental studies, though we do not expect it to differ much.
7

We use the most conservative experimental bound obtained with 36 pb−1 of luminosity.
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As shown in the appendix B, exchange of composite gauge bosons produces effective 4-Fermi
operators whose structure is in general different from (3.12). For example exchange of gluon resonances
generate the flavor diagonal operator,


gρ2
j
j
4
i
µ i
sin
ϕ
q̄
γ
q
q̄
γ
q
qL
Lα
Lβ Lβ µ Lα
4 m2ρ

(3.13)

where greek indexes are color and latin flavor, and similarly for right-handed compositeness, with the
possibility of different mixings for the up and down right-handed quarks. Nevertheless it is not hard to
obtain an estimate of the bounds in our models8 . Due to the fact that the bound on the compositeness
scale originates from the region of highest dijet invariant mass only operators containing valence quarks
of the proton contribute significantly. As consequence the effect of the operator above is similar to
(3.12) with
gρ2
cLL ∼
sin4 ϕqL
(3.14)
4 m2ρ
Adding conservatively similar contributions due to the exchange of flavor gauge bosons we find,
2  mρ 
sin2 ϕqL,R <
∼ g 3 TeV
ρ

(3.15)

respectively for left-handed and right-handed compositeness.
Finally LR operators with light quarks are much more suppressed, since the product of left and
right mixings is set by the quark masses. The only exception is a operator, say for right-handed
compositeness, uR ūR tL t̄L , whose coefficient can be estimated as 1/m2ρ , which is weakly constrained.
Let us see how the different scenarios comply with the above constraints.
• Left-handed Compositeness

(λLu , λLd ∝ Id)

Using eq. (2.13) the bound form the hadronic width requires,
mρ
Yv
√ sin ϕuL <
∼ 35
2

(3.16)

To reproduce the top mass we then need,
mt
sin ϕtR >
∼ 35 mρ .

(3.17)

This rough estimate indicates that these models can only be consistent with the bound from the
hadronic width if the compositeness scale is somewhat larger than 3 TeV9 . For the lowest scale
of compositeness, tR must be part of the composite sector so that sin ϕuL ∼ λt /Y .
8
9

We are grateful to Javi Serra for discussions about this point.
In our estimates we use the as a reference value the top mass at 3 TeV (135 GeV in the M S scheme).
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The coefficient of 4 Fermi LL operators in eq. (3.12) can be estimated as,
cLL ∼

.05 gρ2  mρ 2
TeV2 Y 4 3 TeV

(3.18)

which is much smaller than the experimental bound and is suppressed at strong coupling. This
effect will at best be visible at the LHC with high luminosities.
Concerning corrections to the T parameter the estimate (3.11) gets multiplied by 3 since up
and charm have equal degree of compositeness as the top. Nevertheless because the left-handed
mixing must be small the correction to T will be rather small.
• Right-handed Compositeness

(λRu , λRd ∝ Id)

The right-handed couplings are measured with 1% precision by the hadronic width of the Z
and so scenarios with composite right-handed quarks are in general more easily in agreement
with the data. As explained in section 2.1 in our setup (which however is quite generic) the
corrections to the right-handed couplings are zero at leading order so that we do not obtain
significant bounds from the hadronic width measurement.
The most relevant constraint arises from the compositeness bound (3.15).Taken at face value for
mρ ∼ 3 TeV, this bound already disfavors full compositeness if gρ is large, however sin qR ∼ .8 is
sill allowed. Given the uncertainties of our estimates there is however room for the right-handed
quarks to be fully composite for gρ <
∼ 3. A lower bound on the mixing follows of course from the
necessity of generating the top mass,
λt
sin ϕqR >
∼Y

(3.19)

Note that in this limit tL is fully composite. If the right-handed quarks are not fully composite
then tL is mostly composite and we expect from eq. (3.11) a sizable contribution to the T
parameter. Given the expected positive contribution to S which we allow, this contribution is
welcome, as long as it is positive . The sign of the correction is model dependent being positive
when, after electro-weak symmetry breaking, the doublet mixes mostly with an electro-weak
singlet, see for example [28].
We see that this scenario is more weakly constrained than the one with composite left-handed
quarks even for a significant compositeness of the right-handed quarks and could be easily
compatible with all measurements for a compositeness scale of 3 TeV. The general expectation
is that the right-handed fermions are strongly composite. It is also conceivable, compatibly with
compositeness bounds, that the right-handed quarks are part of the strong sector, see appendix
B. As we will see strong compositeness of SM right-handed quarks could give striking signal
at the LHC where copious production of resonances of the strong sector would be obtained.
Moreover deviations from the SM predictions for dijet mass measurements could give a first
evidence for this model.
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• Mixed Compositeness

(λLd , λRu ∝ Id)

Under the assumption of smaller down quark mixings the main bound comes from the modification of the up right coupling. This scenario is then similar to the previous case. The alternative
mixed choice λLu , λRd ∝ Id on the other hand resembles the first case discussed above.

3.2

EDMs

The hypothesis of MFV eliminates large flavor violating effects which for certain CP violating observables, most notably K , are in conflict with data for a low scale of compositeness required by
the hierarchy problem. One still has to worry about flavor diagonal phases which may contribute to
EDMs and are in general not sufficiently suppressed by the MFV assumption. We now show that this
problem does not arise in our concrete realization of MFV.
Due to the flavor symmetries the masses and Yukawas of the composite sector lagrangian in eq.
(2.15) are 8 complex parameters (similar arguments hold for the scenario where each fermion couples
to a single operator but we focus here as in the rest of the paper on the more promising scenario where
the left doublets couple to two composite fermions). We can independently rephase the 8 chiral fields.
Since two U (1) rotations remain unbroken by the masses and Yukawas (corresponding to the baryon
number in the up and down sector) 6 phases can be removed and we are left with two physical CP
violating phases (diagonal). Importantly these phases can always be rotated into the Yukawas of the
strong sector which do not mix directly with the elementary fields (Ỹ U,D ).
It is easy to see that the two phases remain physical when we introduce the SM fermions. Let
us focus on the scenario λLu , λLd ∝ Id. From eq. (2.15) when λRu,Rd = 0 the lagrangian is still
invariant under U (3)3 . The right mixings break this symmetry to U (1)B . By a flavor rotation they
can be rotated to the standard CKM form with 10 physical parameters, in addition to the ones of the
composite sector.
A systematic way to count the physical parameters is the following. The total number of parameters, divided into real parameters and phases is
(10, 10) + (18, 18) = (28, 28)

(3.20)

where the first set corresponds to the masses, Yukawas and diagonal mixings while the second are the
general right mixings.These parameters break the following number of symmetries,
(9, 15) + (0, 11) − (0, 1) = (9, 25)

(3.21)

The first factor corresponds to SU (3)3 the second to the 11 U (1) associated to rotations of the chiral
fermions (composite and elementary) and the last is the unbroken baryon number. The difference
between eq. (3.20) and eq. (3.21) is the number of physical parameters,
(19, 3)
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(3.22)

The 19 real parameters correspond to the 4 masses and 4 Higgs couplings of the heavy fermions, 6 SM
fermion masses 3 angles of the CKM matrix and the relative angle between tL and bL . The 3 phases
are the CKM phase and the two new phases of the strong sector.
The new phases could in principle mediate new CP violating effects. However it is easy to see that
this is not the case at least for EDMs at leading order. Starting from the lagrangian above with a
flavor rotation we can take,
λRu = λ̂u V
λRd = λ̂d

(3.23)

where λ̂Ru,Rd are diagonal and real and V is a unitary matrix. By U (1) rotations on uR and UL the
matrix V can be taken to the standard CKM form with one phase. The Y ’s and λLu,Ld are complex
at this stage. λLu can be made real by rephasing qL , λLd by rotating QRd while Yu rotating QRu and
Yd by rotating D. The latter requires a compensating rotation on dR to keep λ̂d real.
This shows that the extra two phases can always be put in Ỹu and Ỹd . This is important because
the new phases at leading order never enter in the diagrams which contribute to EDMs (or b → sγ)
since they depend on Yu and Yd only, see section 2.2.2. We conclude there is no problem with EDMs
despite the new sources of CP violation.

3.3

LHC phenomenology

In this section we outline the basic features of the phenomenology of MFV scenarios presented above.
We adopt the simplifying assumption that all the couplings of the strong sector are equal so that
for example Y = gρ . Many conclusions could rapidly change even for small hierarchies between
different couplings and moreover a thorough analysis at the LHC should be performed to determine
the discovery reach. With this in mind we wish to stress that experimental prospects to directly
produce the new states associated to the strong sector are generically more promising that in the
anarchic scenario, due to the enhanced coupling of the SM fermions to strong sector resonances.
Experimentally the most notable difference compared to the scenario with anarchic strong sector
Yukawas is that the heavy composite states have large couplings to at least some of the light quarks.
This is true in particular in second scenario where right-handed fermions are substantially or even
completely composite. This changes enormously the phenomenology allowing in certain cases, as
long as this is allowed kinematically, to easily produce the new states at LHC, possibly changing the
experimental strategies due to different decay channels.
Production of composite resonances within partial compositeness scenarios has been studied in
[29–32] with emphasis on minimal Randall-Sundrum models. Our models do not require any type
of conformal dynamics or extra-dimensions. Given that our setup-up cannot aim to the dynamical
generation of flavor structure, this additional structure is superfluous. As a consequence the parameter
space that we consider is larger than in the studies above.
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3.4

Spin 1

Let us begin our discussion considering spin-1 resonances of SM gauge bosons. Following [11] the
trilinear coupling of SM fermions to strong sector resonances is given by 10 ,
gρψ̄ϕ ψϕ = g(sin2 ϕ cot θ − cos2 ϕ tan θ)

(3.24)

where g is the SM coupling, ϕ is the mixing angle of the relevant fermionic chirality, while θ is the
mixing angle of SM gauge bosons and spin 1 resonances. This interaction originates from the rotation
in eq. (2.15) of the elementary/composite states to the mass basis, the first term corresponding to
mixing of the fermion while the second to mixing of the vectors (analog of photon-ρ mixing in QCD).
In Randall-Sundrum models without boundary kinetic terms one finds
tan θ =

gel
1
∼ ,
gρ
5

gel ∼ g

(3.25)

which is determined by the Planck-weak hierarchy. This choice, assumed in Refs. [29, 30], corresponds
to gρ ∼ 5 for the resonances associated to SU (3)c and gρ ∼ 3 for SU (2)L . We assume here that the
couplings of the strong and elementary sectors are independent. For simplicity, and in agreement with
the logic that the strong sector is characterized by interactions with strength gρ , we also assume equal
coupling for all the resonances which implies a smaller mixing angle for electro-weak resonances.
The assumption that the strong sector couplings are independent could have an important experimental impact at the LHC. In particular reducing the coupling of the composite sector favors the
production of the new states. This slightly counter-intuitive conclusion follows from the fact that
a large coupling requires a small mixing which enters quadratically in the coupling to strong sector
resonances.
In the anarchic scenario the first term in eq. (3.24) can be neglected, and the coupling is determined
by the mixing of SM gauge fields with vector resonances. This does not necessarily apply in our scenario
with composite light quarks, the first contribution becoming more important for,
ϕ>
∼θ

(3.26)

Let us now discuss the consequences for left-handed and right-handed compositeness.
3.4.1

Left-handed Compositeness

For mρ ∼ 3 TeV,
sin ϕuL ∼

λt
.
Y

(3.27)

Substituting into eq. (3.24) one finds,

gρ

2
gel
λ2t
−
Y2
gρ2

10


(3.28)

For the left fermions which couple to two different composite fermions we will consider only the larger contribution
associated to λLu .
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For gρ ∼ Y we see that the two terms are comparable for gluon resonances (gel ∼ 1) and moreover
they have opposite signs. As a consequence we do not expect production cross sections larger than
the ones in the anarchic scenario. For electro-weak resonances however, since gel ∼ 0.5, the first
term could dominate and larger cross-sections could be obtained. Recall that in this scenario for low
compositeness scale the right-handed top is fully composite while the (universal) left mixing scales
as 1/Y . As consequence, unless Y is close to 1, the gluon resonances will predominantly decay into
right-handed tops as in the anarchic scenario. Note that the width of the gluon resonances (for equal
coupling) is not much larger even though their production rate is.
3.4.2

Right-handed Compositeness

The situation is much more promising in this scenario. We focus on gluon resonances, which are
heavy color octets. For the smallest mixing allowed to reproduce the top mass, sin ϕqR ∼ λt /Y , the
analysis reduces to the one above, with minor variations if the compositeness of up and down quarks
is different. For larger mixings, which we generically expect, production of resonances due to fermion
mixing certainly dominates and very large cross-sections can be obtained.
In Fig. 2a we report the production cross-section of gluon resonances at LHC with 7 and 14 TeV
for composite right-handed quarks. The fully composite case shows the largest cross-section that can
be obtained in our scenario. Signals for our model should be seen early, especially at LHC14. Note
that full compositeness is disfavored, especially in the low mass region, by compositeness bounds and
direct searches (see below). Also in the very low mass region direct searches for tt̄ resonances already
places a mild bound on the model [34] for mρ < 2 TeV. In figure 2b we show the currently allowed
parameter space in the plane of the quark mixing and mass of the resonances. We use the ATLAS dijet
resonance search [27] and its recent update [35] (using 161 pb−1 of data). As can be seen in figure 2b,
the dijet resonance constraints are at present similar or even slightly stronger than the compositeness
bounds for masses up to ∼ 3 TeV.
For the direct search of resonances we extract the constraints on our model using the following
procedure.11 First, we simulate parton-level events in our scenario using MadGraph/MadEvent 4. We
replicate the cuts of [35] on pT , |η|, and the selection requirement for the two leading jets (|∆η| < 1.3).
The latter reduces the number of events by about a factor of 2. We find acceptances in agreement with
the ones mentioned in the ATLAS analysis [27]. We then require the invariant mass of the dijets to be in
a window of ±20 % around the resonance mass. This range is large enough for the widths in the region
where the dijet resonance search is competitive. We combine the efficiency of the cut around the bump
P
with the previous ones to a total acceptance. Finally we compare σ(pp → ρ → i qi qi )×acceptance
(i = u, d, s, c, b) to the limits reported in [35]. We do not include collimated tops to be conservative
since it is hard to estimate their efficiency. At very large values of the mixing the bound is not
effective anymore since the resonances become too broad and there are currently no experimental
limits. We expect the constraint on the cross-section in the region of interest to soon improve, and
11

We thank Georgios Choudalakis for discussions.
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Figure 2: a) Production cross-section for pp → ρ of the gluon resonance at LHC7 (dashed) and LHC14
(solid) for gρ = 3 obtained with MG/ME4 [33]. The gray line corresponds to the anarchic scenario
and the red line to the scenario with fully composite right handed fermions. b) Cross-section for
pp → ρ → qi qi with i = u, d, c, s, b as a function of the ρ-mass and the right-handed mixing angles. We
show the constraint from compositeness (blue) and the region excluded by the dijet resonance search
(red). See text for details.

1

scale approximately as ∼ (Lnew /Lold ) 2 .
Even if the right-handed fermions are not fully composite cross-sections larger than in the anarchic
scenario are generically obtained. At LHC 14 where the resonances will be mostly produced on-shell
a rough estimate of the total cross-section can be obtained rescaling the production cross-section of
the anarchic scenario. For a 3 TeV gluon resonance we have approximately,
h
i
σM F V ∼ (gρMψ̄FuLVψuL )2 + (gρMψ̄FuRVψuR )2 + .5(gρMψ̄FdLVψdL )2 + .5(gρMψ̄FdRVψdR )2 pb
(3.29)
At LHC7 the resonances are mostly off-shell and the production cross-sections will be smaller than
the total cross-section, see 2. In the table 1 we collect the cross-section of 3 TeV gluon resonance at
LHC14 for various choices of coupling and mixings obtained with Madgraph 4.
In the anarchic scenario the resonances are mostly coupled to the third generation. In particular
if the top right is part of the strong sector the decay into tops is dominant. As we already mentioned
this is not necessarily true in our scenario. The width of gluon resonances is given by,
Γ'

mρ X 2
gρψ̄i ψi
ϕ ϕ
48π
i
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(3.30)

gρ

sin ϕuR

sin ϕdR

σ(pb)

Γ(GeV)

Br(uū)

Br(tL t̄L )

Br(tR t̄R )

3

ª

ª

0.31

190

0.03

0.004

0.84

5

ª

ª

0.1

480

0.004

0.0005

0.98

3

0.4

0.4

0.17

50

0.07

0.35

0.005

5

0.4

0.4

0.38

60

0.14

0.1

0.12

3

0.8

0.8

2.8

340

0.17

0.0003

0.16

5

0.5

0.5

1.1

140

0.17

0.01

0.16

3

1

0.25

5.2

490

0.33

0.001

0.32

5

1

0.25

15

1400

0.33

0.0002

0.33

Table 1: Benchmark values for a 3 TeV spin-1 color octet resonance for various coupling and mixings
at LHC14 for the anarchic (ª) and the MFV scenario.
For moderate mixing tL must be significantly composite in order to reproduce the top mass so that
the main decay will be again into third generation states. However in the regime of large mixings the
decay into light quarks will dominate. This happens for
λt
sin2 ϕuR >
∼Y

(3.31)

which is also the region of parameters where large cross-sections are generated. As we can see in table
1, in this case the resonances tend to be broader than in the anarchic scenario due to the multiplicity
of the decay channels interacting strongly. When right-handed quarks are completely composite this
feature forbids very large couplings gρ . One finds that for fully composite right-handed quarks the
width of the resonances is comparable to the mass for gρ ∼ 5, so we take this as the maximal value.
We note that while a large violation of flavor universality would be a hint to the anarchic generation
of flavor the opposite will be true here: universality would directly indicate the presence of flavor
symmetries in the strong sector.
Let us now briefly comment on the other vector resonances. For electro-weak resonances gel ∼ 1/2
so the first term in eq. (3.24) will certainly dominate (the same was already true for the case of
left-handed compositeness). In all cases we obtain cross-sections which are at least ten times larger
than in the anarchic case. Note that the coupling will be similar to colored resonances since we are
assuming a common coupling gρ for the strong sector. The decays are more complicated in this sector
and we leave a detailed study to future work. Finally we also expect in our theory vector resonances
associated to the flavor symmetries of the model. These will be produced with cross-sections similar
to the ones above and their detection would provide a distinctive feature of this model.
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Figure 3: Total cross-section of associate production of the heavy quarks of the first two generations
at LHC7 and LHC14 obtained with Madgraph 4 [33] for gρ = 3, sin ϕuR = 0.7, sin ϕdR = 1/6. The
blue region shows the parameter space excluded by compositeness searches [27]. The dijet resonance
search does not lead to a constraint for this choice of parameters.
Diagrams by MadGraph
4
Fermionic resonances can be singly [31] or doubly produced [32]. In 1
u
uh
u*
the anarchic scenario the latter process proceeds dominantly through
QCD interactions and this contribution will be identical in our case.
ρ
zp
The heavy fermions can also be produced through the exchange of
heavy spin-1 resonances, and this process can be relevant in our sceu
narios. For an off-shell intermediate state, the amplitude scales as,
u
3
2

graph 1
2 
g
(3.32)
A[q q̄ → χχ̄] ∝ gρ2 sin2 ϕ − el2 .
gρ
Figure 4: Dominant contribuNote, that this formula and the one below are only valid for not too tion to σ(pp → ρ → χq).

large mixings. In the scenario with right-handed compositeness, the
contribution of gluon resonances can be easily an order of magnitude larger than QCD production.
As an example at LHC14 we simulated the process pp → χ3 χ3 with MG/ME 4 for mρ = 3 TeV and
mχ = 2 TeV and the same mixings as in figure 3. We find an enhancement by a factor of about 4
compared to QCD production.
Concerning single production, the channel which has been mostly studied is through scattering of
WL and top. In our scenario with right-handed compositeness the same process is possible through
the scattering of light quarks with naturally much larger cross sections. Moreover single production
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1

u

2

u

is also possible through the exchange of gluon resonances, pp → ρ∗ → qχ.

2 
gel
2
2
A[q q̄ → qχ] ∝ gρ sin ϕ sin ϕ − 2
gρ

(3.33)

Compared to double production this process has a coupling suppressed by the mixing but it is of course
much more favorable energetically. The dominant contribution is the t-channel spin-1 exchange shown
in figure 4 which benefits from having access to the large up quark pdf in the two protons. In figure
3 we show the cross-section at LHC14 for single production through an intermediate color octet spin
1 resonance.
In summary, our preliminary study shows significantly enhanced cross-sections compared to the
standard partial compositeness scenario which bodes well for the discovery potential of our model. A
dedicated study will appear elsewhere.

4

CP Invariant Composite Higgs

In this section we propose a different mechanism to relieve flavor bounds in CHM, based on the idea
that the strong sector respects CP. As reviewed in section 2.2, one intriguing feature is that practically
all phenomenological tensions with experiment originate from CP violating observables. In general,
even though deeply connected within the SM, the origin of CP and flavor breaking are logically
independent. This motivates to look for models where the flavor structure and CP violation in the SM
are generated independently, as the mechanism of partial compositeness is sufficient to suppress flavor
violations of CP even observables within experimental bounds. The purpose of this second part of the
paper will be to show a realization of this idea. Under suitable assumptions, this allows to generate
the flavor structure by RGE while suppressing unwanted contribution to CP violating observables.
To separate the generation of flavor and CP violation we will make the minimal hypothesis that
the strong sector is CP symmetric, as QCD is. In the language of the effective lagrangian (2.15) this
means that the Yukawa couplings of the composite sector can be chosen to be real matrices.
In order to reproduce the CKM phase of the SM, the mixings must violate CP. This implies
that the mixing matrices λL,R are complex and cannot be made real by a unitary redefinition of the
elementary fields. There are many ways to realize this. If at low energy λLu , λLd , λRu , λRd are all
complex matrices with large phases, the contributions to CP violating processes are similar to the
ones of the anarchic scenario studied in the literature. To see this, one can use the singular value
decomposition for the mixings (2.3). The left matrices can be eliminated with a redefinition of the
elementary fermion fields while the right matrices can be rotated into the Yukawas of the composite
sector which become anarchic complex matrices. This effectively reduces to the situation normally
considered in the literature with anarchic complex Yukawas and diagonal mixings.
Interestingly, if flavor is generated dynamically, there is a natural suppression of CP violation
induced from the elementary sector. Consider first the case where each SM quark chirality couples to
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a single operator. In the UV the mixings are,
λij (ΛU V )q̄ i Oj

(4.1)

where λij (ΛU V ) is assumed to be an anarchic matrix with order one entries. Considering for simplicity
the case where the coupling is irrelevant at low energy we obtain,


µIR γj
λij (µIR ) = λij (ΛU V )
(4.2)
ΛU V
where γi = [Oi ] − 5/2. The hierarchies of the second term can naturally generate the hierarchies of
quark masses and of the CKM matrix. However, the same hierarchies also suppress CP violation in
the SM. If the eigenvalues of the UV mixings are order one it is possible to show that the CKM phase
is highly suppressed. This can be understood intuitively because when the eigenvalues of λij (ΛU V )
are equal all complex parameters are unphysical and can be reabsorbed through a redefinition of the
elementary fields.
As a consequence if each SM fermion couples to a single operator, the generation of the flavor
hierarchies by RGE is not compatible with obtaining an order one phase of the CKM matrix.
This conclusion changes completely if SM fermions are coupled to two or more operators. This the
case in our scenario for the left-handed quarks. More generally, this could be realized if some of the SM
fermions couple to more than one operator. To avoid the complication mentioned in section 2.2 we will
assume that the coupling of the left-handed elementary fields to be aligned in flavor space. This can be
enforced by a simple UV symmetry of the theory, see e.g. [18]. In this case, even though the mixings
are diagonal, the relative phase between the up and down sector is physical and is not washed out by
the running. Note however that CP violation induced from the mixing of right-handed fermions, if
present in the UV, is still suppressed at low energies as explained above. Using a redefinition of the
elementary fields we can assume that the phases are in the mixings of the left-handed up sector. It is
easy to see that if at least one of the phases is large, an order one phase will be induced in the CKM
matrix. The Yukawas are,
yu = ei~α .λLu .Y U .λRu

(4.3)

yd = λLd .Y D .λRd

(4.4)

The left diagonalization matrices are,
UL = ei~α .VLu
DL = VLd

(4.5)

where VLu , VLd are real orthogonal matrices and ei~α = diag[eiα1 , eiα2 , eiα3 ]. The CKM matrix is then,
T −i~
V CKM = VLu
.e α .VLd
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(4.6)

In order to determine the phase in the CKM matrix we consider J
CKM
CKM
CKM ∗
CKM ∗
J = V12
V23
(V13
) (V22
)

(4.7)

whose imaginary part is the reduced Jarlskog invariant. J has an unsuppressed imaginary part if at
least one of the phases in ei~α is large. The O(1) phase of the CKM matrix is then naturally generated
and we easily reproduce the SM value Im[J] ∼ 3 × 10−5 . We will show this in numerical examples.
The matrix in eq. (4.6), is a unitary matrix not in the standard basis used for the CKM matrix
in the SM where real and imaginary parts of 4-Fermi operators correspond to CP preserving and CP
violating effects. In order to properly identify contributions to CP violation from new physics it is
convenient to rotate into the standard SM basis. As usual such basis is reached performing U (1)
re-phasing on the left-handed fields compensated by opposite rotations on the right fields to leave the
masses real. The transformation is given explicitly in the appendix C.
We now show that in this setup CP violating effects can be suppressed. For EDMs which are
flavor diagonal observables, the contribution of new physics is zero at leading order for any choice
of the phases. Indeed the expression (2.27) is manifestly real and the field redefinition necessary to
reach the SM basis does not change this feature since the rotation of the left chirality of the quark is
compensated by the right one12 . This solves the problem of EDMs in CHM.
The situation is not as simple for flavor violating effects because the phases of different flavors
required to reach the physical basis of the CKM matrix are unrelated in general. As a consequence even
though the 4-Fermi operators obtained in the basis defined by eq. (4.6) are real they become complex
after the rotation to the SM basis, i.e. they contribute to CP violating observables. Nevertheless there
can be attractive choices. Similarly to the realization of MFV in section 3, we can assume that only
certain couplings violate CP. Phenomenologically it is sufficient to suppress CP violating contribution
for the light generations. This requires equal phases for the down and strange quarks. In the appendix
C we show that this happens for,
CKM
CKM
arg[V11
] − arg[V12
]1

(4.8)

in eq. (4.6). Remarkably this is automatically realized if CP violation is induced through the mixing
the third generation, i.e. if CP violation originates from the elementary top and bottom sector
mirroring the hierarchy of the mixings,
α
~ ∼ (0, 0, 1) .
(4.9)
This can be seen from eq. (4.6) as, taking into account the hierarchies of the rotation matrices, both
elements are approximately real. For the same reason contributions to 0K /K are also very suppressed.
Since the phases can be equivalently placed into the down sector, the same conclusion holds for the
12

One might wonder if this might also help with the strong CP problem. Unfortunately one can check that the phase
of the determinant of the fermion mass matrix is complex so that, even assuming CP to be a spontaneously broken
symmetry of the theory the effective θ−angle is different from zero. In other words the mechanism of Nelson-Barr [36]
will not work in our case.
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Figure 5: On the left we plot real and imaginary parts of the Jarlskog invariant corresponding to
different points of the sample of example gρ = 3. The contour lines show the distribution of points.
On the right, we show real and imaginary parts of the Wilson coefficient C4K normalized with the
respective experimental bound.

D−system. On the other hand we obtain no suppression of CP violation for operators involving the
third generation. In particular the contributions to the effective operators which generate Bs,d mixing
have an unsuppressed imaginary part contributing to CP violation. In these systems the protection
from partial compositeness is sufficient to satisfy current flavor constraints but improved sensitivity
in these channels might be able to detect it.
In this scenario flavor bounds arise from the real parts of ∆F = 2 operators and CP odd observables
containing the third generation quarks. One finds that Bd and K give a similar bound ∼TeV on the
compositeness scale. There is no tension for a compositeness scale ∼ 3 TeV. As explained in section 2.1
there is no sizable correction to the coupling of bL at least as long as λLd  λLu which we always
assume. In this scenario the most severe bound is the one from b → sγ in eq. (2.24), Note that for
this process there are contributions to the real and imaginary parts of the operator. The latter is zero
in the SM however this effect is at present beyond experimental reach. For a large coupling gρ this
could put some pressure on the model.

4.1

Examples

To see how effective the mechanism proposed above is, we have generated several samples of anarchic
composite sector Yukawas that (approximately) reproduce SM masses and mixings (see also [19] for
a similar study in the anarchic scenario). The mixings are taken to be diagonal with a phase in the
third component of λLu . We do not impose a constraint on the SM CP phase in order to show that
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an order one phase is naturally generated.
In the first example we choose the following parameters,

mρ (GeV)

gρ

YU

YD

sin ϕtL

sin ϕtR

sin ϕbL

sin ϕbR

3000

3

3.1

3.2

0.5

0.75

0.125

0.035

with the remaining mixing determined in order to reproduce quark masses and CKM angles. For
simplicity we have chosen Y U ∼ Y D ∼ gρ , where Y U,D are the average eigenvalue of the composite
Yukawa matrix.
As shown in figure 5 there is no suppression of the imaginary part of the Jarlskog invariant. The
average value is 2 × 10−5 , compatible with the SM result. For the sample of anarchic composite sector
Yukawas generated we computed the Wilson coefficient of the 4-Fermi operators for the K, D and B
systems due to the exchange of gluon resonances. Following Ref. [11] we have assumed that the latter
couple identically as gluons but very similar results would be obtained in general. The average size
of the Wilson coefficients of the effective 4-Fermi operators is reported in table 2 together with the
experimental limit (we use the results of [14] evaluated at 3 TeV [8]). Bounds are easily evaded. In
particular the CP violating part of C4K is strongly suppressed relative to the real part, see Fig. 5.
(in GeV−2 )
Re[CK
4]
Im[CK
4]
D
Re[C4 ]
Im[CD
4]
Bd
Re[C4 ]
d
Im[CB
4 ]
s
Re[CB
4 ]
s
Im[CB
4 ]

CPª

EXP

10−16

4·
4 · 10−19

7 · 10−15
4 · 10−17

2 · 10−15
4 · 10−18

8 · 10−14
8 · 10−14

5 · 10−15
5 · 10−15

3 · 10−13
3 · 10−13

8 · 10−14
8 · 10−14

2 · 10−11
2 · 10−11

Table 2: Average values of Wilson coefficients of effective flavor changing operators in example 1 and
2 and their experimental limit.
For the contribution to Br(B → Xs γ) we on average get for the dominant Wilson coefficient,
C70
C7SM

≈ 0.2

(4.10)

which is much smaller than the experimentally allowed value ∼ 1.4, see e.g. [19]. As in the anarchic
case the contribution to C7 is small and can be neglected. With CP protection all the points in this
model are allowed by the data with a compositeness scale of 3 TeV. Flavor bounds would allow even
lower scales of compositeness.
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Figure 6: Scatter plot for the second example with gρ = 6. On the left |C70 /C7SM | and real part C4K .
On the right we show the real and imaginary parts of C4Bs . The solid (dashed) red lines enclose 68%
(95%) of the points.

As a second example we consider stronger couplings for the composite sector. We use the following
parameters,
mρ (GeV)

gρ

Yu

Yd

sin ϕtL

sin ϕtR

sin ϕbL

sin ϕbR

3000

6

6.1

6.5

0.25

0.75

0.0625

0.035

The average size of the Wilson coefficients is very similar to the one of the previous example, see table
2. This is expected since we scaled gρ and Y by the same amount. The average value of C70 /C7SM is
now 0.9, close to the experimental bound. In this case about 70% of the points generated passes all
bounds, see figure below. Contribution to the imaginary parts of C4Bs are not suppressed but still much
smaller than the experimental bounds for this choice of parameters. The experimental signatures of
this model would be quite similar to the anarchic CHM since the light fermions are mostly elementary.
The main difference is that the only sizable contribution to CP violation are in the third generation
quarks which in particular could appear in the Bd,s system.

5

Conclusions

In the first part of this paper we have shown how the hypothesis of MFV can be realized in Composite
Higgs Models. This allows to avoid all flavor constraints which are problematic in the standard
anarchic scenario (and also EDMs). The key assumption is that the composite sector respects a trivial
flavor symmetry which forbids flavor transitions. The SM flavor structure is induced by the mixings
with the elementary SM fermions, some of which are proportional to the SM Yukawas. Realizing
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MFV demands that some chiralities of the light quarks have a large degree of compositeness, being
determined by the one of third generation quarks. We studied two scenarios with either composite lefthanded or right-handed quarks. For left-handed compositeness, precision measurements (in particular
the hadronic width of the Z and the unitarity of the CKM matrix) impose severe constraints for a
low scale of compositeness. These bounds however do not apply in the case of composite right-handed
fermions. Here, the main constraint arises at present from compositeness bounds. Large or even full
compositeness of right-handed quarks is allowed for mρ ∼ 3 TeV and would produce spectacular signals
at the LHC where composite states could be produced with large cross-sections. We have outlined
the experimental signatures of the models leaving a detailed study of this exciting phenomenology to
future work.
In our framework the MFV hypothesis is incompatible with the dynamical generation of the flavor
hierarchies. This could be realized with a composite sector that is a strongly coupled CFT (or its
Randall-Sundrum hologram). This motivates a different construction, studied in the second part of
the paper, where the composite sector is CP trivial rather than flavor trivial. In this case, in order
to reproduce the large CKM phase, CP violation must be induced from the elementary mixings.
We have shown that when CP violation originates from third generation quarks, the contribution to
problematic CP odd observables associated to the light generations is suppressed, allowing to pass
all flavor and EDMs bounds. While not generic, this construction could be compatible with the
dynamical generation of flavor at low scales, with a collider phenomenology similar to the one of
anarchic scenarios.
Acknowledgments: We wish to thank Georgios Choudalakis, Roberto Franceschini and Javi
Serra for useful discussions about compositeness bounds. We are grateful to Riccardo Rattazzi for
suggesting part of this project to us and numerous discussions about composite Higgs models.

A

Relation to 5D Models

In this appendix we show how flavor or CP symmetric CHM can be realized within 5D scenarios.
For the case of a flavor invariant composite sector the construction is similar to the one in Ref. [10],
where models with left-handed quark compositeness and conformal dynamics were considered. Note
that, since there is no dynamical explanation of flavor, the 5D theory does not require AdS metric
(corresponding to conformal symmetry of the 4D strong sector). Each SM field is the zero mode of
5D fields in a representation of SU (2)L ⊗ SU (2)R ⊗ U (1)X . Because of the flavor symmetry, bulk
fermions associated to different flavors have equal bulk mass parameters so that, in absence of UV
kinetic terms, their zero modes and Kaluza-Klein states are identical. We emphasize that our setup
differs significantly from the “shining flavor” paradigm [9]. This proposal requires the existence of
a conformal sector which contains exactly two marginal scalar flavon operators transmitting the UV
flavor breaking into the bulk and onto the IR brane. This can in principle lead to non-degenerate bulk
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masses assuming that the composite sector has controlled and non-trivial flavor dynamics [24, 37, 38].
In our setup the flavor structure is introduced through kinetic terms (allowed by the SM gauge
symmetry) localized on the UV boundary, and it is for this reason external to the strong sector. In
the 4D two site picture this translates into non-canonical kinetic terms for the elementary fields,
ψ
Kij
ψ̄ i D
/ ψj

ψ = qL , u R , d R

(A.1)

and universal mixings λ0ψ with the composites. K ψ is an hermitian matrix which is the sum of the
UV localized kinetic term and the bulk one proportional to the identity. We can diagonalize K and
rescale the fields to get to the canonical basis. We obtain the mixings,
1
Uψ λ0ψ
λψ = q
ψ
KD

(A.2)

where Uψ is a unitary matrix. Choosing K ψ accordingly we can reproduce eqs. (3.1,3.2).
For the CP invariant composite sector, it works in a similar way. In this case the bulk and IR
actions respect CP so that we can choose all the parameters to be real. The formula above still holds
where however λ0ψ is a diagonal and hierarchical matrix if flavor hierarchies are generated dynamically.
CP phases appear only in the unitary matrix U and become physical only in the presence of a non
trivial K ψ matrix. The phases are also physical when the SM zero mode lives into two different 5D
fields.

B

4-Fermi Operators

In this appendix we derive the structure of 4-Fermi operators obtained integrating out the strong sector
dynamics. We will consider in particular the operators mediated by gluon resonances and flavor gauge
bosons which we both expect to exist in our scenario. In principle their masses could be different and
the flavor gauge bosons could be heavier since they do not play a role in stabilizing the electro-weak
scale but we will assume conservatively that they are at mρ .
We begin with gluon resonances. At the level of the strong sector we obtain the operator,

gρ2  i µ a i j
j
a
Q̄
γ
T
Q
Q̄
γ
T
Q
µ
α
αβ β γ
γδ δ
2 m2ρ

(B.1)

where greek indexes are color and latin include flavor. Each fermion is here Dirac and each bilinear is
summed over different species. By using the property of SU (N ) fundamental matrices,


1
1
a
Tija Tlm
=
δim δjl − δij δlm
(B.2)
2
N
we obtain,

gρ2
4 m2ρ



1 i µ i j
j
i µ i j
j
Q̄α γ Qβ Q̄β γµ Qα − Q̄α γ Qα Q̄β γµ Qβ
3
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(B.3)

To obtain the low energy SM operators we dress these operators with the mixings. If for example
left-handed quarkss are partially composite (first scenario) one obtains the LL operator


gρ2
1 i µ i j
j
j
j
4
i
µ i
(B.4)
sin ϕqL q̄Lα γ qLβ q̄Lβ γµ qLα − q̄Lα γ qLα q̄Lβ γµ qLβ
4 m2ρ
3
For LR operators we find that the coefficient scales as,
gρ2
sin2 ϕqLi sin2 ϕqRj
4m2ρ

(B.5)

Similarly to flavor violating LR operators in eq. (2.19), this coefficient can be expressed in terms of
the quark masses. As a consequence only the operator containing two light fermions and two top will
have a sizable coefficient ∼ 1/m2ρ .
Consider now flavor gauge bosons. For simplicity we focus U (3) flavor gauge bosons but very
similar results hold with U (3)U ⊗ U (3)D . Integrating them out we generate the operator.

By Fierzing this gives,


gρ2  i µ a j k
a l
Q
γ
T
Q̄
γ
T
Q
Q̄
µ
α
ij
α
δ
kl
β
2 m2ρ

(B.6)


gρ2  i µ j j
i
Q̄
γ
Q
Q̄
γ
Q
µ
α
α
δ
β
4 m2ρ

(B.7)

After mixing to the elementary quarks this contains (in the first scenario),


gρ2
j
j
4
i
µ i
γ
q
q̄
sin
ϕ
q̄
γ
q
qL
Lα
Lβ Lβ µ Lα
4 m2ρ

(B.8)

which is valid before rotation to the physical mass basis. Contrary to eq. (B.3), this operator mediates
flavor violating effects between the up and down sector. These effects are however suppressed with
respect to the SM tree level ones and do not impose phenomenological constraints [10].
Concerning bounds from compositeness, as explained in section 3.1.2, only operators containing
valence quark contribute dominantly. These are obtained from the fragments of eqs. (B.4,B.8) with
only up or down quarks. Gluon resonances generate,
gρ2
sin4 ϕqL,R (q̄L,R γ µ qL,R )2
6 m2ρ

(B.9)

where q = (u, d). The same operator is obtained from flavor gauge bosons with a coefficient 1/4.
Comparing with the experimental bound we then derive,
2  mρ 
sin2 ϕqL,R <
(B.10)
∼ g 3TeV
ρ

assuming gluon and flavor resonances to have the same mass. In the second scenario if only up righthanded quarks are composite we obtain a similar bound due because of the presence of only 2 up
quarks in the proton. If on the other hand only right-handed down quarks were composite the bound
would be weaker.
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C

CKM matrix

The CKM matrix in eq. (4.6) is a general unitary matrix. In the standard form the CKM is
parametrized as follows,


c12 c13
s12 c13
s13 e−iδ


(C.1)
V CKM =  −s12 c23 − c12 s23 s13 eiδ c12 c23 − s12 s23 s13 eiδ
s23 c13 
iδ
iδ
s12 s23 − c12 c23 s13 e
−c12 s23 − s12 c23 s13 e
c23 c13
Starting from the matrix (4.6) we reach the above parametrization redefining the phases of the SM
quarks,
(u, c, t) → (eiβ1 u, eiβ2 c, eiβ3 t)
(d, s, b) → (eiγ1 d, eiγ2 s, b)

(C.2)

One finds,
CKM
CKM
CKM
CKM
β1 = −arg[V11
] − arg[V12
] − arg[V23
] − arg[V33
]
CKM
β2 = −arg[V23
]
CKM
β3 = −arg[V33
]
CKM
CKM
CKM
γ1 = arg[V12
] + arg[V23
] + arg[V33
]
CKM
CKM
CKM
γ2 = arg[V11
] + arg[V23
] + arg[V33
]

(C.3)

We see that the condition that γ1 − γ2  1, necessary to suppress CP violating effects in the Kaon
CKM ] − arg[V CKM ]  1. This automatically satisfied if CP violation is
system, corresponds arg[V11
12
CKM ] ∼ 0.
induced from the top mixings. The same conclusion is obtained for the up sector since arg[V33
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