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We report here the content of a talk given by the author to Planck 2015, based on [1] and con-
cerning flavour aspects of the generation of Standard Model fermion masses in models of pseudo
Nambu Goldstone Boson composite Higgs. Indeed the top quark can be naturally singled out
from other fermions due to its large mass, of the order of the electroweak scale: we consider a
new class of flavour models, where the top quark obtains its mass via partial compositeness, while
the lighter fermions acquire their masses by a deformation generated at a high flavour scale. One
interesting feature of such scenario is that it can avoid all the flavour constraints without the need
of flavour symmetries. We show that both flavour conserving and violating constraints can be
satisfied without invoking any flavour symmetry for the up-type sector, in the case of the minimal
SO(5)/SO(4) coset with top partners in the four-plet and singlet of SO(4). In the down-type sector,
some degree of alignment is required if all down-type quarks are elementary. We show that taking
the bottom quark partially composite provides a dynamical explanation for the hierarchy causing
this alignment.
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1. Introduction

One very attractive idea to cope with the Standard Model (SM) hierarchy problem is to replace
the Higgs doublet with a whole strong interacting sector. It is possible to generate a Higgs-like state
among the pseudo-Nambu Goldstone Bosons (pNGB), like pions, of the spontaneous symmetry
breaking of a global symmetry. In addition, for the top, the idea of partial compositeness [2] has
been put forward: the existence of fermionic spin-1/2 states with the same quantum numbers of
the top is postulated. They couple to the source of electroweak symmetry breaking (EWSB), being
part of the composite sector, while a linear coupling with the elementary fermions allows for a
propagation of the symmetry breaking to the quark sector. The advantage over a direct coupling of
a top bilinear to the composite sector [3, 4] is the absence of dangerous four-fermion operators that
may mediate large flavour changing effects [5].

Composite Higgs Models (CHM) with a quasi-conformal behaviour have been associated to
models on a warped extra dimensional background [6, 7, 8], thanks to the AdS/CFT correspondence
[9]. Following the success of such models [10, 11], intensive studies of effective models of pNGB
CHM have sprouted ([12, 13] for reviews). Partial compositeness is considered a key ingredient, be-
cause flavour structures explaining the fermion hierarchies [14] and the absence of flavour changing
neutral currents (FCNC) are automatically in place in the extra dimensional construction. On the
other hand also examples of four dimensional dynamics can be found [15, 16, 17, 18, 19, 20, 21].

From the low energy effective theory point of view, pNGB CHM typically need flavour sym-
metries [22], as the flavour scale is set by the TeV scale. A comment is in order: in partial compos-
iteness for all the quarks framework the flavour puzzle in new physics is mostly solved, a feature
which makes partial compositeness very appealing. This is manifested in 5D models, where a
Randall-Sundrum (RS) Glashow-Iliopoulos-Maiani mechanism is built-in [23], representing a ma-
jor achievement. However, there is a residual tension left from εK and electric dipole moments
(EDMs), which requires the compositeness scale to be still as high as O(10) TeV [22, 24]. To
avoid this little hierarchy, some kind of flavour symmetries (e.g. horizontal symmetries, align-
ments, minimal flavour violation with SU(3) or U(2), etc.) are still required, both in 5D holo-
graphic models [25, 26, 27, 28, 29, 30] and 4D composite Higgs models [22, 31, 32, 33].

In [1] a scenario of pNGB composite Higgs has been considered where partial compositeness
is present for the top quark only1, while the masses of light quarks and leptons are generated by
the more traditional direct coupling to the dynamics, as in technicolour theories [3, 4], in particular
in conformal technicolour [34]. One reason for this choice is the difficulty in defining a simple
underlying dynamics. Another issue relates to the fact that it might be debatable the assumption of
a flavour symmetry in the strong sector given that it couples differently to the three SM generations.
The case where both partial compositeness and direct couplings are present has some advantages:
the top is uniquely defined as the combination of elementary fermions that couples to the fermionic
partners, thus one can consider a truly flavour blind underlying dynamics. Furthermore, as the
large top mass is generated by the partial compositeness, the direct couplings can be suppressed
by a larger energy scale (just enough to generate the bottom, charm and tau masses) so that the
sector responsible for the generation of such terms can be pushed to scales which are safe with
respect to flavour violating effects, namely O(105) TeV. These benefits would however only hold

1Potentially also the bottom quark can be partially composite.
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if no additional flavour symmetries are needed. We will therefore analyse the effects of bounds
from both flavour-violating and flavour-conserving processes on a scenario where the light fermion
flavour structure is anarchic at the high flavour scale. We anticipate that two different small ratios
play an important role: mc/mt and mt/M∗, where M∗ ∼ 1 TeV indicates the scale of new physics.
While the smallness of the latter is related to the smallness of v/ f , f ∼ 1 TeV being the decay
constant associated to the coset of the breaking, the former suppression is truly a result of the
interplay of two different mass sources. The solution of the hierarchy problem needs to single
out a combination of quarks and make it heavier, causing the emergence of an approximate U(2)
symmetry in the up sector. A similar attitude has been put forward in MSSM-like extensions of the
SM [32, 35] and more recently in two Higgs doublets models, both in the leptonic [36] and in the
quark sector [37]. We finally stress that models with heavy vector-like quarks, with or without a
composite Higgs, might share the same properties as our framework.

2. A composite Higgs model with additional Yukawa interactions

A strong dynamics sector appears above a scale f , for instance deriving from the condensa-
tion of a “hyper-colour" gauge group at a higher scale ΛHC: following naive arguments, we fix
4π f ' ΛHC. Between these two scales, all the heavy resonances appear, including top partners,
while above the scale ΛHC we postulate the existence of a different dynamics that generates direct
couplings of the elementary fermions (both quarks and leptons) to the strong sector at a high scale.
In order to sufficiently suppress FCNC generated at the same scale, we will require that ΛUV & 105

TeV without assuming CP. f needs to be at the TeV scale for naturalness. We also postulate the
existence of a gap between f and the electroweak (EW) scale v, so that the masses of the pNGBs
are at a scale v, compatible with the measured value of the Higgs mass and electroweak precision
tests (EWPT) are passed, at the price of a small, O(v2/ f 2), fine tuning.

2.1 Particle content and Lagrangian

We restrict ourselves to the pNGB CHM with the minimal coset preserving a custodial sym-
metry, namely SO(5)/SO(4) [11], and we embed the left-handed quarks qL = (tL,bL)

T and the
right-handed one tR in spurions transforming in the fundamental 5 of SO(5) [38, 39]: this set-up is
also known as MCHM5. We also assign to the elementary spurions a charge ±2/3 under an addi-
tional local U(1)X . The Higgs doublet, whose components are identified with the pNGBs, always
appears through a unitary matrix U . We define Σ = U · (00001)t , transforming as a 5 of SO(5).
We also define ε = 〈h〉/ f , sε = sinε and cε = cosε . The EW scale is set by v = sε f ' 246 GeV,
and we focus on values s2

ε ∼ 0.1 which implies f ' 800 GeV, as set by EWPT [40].
We expect the composite sector to contain many spin-1/2 fermionic resonances, we include

here a four-plet Q and a singlet T̃ of SO(4), ψ =
(
Q , T̃

)t , The most general Lagrangian is then

Lcomp =iQL,R
(
/D+ /E

)
QL,R + iT̃ L,R /DT̃L,R−M4QQ−M1T̃ T̃ + icL,RQi

L,Rγ
µdi

µ T̃L,R +h.c.

−Lmix =yL4,1 f q5
3LUψR + yR4,1 f t5

RUψL +h.c.
(2.1)

where Eµ and dµ denote the CCWZ Cartan-Maurer one-forms (c.f., e.g., [41]). The terms in Lmix

are responsible for top partial compositeness: together with the gauging of SU(2)L×U(1)X they
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lift the Higgs and radiatively induce EWSB. We fix the masses of the heavy partners to be around 1
TeV, and above the currents experimental bounds, roughly 650−800 GeV [42, 43, 44]. Multi TeV
resonances would be the naive expectation but lighter masses are preferred by the light Higgs mass
[45, 46, 47] and therefore we assume this is the case, loosely identifying M∗ ∼M4 ∼M1 ∼ |M1−
M4| ∼ f . Also we explicitly checked that a fully composite tR does not change our conclusions.

In addition we assume the presence of direct Yukawa interactions of all fermions, quarks and
leptons, generated at a scale ΛUV > ΛHC: they appear in the effective Lagrangian as couplings be-
tween pairs of SM elementary fermions and composite operators. This mixed possibility, top partial
compositeness and additional deformations for the other quarks, has been recently considered in
[21, 20, 48]. We loose the nice features of partial compositeness but we can study microscopical
models in realistic situations and still account for a single separation of scale, between the top and
all the other quarks. We then complement the Lagrangian with the following interactions

LY = q̄L,αλ
u
α,β uR,β Ou + ¯̃qL,αλ

d
α,β dRβ Od +h.c. , (2.2)

generated at the scale ΛUV , where α and β are indices over the 3 SM generations, and Ou,d are
operators of the new dynamics. As these terms are generated independently on the partial compos-
iteness, their embedding in SO(5) is free. We choose the same embedding as of the top: the fields
qL and uR are thus a generalization of the elementary spurions to include three families, and q̃L and
dR are defined in a similar way, with U(1)X charge ±1/3. Ou,d are composite operators in a non
trivial representation of the broken SO(5) interpolating at low energy the Higgs doublet. If these
operators are in a representation contained in 5×5 of SO(5), at low energy we obtain the following

LY =
√

2
[
(q̄5

LΣ)mu
UV(Σ

T u5
R)+( ¯̃q5

LΣ)md
UV(Σ

T d5
R)
]
=

s2θ

2

[
ūLmu

UVuR + d̄Lmd
UVdR

]
(2.3)

where mu,d
UV ∝ λ u,d such that s2εmu,d

UV ∼ O(1) GeV to correctly reproduce the charm and bottom
masses. The way U appears is fixed by the representation of the operators Ou,d : our choice gives
the same dependence obtained for the top from partial compositeness2. If the composite sector
is fundamentally a gauge theory of strongly interacting fermions Ψi one can secretly imagine the
operators Ou,d as ΨiΨ j bilinears. This reminds us of conformal technicolour theories; in the fol-
lowing, we will dub these terms UV, independently on their physical origin.

These operators have a small impact on the Higgs potential: they do not play a significant role
for what concerns naturalness. Finally we stress that λ u,d are 3×3 generic matrices in generation
space with rank 3. This mass term of order O(1 GeV) in the up sector causes a misalignment
between the physical top and the top defined as the partially composite quark.

2.2 The structure of the model

The fermionic field content defined above can be split into up and down sectors as ξ↑ =(
u c t T X2/3 T̃

)T
, ξ↓ =

(
d s b B

)T
. Their Yukawa-mass Lagrangian is given by

−Lyuk−mass =ξ̄↑L
[
Mup +Yuph+ · · ·

]
ξ↑R + ξ̄↓L [Mdown +Ydownh+ · · · ]ξ↓R +h.c. (2.4)

2A simpler choice could be to have composite operators in the 5 and embed right-handed quarks in SO(5) singlets:
as a result we would have a different Higgs dependence in the effective Lagrangian, namely a single Σ would appear.
This choice would not significantly affect our analysis.
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We first define a change of basis to recover the mass eigenstates. Since this cannot be done exactly
we use s2ε as an expansion parameter: in the elementary sector a general 3× 3 matrix is thus
a perturbation to the null matrix. In other words, the unitary matrices that we shall find do not
completely diagonalize the 6× 6 (or 4× 4) matrix, but only block diagonalizes it. Nevertheless,
this is enough since in this new basis the heavy eigenstates are diagonal and they can be safely
integrated out at tree level. For the up sector we get, up to O(s3

2ε
),

U†
uLMupUuR '

(
mU 0
0 DM

)
, mU '

s2ε

2
mu

UV +mtΠ , Π =

 0 0 0
0 0 0
0 0 1

 , DM ' diag(MT ,M4,MT̃ ) , (2.5)

where mt is the contribution to the top mass from partial compositeness (so that s2ε mUV ∼ mc�
mt). We also define sφL = yL4 f/MT , sφR = yR1 f/MT̃ . The Yukawa couplings are brought to a non
block-diagonal form. The Yukawa matrix for the light quark sector is now given by

yu '
mU

f s2ε/2

(
1− 1

2
s2

2ε

)
+Bu , where Bu ∼

Σu

M2
∗
, Σu ∼

 m2
c m2

c mcmt

m2
c m2

c mcmt

mcmt mcmt m2
t

 . (2.6)

For the down sector we obtain

U†
dLMdownUdR '

(
mD 0
0 MT

)
, mD '

s2ε

2
md

UV . (2.7)

The Yukawa coupling in the down sector is decomposed in aligned and non aligned parts as

yd '
mD

f s2ε/2

(
1−

s2
2ε

2

)
+Bd , Bd ∼

mbΣd

εM3
∗
, where Σd ∼ ε

2(md
UV)

2
. (2.8)

The interaction Lagrangian of the EW gauge currents is

Lgauge = Zµ ξ̄↑L,Rγ
µAtL,R

NC ξ↑L,R +Zµ ξ̄↓L,Rγ
µAbL,R

NC ξ↓L,R +W+
µ ξ̄↑L,Rγ

µAL,R
CC ξ↓L,R +h.c. (2.9)

Applying the transformations UuL,uR and UdL,dR to the EW gauge currents we obtain deviations as:

δAtL
NC

∣∣
3×3 '− δAtR

NC

∣∣
3×3 '

g
cW

Σu

M2
∗
, δAbL

NC

∣∣
3×3 = 0 ,

(
δAbR

NC

∣∣
3×3

)
i j
'− g

2cW

Σd

M2
∗

;(
δAL

CC
)
'− g√

2
Σu

M2
∗
,
(
δAR

CC
)
'− g√

2M2
∗

mbmtΣu .
(2.10)

In order to go from this basis to the “true” mass basis we need to perform unitary transformations
acting on the light sector only, mU =VuLMUV †

uR, mD =VdLMDV †
dR where MU = diag(mu,mc,mt) and

MD = diag(md ,ms,mb) are the masses of the six quarks. Given the fact that O(s2εmUV) ∼ O(mc),
the matrix mU contains a strong hierarchy due to the {3,3} entry. Therefore VuL,R have the form

VuL,R ∼

 O(1) O(1) O(mc
mt
)

O(1) O(1) O(mc
mt
)

O(mc
mt
) O(mc

mt
) 1

 , (2.11)

such that V †
uLΣuVuR ∼ Σu. In the down sector there is no a priori hierarchy between the mass matrix

entries, except from the fact that is has to accommodate the down-type quark spectrum.
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3. Confronting the model with data

In this section we confront our model with the present constraints coming from flavour con-
serving/violating processes and also comment on precision data, non linearities and neutron EDM.
All these effects may be induced solely by the mixing effects due to top partial compositeness and
direct Yukawa couplings, thus appearing as flavour-violating couplings of the Z, W and Higgs, they
may be induced by heavy resonances appearing at the compositeness scale or they can be the result
of the dynamics that generates elementary Yukawa couplings at the scale ΛUV .

For what concerns third family couplings to Z and W bosons they get deviations as in pNGB
CHM with partial compositeness [39, 49, 50, 48] and the model can be reconciled with experimen-
tal measurements for reasonable values of parameters. Flavour violating top couplings are present
but induced B(t → ch, t → Zq) are orders of magnitude below the limits set by ATLAS [51] and
CMS [52, 53]. Flavour violating h and Z couplings involving light families are controlled by Σu

and Σd , and they are tamed in the up sector. We included the effects of heavy, O(1) TeV masses,
resonances coupled to top partners on ∆F = 2 processes. Finally a scale of generation of flavour
ΛUV ' 105 TeV is consistent with the size of charm and bottom masses if we assume a conformal
behavior of the theory between ΛUV and ΛHC ' 10 TeV and anomalous dimensions for the op-
erator Ou,d close to one [54, 55], together with the requirement of perturbativity of the couplings
λ u,d(ΛUV ): therefore the operators (q̄q)(q̄q)Λ−2

UV do not induce detectable effects [56, 57].
The combined analysis gives:

Z boson FCNCs ⇒ |V ∗dL33VdL13|< 10−1 , |V ∗dL33VdL23|< 10−1/2 , |V ∗dL13VdL23|< 10−5/2 ,

CKM unitarity ⇒ |VdL13|< 10−1 , |VdL23|< 10−1/2 ,

Scalar resonance ⇒ |zdb
4 |< 1÷10−2 , |zsb

4 |< 1÷10−1/2 , |zds
4 |< 10−4÷10−6 , (3.1)

Vector resonance ⇒ |V ∗dL33VdL31|< 10−1÷10−3 , |V ∗dL33VdL32|< 1÷10−2 ,

|V ∗dL32VdL31|< 10−3÷10−5 ,

where we find convenient to define z
dα dβ

4 =V ∗dL3α
VdL3β ∑γδ VdRγβV ∗dRδα

.

The range in the case of resonances is due to the unknown value of the masses and couplings
of the resonances. The only constraints directly deriving from partial compositeness in the up-
sector are the ones from CKM unitarity: however, they require a quite mild hierarchy in the down-
sector mixing matrix, especially in the first generation. It should also be noted that the effect
scales like M−2

∗ , so increasing the mass of the top partners can help releasing the tension. The
strongest constraints come from higher order operators (in the case of the Z boson FCNCs) and
heavy resonances, thus their presence is more model dependent. Nevertheless, there is no way to
avoid such contributions in general. A possible simple way to contemporarily fulfill all the limits
is VdL13 = 0 and |VdL23| < 10−2, with VdL33 = O(1) and generic VdR: we do not regard this choice
as particularly fine tuned; also other possibilities are available. A peculiar case is to have the down
mass matrix hierarchical as in the up sector, forcing the unitary transformations to be

VdL,R ∼

 O(1) O(1) O(ms
mb
)

O(1) O(1) O(ms
mb
)

O(ms
mb
) O(ms

mb
) 1

 . (3.2)
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This in general is not completely satisfactory because the constraints on the coefficients Cbd,sd
1 of

down-type operators coming from the exchange of heavy vector resonances generate a residual
tension, as they may be one order of magnitude larger than the bounds; however an agreement with
experiments can be obtained by varying the mass and couplings of the resonances. The structure
in Eq.(3.2) could be a consequence of λ d

33 � λ d
αβ

, such that mD,33 ' mb while mD,αβ ' ms for
all the other entries. Notice that this changes all the coefficients discussed: we checked that this
still satisfies all the experimental bounds. In the down sector mass terms all originate from the
same operators and in principle no hierarchy is expected. A origin for such a hierarchy is by
further extending the model and making the bottom partially composite, and fixing the other down
masses to be of the order of the strange mass. This makes the down sector similar to the up sector,
with a clear distinction between the {3,3} entry and the others in the mass matrix and the form
of the diagonalizing VdL,dR is a consequence. We also point out that the simultaneous holding of
Eq.(2.11) and Eq.(3.2) for VuL and VdL respectively is in agreement with the observed values of the
third family entries of the CKM matrix.

It is instructive to revisit the limits collected in Eq.(3.1) allowing the entries of VdL to be O(1)
complex numbers, apart from |VdL13|< 10−1 and |VdL23|< 10−1/2 because of CKM unitarity: this
in turn implies |VdL31,32|. 10−1/2 because of VdL unitarity. The masses of heavy resonances probed
by reconsidering the processes discussed above under this view point span 4−50 TeV.

To conclude, we briefly address issues related to CP violation. So far we treated all parameters
as real: the suppressions we find are actually enough also for the imaginary parts. However some
flavour conserving CP violating processes such as the neutron EDM might be enhanced. The
current experimental bound is [62] |dn| < 2.9× 10−26 e cm at 90% CL. New physics effects can
be sizable [22, 23, 63]: we estimated the quarks EDMs, du,d , restricting to one loop diagrams with
Z, W and Higgs bosons and ξ↑ and ξ↓ fermions, obtaining 10−21÷ 10−24 e cm 3. Special choices
of parameters or unitary matrices VdL,R might reduce dd . In the up sector there are some fixed
contributions, coming from Higgs exchange, and we have to assume that additional cancellations
are at work or that the relative phase between V ∗uL31 and VuR31 is small, less than 10−4. A full
understanding of the neutron EDM relies on a complete theory of flavour and it is outside the scope
of our effective parametrization: for this reason we do not include it in our global analysis.

4. Conclusions

We explored the possibility that the top quark mass has a different origin than the masses of
the other quarks (and leptons). This can arise in models of pNGB Higgs. Partial compositeness is
responsible for generating top quark mass and the Higgs potential, and an unrelated source of mass
is represented by deformations of the strong sector that generate bilinear couplings suppressed by
a scale larger than the condensation scale. In order to avoid four-fermion contributions to FCNCs,
one needs this scale to be above 105 TeV, which is enough to generate the bottom, charm and tau
masses, but not the top mass, if the dynamics is near-conformal down to the condensation scale:
the contribution of partial compositeness is crucial to achieve a large enough top mass.

We showed that this scenario is compatible with bounds from precision measurements of the
quark couplings and from flavour constraints, without the need to assume a flavour symmetry in the

3We neglect QCD running effects, expected to be O(1).
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underlying dynamics for the up sector. Hence, while the top is naturally singled out as the heaviest
of the SM quarks, the direct Yukawa couplings can be anarchic. This property is due to suppressions
in the corrections of order v2/ f 2 in the top sector, and (mcv)2/(mt f )2 in the light quarks sector. The
situation is different for the down quarks: in the case where partial compositeness is not employed
for the bottom mass, we observe only corrections of order v2/ f 2, notably in the unitarity of the
CKM matrix. Therefore one is forced to ask for a certain hierarchy (requiring some alignment) in
the mixing in the down sector. However, allowing the bottom to be partially composite, eases the
tension if the contribution of direct couplings is smaller than the bottom mass, for instance as large
as the strange mass, and a fully anarchic scenario becomes plausible. In this case, the hierarchy
in the mixing in the SM fermion sector is enough to suppress effects in the unitarity of the CKM
matrix and anarchic direct couplings are fully allowed. We do not expect significant deviations
in flavour processes and the estimated sensitivities for the next run of LHC are still above the
expected top flavour violating decays rates. On the other hand the neutron EDM might need a
dedicated study and could be a significant test bench.

A smoking gun of our model are heavy coloured fermions. A discovery of the vector-like top
(and bottom) partners, along with the absence of light fermion partners at the LHC is a genuine
prediction of our framework. Finally, we want to emphasize that, while we analysed in detail the
minimal case of the coset SO(5)/SO(4) with top partners belonging to a four-plet and singlet of
SO(4) (aka MCHM5), our results are quite general. We showed how they can be extended to cases
where the top (and bottom) partners belong to larger representations of SO(4) and cases where the
coset is larger. Our conclusions are therefore rather solid under variations of the models.
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