
DESY 17-197

Probing light top partners with CP violation

Giuliano Panicoa, Marc Riembaua,b, Thibaud Vantalona,b
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Abstract

We investigate CP-violating effects induced by light top partners in composite Higgs theories.

We find that sizable contributions to the dipole moments of the light SM quarks and leptons

are generically generated at the two-loop level through Barr–Zee-type diagrams. The present

constraints on the electron and neutron electric dipole moments translate into bounds on top

partner masses of order few TeV and are competitive with the reach of LHC direct searches.

Interestingly, we find that CP-violation effects are sensitive to the same operators that control

top partner single production. Near-future improvements in the determination of the electron

dipole moment will extend the reach on top partner masses beyond the 5− 10 TeV range.
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1 Introduction

An appealing solution to the naturalness problem is based on the idea that the Higgs boson is

not an elementary state, but rather a composite object coming from some new strongly-coupled

dynamics at the TeV scale. This idea reached nowadays a quite compelling embodiment, which

is denoted as “composite Higgs” (CH) scenario.1 Its main assumption is the identification of the

Higgs with a pseudo-Nambu–Goldstone boson [4], which, in minimal realizations, is associated

to an SO(5)→ SO(4) symmetry-breaking pattern [5]. An additional, fundamental ingredient is

the generation of fermion masses through the partial-compositeness mechanism [6]. The latter

hypothesis is necessary to keep under control dangerously large flavor-breaking effects and is

strictly needed at least for the top quark sector.

An important consequence of partial compositeness is the presence of composite partners

of the Standard Model (SM) fermions. Among them, the partners of the top play the most

important role: besides controlling the generation of the top mass, they also govern the leading

contributions to the radiatively-induced Higgs potential [7–9]. For this reason the top partners

are directly connected with the amount of fine tuning and must be relatively light (around the

TeV scale) to ensure that naturalness is preserved [10].

The presence of light top partners has deep consequences for the phenomenology of CH

models. First of all, being charged under QCD, they have sizable production cross sections at

hadron colliders, hence constituting one of the privileged ways to directly test the CH paradigm

at the LHC. The bounds are nowadays surpassing 1 TeV (see for instance the constraints from

pair production of charge-5/3 partners [11,12]), thus starting to put some pressure on the natural

parameter space of the models.

Light top partners give also rise to sizable corrections to precision observables, which can

be used as powerful indirect probes of the composite dynamics. For instance, large effects are

1See refs. [1–3] for extensive reviews.
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expected in electroweak precision measurements, such as the S and T parameters and the Z

coupling to the bottom quark. In this case the tight experimental constraints translate into

exclusions on the top partner masses around the TeV scale [13–15], which are competitive with

the ones from direct searches.

In this paper we will focus on another interesting effect due to light top partners, namely the

generation of sizable contributions to flavor physics, in particular to CP-violating observables.

These effects are due to the presence of additional complex phases in the top partners interac-

tions. Such phases are expected in generic composite Higgs scenarios. Complex parameters can

in fact be present in the composite sector interactions if CP-violation is allowed. Furthermore,

even if the strongly-coupled dynamics is assumed to be CP preserving, complex mixings of the

elementary SM fermions with the composite sector are still needed in many models to generate

the non-trivial phase of the CKM matrix. For instance this is the case in scenarios in which the

left-handed top field is mixed with multiple composite operators. Examples of such models are

the minimal MCHM5 constructions [5].

Among the possible CP-violating effects, some of the most relevant ones are the genera-

tion of dipole moments for the light leptons and quarks. Light top partners generically induce

contributions to dipole operators at two-loop level through Barr–Zee-type diagrams [16].2 Ad-

ditional two-loop contributions are also generated for the gluonic Weinberg operator [18]. All

these effects arise from the presence of CP-violating Higgs interactions involving the top and its

partners. As we will see, in a large class of models, the main contributions come from derivative

Higgs interactions induced by the non-linear Goldstone structure.3

The Barr–Zee effects and the Weinberg operator, in turn, give rise to sizable corrections to the

electron [21,22], neutron [23] and diamagnetic atoms [24] electric dipole moments (EDM’s). All

these effects are tightly constrained by the present data, moreover the experimental sensitivity

is expected to increase by more than one order of magnitude in the near future [22, 25, 26]. As

we will see, the present bounds allow to probe top partners masses of order few TeV and can be

competitive with the direct LHC searches. The future improvements in the EDM experiments

will push the exclusions beyond the 10 TeV scale, arguably making these indirect searches the

most sensitive probes of top partners.

For our analysis we adopt the effective parametrizations developed in ref. [27] and already

used in the investigation of the bounds coming from electroweak precision measurements [14].

This framework allows for a model-independent description of the Higgs dynamics (including the

whole non-linear Goldstone structure) and of the relevant composite resonances. As we will see,

top partners contributions to the dipole operators are saturated by infrared (IR) effects. The

leading corrections come from the lightest composite states and can be fully captured by the

effective framework. IR saturation is instead not present for the contributions to the Weinberg

operator, therefore, we expect non-negligible ultraviolet (UV) corrections to be present. The UV

contributions, however, are expected to be independent of the IR effects and therefore should

not lead to cancellations. The light top partners contributions can thus be interpreted as a

lower estimate of the full CP-violating contributions and can be safely used to derive robust

constraints.

2Additional contributions can arise at the one-loop level in specific flavor set-ups, such as the “anarchic”

scenario [17]. They are however absent in other flavor constructions. We will discuss these aspects later on.

3Analogous effects due to effective CP-violating Higgs interactions, including anomalous top and bottom

Yukawa couplings, have been studied in the context of the SM effective field theory [19,20].
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It must be stressed that, depending on the specific flavor structure, additional contribu-

tions to flavor-violating and CP-violating observables can be present. Typical effects can arise

from partners of the light-generation SM fermions as well as from heavy vector resonances with

electroweak or QCD quantum numbers. All these effects are generically expected in “anarchic

partial compositeness” scenarios [28] and lead to additional constraints on the composite dynam-

ics [3,29,30]. Focussing first of all on the quark sector, strong bounds on the resonance masses,

of order 5 − 10 TeV, come from ∆F = 2 observables, in particular s → d transitions that can

be tested in Kaon physics. One-loop contributions to ∆F = 1 and CP-violating observables, for

instance the neutron EDM, are also induced by partners of the light SM quarks. Contributions

of comparable size can also be induced by the top partners due to the presence of relatively

large mixing angles with the light SM fermions. The current constraints on ∆F = 1 transitions

and on the neutron EDM translate into bounds on the resonance masses of order few TeV.

If the “anarchic” construction is naively extended to the lepton sector, more dangerous flavor

effects arise [30]. In this case large one-loop contributions to the electron EDM and to µ→ eγ

transitions are generated, which can be compatible with the present experimental bounds only

if the scale of new physics is of order 50− 100 TeV. In this scenario the two-loop contributions

from top partners are clearly subdominant. Due to the extremely strong bounds, however, we

find the naive “anarchic partial compositeness” scenario too fine-tuned to be considered as a

fully satisfactory set-up.

Models featuring flavor symmetries can significantly help in reducing the experimental con-

straints. Several scenarios based on U(3) [31] or U(2) [32] symmetries in the quark sector have

been proposed. In these cases leading contributions to flavor-violating and CP-violating ob-

servables are reduced and a compositeness scale around few TeV is still allowed. The flavor

symmetry structure can also be extended to the lepton sector [33], thus keeping under control

the one-loop contributions to the electron EDM and µ → eγ transitions. In these scenarios

the two-loop CP-violating effects we consider in this paper can still be present and can give

significant bounds on the mass of the top partners. Notice that additional phenomenological

handles are typically present in these models due to the sizable amount of compositeness of the

light generation fermions [34].

Another appealing flavor scenario, which has been recently proposed in the literature, is based

on a departure from the classical partial compositeness paradigm for the light SM fermions [35,

36]. In these models only the top quark (or at most the third generation fermions) are assumed

to be partially composite objects at the TeV scale, while the Yukawa couplings of the light

SM fermions are generated by a dynamical mechanism at much higher energy scales. This

construction leads to an effective minimal flavor violation structure and efficiently reduces all

flavor-violating and CP-violating effects, most noticeably in the lepton sector [36]. The bounds

on the masses of the composite states are lowered to the few TeV range, thus allowing for

natural models with a small amount of fine-tuning. In these scenarios CP-violating effects from

top partners are expected to play a major role and can lead to the strongest bounds on the

compositeness scale.

The paper is organized as follows. In sec. 2 we analyze the generation of CP-violating dipole

moments induced by light top partners in a simplified set-up with only one composite fermion

multiplet. We show that dipole operators are mainly due to running effects coming from effective

contact Higgs interactions, and we derive full analytical expressions for the CP-violating effects.

Afterwards we discuss the bounds on the top partner masses coming from electron, neutron and
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mercury EDM measurements and we compare them with the exclusions from direct searches

at the LHC and future colliders. In sec. 3 we extend the analysis to non-minimal scenarios,

investigating the effects due to the presence of additional light top partner multiplets. Finally

we conclude in sec. 4.

2 CP violation from top partners

To discuss the general features of CP violation in composite models, and in particular the gen-

eration of electron and neutron EDM’s, in this section we focus on a simplified model containing

only one multiplet of top partners. As we will see, this set-up retains all the main features of

more complex models, but allows us to obtain a simpler qualitative and quantitative understand-

ing of CP-violating effects. Non-minimal scenarios with multiple top partners will be discussed

in sec. 3.

For definiteness, we restrict our attention to the class of minimal composite Higgs models

based on the global symmetry breaking pattern SO(5)→ SO(4) [5].4 This pattern gives rise to

only one Goldstone Higgs doublet and preserves an SO(3)c custodial symmetry, which helps in

keeping under control corrections to the electroweak precision parameters. Motivated by fine-

tuning considerations (see refs. [10, 37]), we assume that the SU(2)L doublet qL = (tL, bL) is

linearly mixed with composite operators in the 14 representation of SO(5). The right-handed top

component is instead identified with a fully composite chiral singlet coming from the strongly-

coupled dynamics. This scenario is usually dubbed 14 + 1 model [10,27].

The possible quantum numbers of the top partners are determined by the unbroken SO(4)

symmetry. From the decomposition 14 = 9 ⊕ 4 ⊕ 1, one infers that the partners can fill the

nineplet, fourplet or singlet representations of SO(4). As we will see, the main CP-violating

effects typically arise form the lightest top partner multiplet. Restricting the analysis to a

limited set of partners is thus usually a good approximation. For simplicity in this section we

will consider a scenario in which the lightest partners transform in the fourplet representation.

The most general leading-order effective action for the SM quarks and a light composite

fourplet ψ4 can be written in the CCWZ framework [38] (see ref. [3] for an in-depth review of

the formalism) as

L = iqL /DqL + itR /DtR + iψ4( /D − i/e)ψ4 −
(
m4ψ4Lψ4R + h.c.

)

+
(
−i ctψi4RγµdiµtR +

yLt
2
f(U tq14L U)55tR + yL4f(U tq14L U)i5ψ

i
4R + h.c.

)
. (2.1)

In the above formula q14L denotes the embedding of the qL doublet into the representation 14,

explicitly given by

q14L =




0 0 0 0 −ibL
0 0 0 0 −bL
0 0 0 0 −itL
0 0 0 0 tL
−ibL −bL −itL tL 0



. (2.2)

4In order to accommodate the correct fermion hypercharges an additional U(1)X global Abelian subgroup is

needed (see for instance ref. [3]).
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The Goldstone Higgs components Πi, in the real fourplet notation, are encoded in the matrix

U = exp

[
i

√
2

f
ΠiT̂

i

]
, (2.3)

where f is the Goldstone decay constant and T̂ i (i = 1, . . . , 4) are the generators of the

SO(5)/SO(4) coset. In the first line of eq. (2.1), Dµ denotes the usual covariant derivative

containing the SM gauge fields. The dµ and eµ symbols denote the CCWZ operators, defined as

U t[Aµ + i∂µ]U = eaµT
a + diµT̂

i , (2.4)

with T a (a = 1, . . . , 6) the SO(4) generators and Aµ the SM gauge fields rewritten in an SO(5)

notation.

We can now easily identify possible sources of CP violation. The effective Lagrangian in

eq. (2.1) contains four free parameters, namely m4, yLt, yL4 and ct. In general all of them

are complex. By using chiral rotations, however, three parameters can be made real, so that

only one physical complex phase is present in the model. It can be easily seen that m4 can

be always made real by a phase redefinition of ψ4L. This redefinition does not affect the other

parameters. The complex phases of the remaining three parameters are instead connected. The

elementary-composite mixing parameters yLt and yL4 can be made real through phase rotations

of tR and ψ4R, shifting all the complex phases into ct. CP-violating effects are thus controlled

by the complex phase of the combination cty
∗
LtyL4.

Complex values of the elementary-composite mixing parameters can in general be present

even if CP invariance is imposed in the composite sector (so that m4 and ct are real). This is the

case, for instance if the qL doublet is coupled with two composite operators in the UV, eg. with

an operator OL corresponding to the fourplet partners and with another OR corresponding to

the composite tR. It is however also possible that a single dominant mixing with OL is present.

In this case one expects yLt and yL4 to have the same complex phase, thus avoiding CP-violation

from top partners if the composite sector preserves CP.

It is also interesting to notice that, in the set-up we are considering, CP-violation is un-

avoidably linked to the presence of dµ-interaction operators. If the term −i ctψi4RγµdiµtR is not

present in the effective Lagrangian, CP is preserved. We will see in section 3.2, that a similar

result is also valid in more generic models with additional top partners and multiple physical

complex phases.

2.1 Electron EDM

The presence of CP-violating interactions of the top and its partners can give rise to sizable

contributions to EDM’s. In particular an EDM for the electron,

Leff = −de
i

2
eσµνγ5eFµν , (2.5)

arises at two-loop level through Barr–Zee diagrams involving CP-violating Higgs interactions [16]

(see fig. 1). In this subsection we will investigate in detail how this effect arises and derive explicit

expressions to compute it.

To discuss the CP-violating effects it is convenient to choose a field basis in which the physical

complex phase is put into ct, while the remaining parameters are real. In this basis, CP-violating
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Figure 1: Barr–Zee type diagram giving rise to the contribution to the electron EDM.

Higgs couplings to the top quark and its partners arise only from the −i ctψi4RγµdiµtR operator.

At leading order in the v/f expansion, where v ' 246 GeV denotes the Higgs vacuum expectation

value, we obtain

− i ctψi4RγµdiµtR + h.c. ⊃ ict
f
∂µh

(
X̂2/3Rγ

µtR − T̂RγµtR
)

+ h.c. , (2.6)

where we used the decomposition of the ψ4 fourplet into components with definite quantum

numbers under the SM group

ψ4 =
1√
2




−iB + iX5/3

−B −X5/3

−iT̂ − iX̂2/3

T̂ − X̂2/3


 . (2.7)

The components of ψ4 correspond to two SU(2)L doublets, namely (T̂ , B) and (X5/3, X̂2/3), with

hypercharges 1/6 and 7/6 respectively.

The main contributions to the electron EDM arise from Barr–Zee diagrams involving a

virtual photon. Additional corrections come from diagrams involving a virtual Z boson. These

contributions, however, are proportional to the vector coupling of the Z to the charged leptons,

which is accidentally small in the SM [16, 19]. They are thus strongly suppressed and can be

safely neglected.

Since the photon couplings are flavor-blind and diagonal, the most convenient way to evaluate

the Barr–Zee diagrams is to perform the computation in the mass eigenstate basis. In this way

each fermionic state gives an independent contribution to the electron EDM. From the explicit

form of the couplings in eq. (2.6) it can be seen that only the charge-2/3 fields have CP-violating

interactions involving the Higgs, thus these states are the only ones relevant for our computation.

The spectrum of the charge-2/3 states is quite simple. One combination of the T̃ and

X̃2/3 fields (which we denote by X2/3) does not mix with the elementary fields and has a mass

mX2/3
= |m4|. The orthogonal combination

T =
1√

2 + cos(2v/f) + cos(4v/f)

[
(cos(v/f) + cos(2v/f)) T̂ + ((cos(v/f)− cos(2v/f)) X̂2/3

]
,

(2.8)

is mixed with the elementary top field and its mass acquires a shift controlled by the yL4
parameter, plus an additional subleading correction due to electroweak symmetry breaking,

mT '
√
m2

4 + y2L4f
2

[
1− 5

4

y2L4f
2

m2
4

v2

f2
+ · · ·

]
. (2.9)
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Figure 2: Contribution to the electron EDM from running.

The top mass is mostly determined by the yLt parameter and, at leading order in the v/f

expansion, reads

m2
top '

1

2

m2
4

m2
4 + y2L4f

2
y2Ltv

2 . (2.10)

The full spectrum of the model also includes the X5/3 field with electric charge 5/3 and mass

mX5/3
= |m4| and the B field with electric charge −1/3 and mass mB =

√
m2

4 + y2L4f
2. Notice

that the X5/3 and X2/3 states are always the lightest top partners in the present set-up.

In order to compute the electron EDM, we need to determine the flavor-diagonal CP-violating

couplings of the Higgs to the fermion mass eigenstates, in particular the top, the T and the X2/3.

It turns out that the X2/3 field does not have such coupling, as a consequence of the fact that

it has no mass mixing with the elementary states. The relevant couplings are thus given by

1

f
∂µh

[
ctoptRγ

µtR + cTTRγ
µTR

]
, (2.11)

where, at leading order in v/f ,

cT = −ctop = Im ct sin 2ϕR =
√

2v
yL4yLtf

m2
4 + y2L4f

2
Im ct = 2 Im ct

yL4f√
m2

4 + y2L4f
2

mtop

m4
. (2.12)

In the above expression ϕR denotes the rotation angle that diagonalizes the mass matrix of

the tR and TR fields. Notice that the operators in eq. (2.11) are necessarily CP-odd and their

coefficients are real.

The result in eq. (2.12) shows that the CP-violating couplings for the top quark and the

T field have opposite coefficients. This relation is exact at all orders and is a consequence of

the fact that the interactions coming from the dµ-operator in the Lagrangian (2.1) are strictly

off-diagonal. The trace of the coupling matrix must therefore vanish, so that the sum of the

coefficients of the diagonal interactions in the mass eigenstate basis is aways zero. This result

can be easily generalized to scenarios with multiple top partners and with dµ interactions that

involve both fermion chiralities. In this case the sum of the coefficients of the CP-violating

Higgs interactions over all fermions vanishes independently for each coupling chirality, namely∑
i cil =

∑
i cir = 0.

2.1.1 Electron EDM as a running effect

Instead of presenting straight away the full result of the computation of the Barr–Zee diagrams,

we find more instructive to follow a simplified approach that allows us to highlight a deeper

physical origin of the EDM’s. The full result will be presented in sec. 2.1.2.
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As a first step we focus on a single fermion mass eigenstate with CP-violating interactions

analogous to the ones in eq. (2.11). It is straightforward to see that such couplings give rise at one

loop to CP-violating effective interactions among the Higgs and two photons, originating from

diagrams analogous to the one shown in the left panel of fig. 2. Parametrizing the CP-violating

Higgs interactions as

L ⊃ cil,r
f

∂µhχiγ
µPL,Rχi , (2.13)

where PL,R = (1 ∓ γ5)/2 are the left and right chirality projectors, we find that the one-loop

matrix element squared is given by

|M|2 = ±i Nc

2π2s
e2Q2

fi
εµνρσ ε

ν(λ1, k1) ε
µ(λ2, k2) k

ρ
1k

σ
2

cil,r
f

m2
iF (4m2

i /s) . (2.14)

where the F function is defined as

F (τ) =





1

2

[
log

1 +
√

1− τ
1−
√

1− τ − iπ
]2

for τ < 1

− 2 arcsin2(1/
√
τ) for τ ≥ 1

. (2.15)

In eq. (2.14), Qfi denotes the fermion electric charge (in the present set-up Qfi = 2/3), k1,2 and

εµ,ν(λ1,2, k1,2) are the momenta and the polarization vectors of the photons, while s = (k1 +k2)
2

coincides with m2
h for an on-shell Higgs.

The above result can be matched onto a series of CP-violating effective operators analogous

to (�nH2)FµνF̃
µν , where F is the photon field strength and F̃µν = 1/2εµνρσF

ρσ is the dual

field-strength tensor. For this purpose it is convenient to expand |M|2 as a series in s/m2
i . In

particular, for 4m2
i > s we find that the first terms in the expansion are

f(4m2
i /s) ' −

s

2m2
i

− s2

24m4
i

+ · · · . (2.16)

The leading term matches onto the effective operator

∓
e2NcQ

2
fi

16vπ2
cil,r
f

H2FµνF̃
µν , (2.17)

while the second term in the series corresponds to an effective operator involving two additional

derivatives.

At the one-loop level, the H2FµνF̃
µν effective operator gives rise to a logarithmically diver-

gent diagram (see right panel of fig. 2) that induces a running for the electron EDM operator.

The divergence, and thus the running, is eventually regulated by the Higgs mass mh. The

effective operator in eq. (2.17) leads to the contribution

de
e

= ∓ Nc

64π4
e2Q2

fi

ye√
2

cil,r
f

log
m2
i

m2
h

, (2.18)

where ye denotes the electron Yukawa coupling.

To find the full contribution to de in our simplified 14 + 1 model, we need to sum over the

contributions of the T resonance and of the top. In this way we find the leading logarithmically-

enhanced contribution to the electron EDM

de
e

= − e2

48π4
ye√

2

cT
f

log
m2
T

m2
top

. (2.19)
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E ⇠ mT heavy state integrated out

E ⇠ mtop

R
G

 ru
nn

in
g

log. divergence in e-EDM 
induced by

top integrated out

log. divergence regulated
ctop + cT = 0

cT H2Fµ⌫
eFµ⌫

Figure 3: Schematic cartoon explaining the generation of an electron EDM as a two-loop running effect

due to the top partners.

We will see in sec. 2.1.2 that this is the dominant contribution to the electron EDM, and

additional threshold effects are subleading.

A few comments are in order. Although the result in eq. (2.19) is logarithmically enhanced

for large mT , its overall coefficient cT is inversely proportional to the top partner mass (see

eq. (2.12)). The overall effect is thus dominated by the contributions coming from the lightest

top partners and is largely insensitive to the UV details of the theory.

It is also interesting to notice that the argument of the logarithm is given by the ratio of

the T resonance mass and the top mass, whereas the Higgs mass that appeared in eq. (2.18) is

not present in the final result. This can be understood by comparing the contributions of the T

and top loops to the electron EDM running. As schematically shown in fig. 3, at the mT scale

a contribution to the H2FµνF̃
µν effective operator is generated, giving rise to a running for the

electron EDM. A second contribution, exactly opposite to the first one, is then generated at the

top mass scale, stopping the running. The exact compensation of the T and top contributions

is a consequence of the relation cT = −ctop.
This feature is not a peculiarity of our simple set-up, but is quite generic. Since the sum of

all the CP violating coefficients cil,r vanishes, the total contributions to the effective operator

H2FµνF̃
µν sum up to zero and the running effects in the electron EDM are always regulated at

the top mass scale. This result has an interesting consequence for Higgs physics, since it forbids

sizable CP-violating contributions to the Higgs decay into a photon pair. Effects of this type can

only come from higher-dimension operators like (�nH2)FµνF̃
µν , and are necessarily suppressed

by additional factors (m2
h/m

2
i )
n. The contributions from heavy top partners are thus typically

negligible, while relevant corrections can only come from the top quark.

2.1.2 The full result

We can now present the full computation of the top partners contribution to the electron EDM.

For this purpose it is convenient to rewrite the CP-violating Higgs interactions in an equivalent

form. Integrating by parts and using the equations of motion for the fermions (or equivalently

by a suitable field redefinition), we can rewrite the interactions arising from the dµ operators as

10



CP-odd Yukawa couplings

cil,r
f

∂µhχiγ
µPL,Rχi → ±i

cil,r
f

mi hχiγ
5χi . (2.20)

The full two-loop Barr–Zee diagram involving CP-odd top Yukawa’s has been computed in

refs. [16, 19, 39]. Using these results we find that the full two-loop contribution to the electron

EDM for a generic set of fermionic resonances is given by

de
e

= 4
Nc

f

α

(4π)3
ye√

2

∑

i

Q2
fi

(cir − cil)f1(xi) , (2.21)

where xi = m2
i /m

2
h and the f1 function is given by

f1(x) =
2x√

1− 4x

[
Li2

(
1− 1−

√
1− 4x

2x

)
− Li2

(
1− 1 +

√
1− 4x

2x

)]
, (2.22)

with Li2 denoting the usual dilogarithm Li2(x) = −
∫ x
0 du 1

u log(1− u).

To make contact with the result obtained in the previous section, we can expand the f1(x)

function for large x (i.e. large fermion masses mi � mh), obtaining

∑

i

(cir − cil)f1(xi) =
∑

i

(cir − cil)
[
log xi +

1

xi

(
5

18
+

1

6
log xi

)
+ · · ·

]
, (2.23)

where we used
∑

i cir =
∑

i cil = 0. We can see that the leading logarithmic term exactly

matches the result in eq. (2.18). As expected, the subleading terms are suppressed by powers

of m2
h/m

2
i and would match the contributions from higher-derivatives effective operators. It is

interesting to notice that the subleading terms are also further suppressed by accidentally small

numerical coefficients, and are almost negligible already for the top contributions.

2.2 CP-violating effects for the light quarks

The anomalous top and top partner couplings with the Higgs give also rise to additional CP-

violating effects. The main ones are electric and chromoelectric dipole moments for the light

quarks and a contribution to the gluonic Weinberg operator [18]. The light quark EDM’s arise

through two-loop diagrams similar to the one giving rise to the electron EDM (see fig. 1), but

with the electron line replaced by a quark line. The chromoelectric dipole moments (CEDM’s)

arise instead from Barr–Zee-type diagrams involving gluons, as shown in the left panel of fig. 4.

Finally the Weinberg operator is generated by two-loop diagrams of the type shown in the right

panel of fig. 4. Notice that the Weinberg operator arises from diagrams that involve only the

couplings of the Higgs to the top and top partners, hence it is independent of the light quark

Yukawa’s.

The dipole moments of the light quarks and the Weinberg operator can be parametrized

through the following effective Lagrangian

Leff = −dq
i

2
qσµνγ5qFµν − d̃q

igs
2
qσµνT aγ5qGaµν − w

1

3
fabcGaµσG

b,σ
ν G̃c,µν , (2.24)

where q = u, d denote the first generation quarks, G̃a,µν = 1
2ε
µνρσGaρσ is the dual QCD field-

strength tensor and T a are the color generators, normalized as Tr[T a, T b] = δab/2.
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Figure 4: Two-loop diagrams giving rise to a cromoelectic dipole moment for the light quarks (left) and

to the Weinberg operator (right).

The quark EDM’s and CEDM’s can be straightforwardly computed as we did in the previous

subsection for the electron EDM. The full results are given by

dq = −4Qq
Nc

f
e

α

(4π)3
yq√

2

∑

i

Q2
fi

(cir − cil)f1(xi) , (2.25)

d̃q = − 2

f

αs
(4π)3

yq√
2

∑

i

(cir − cil)f1(xi) , (2.26)

where yq denote the light quark Yukawa couplings.

Let us now consider the Weinberg operator. The structure of the two-loop diagram con-

tributing to this operator makes it sensitive to a larger set of CP-violating sources. Differently

from the Barr–Zee-type contributions, the diagrams giving rise to the Weinberg operator involve

a fermion loop with two insertions of Higgs couplings. As a consequence they receive contri-

butions not only from the diagonal Higgs interactions, but also from the off-diagonal couplings

involving two different fermion mass eigenstates [40].

Three sets of diagrams give rise to contributions to the Weinberg operator. The first set

includes diagrams involving a CP-even Yukawa coupling and a CP-odd derivative Higgs inter-

action coming from the dµ operator. As we already mentioned, these contributions can also

come from fermion loops involving two different fermionic mass eigenstates. In fact, in generic

composite Higgs theories, including the simplified set-up considered in this section, the Higgs

couplings to the top and top partners also have off-diagonal terms. This is true both for the

Yukawa couplings and for the interactions coming from the dµ operator.

The second class of contributions comes from diagrams involving two Yukawa couplings. In

a large class of models the diagonal Yukawa couplings are always CP-even, in such case the

contributions to the Weinberg operator can only come from diagrams involving two off-diagonal

Higgs interactions.

Diagrams in the third class involve two dµ derivative Higgs interactions. Since diagonal

couplings of this type are necessarily CP-odd, the only contributions of this kind to the Weinberg

operator come from the off-diagonal Higgs interactions. Such interactions can have both a CP-

even and a CP-odd component.

Notice that, in the model we are considering in this section, only the first class of contri-

butions is present, while diagrams involving two Yukawa couplings or two dµ interactions do

not give rise to CP-violating effects. The absence of contributions induced only by the Yukawa

couplings is a consequence of the fact that, through a field redefinition, all complex phases can

be removed from the mass parameters and from the mixings between the composite resonances

and the elementary states. In this basis the only CP-violating vertices come from the dµ inter-

12



actions. Diagrams involving only dµ couplings are instead absent since in our simplified set-up

with only one light multiplet all these interactions have the same complex phase, which cancels

out in the final result. We will discuss this in detail in the following.

The contribution to the Weinberg operator coming from a set of fermions with Yukawa

couplings of the form

L = − 1√
2

∑

i,j

ψi
[
yij + iỹijγ

5
]
ψjh , (2.27)

is given by [40]

w =
g3s

4(4π)4

∑

i,j

Re[yij ỹ
∗
ij ]

mimj
f3(xi, xj) , (2.28)

where the function f3 is defined as

f3(xi, xj) = 2xixj

∫ 1

0
dv

∫ 1

0
du

u3v3(1− v)

[xiuv(1− v) + xjv(1− u) + (1− v)(1− u)]2
+ (xi ↔ xj) .

(2.29)

This result can be straightforwardly adapted to our set-up by rewriting the dµ interactions as

Yukawa couplings (see eq. (2.20))

1

f
∂µh

∑

i,j

cijl,rχiγ
µPL,Rχj →

1

f
h
∑

i,j

icijl,rmjχiL,RχjR,L + h.c. , (2.30)

corresponding to the following contributions to yij and ỹij

∆yij = i
mi −mj√

2f
cijl,r , ∆ỹij = ∓mi +mj√

2f
cijl,r . (2.31)

This formula shows that, if dµ operators involving only left- or right-handed fermions are present,

∆yij and ∆ỹij always have the same complex phase. In this case, the product of two dµ-symbol

vertices ∆yij∆ỹ
∗
ij appearing in eq. (2.28) is real and does not lead to CP-violating effects. This

explicitly proves that diagrams with two dµ interactions do not contribute to the Weinberg

operator in the 14 + 1 set-up we are considering in this section.

The contribution to the Weinberg operator in eq. (2.28) can be conveniently rewritten by

using a simple approximation for the f3 function. If xi,j � 1 the f3(xi, xj) function is well

approximated by f3 ' 1 − 1/3x̄, where x̄ is the largest between xi and xj . For practical

purposes, if one of the resonances in the loop has a mass m & 500 GeV, one can safely use the

approximation f3 = 1. The only case in which this estimate is not fully accurate is for loops

involving only the top quark, in which case f3(xt, xt) ' 0.88. Also in this case, however, the

approximation f3 = 1 is valid up to ∼ 10% deviations.

By using straightforward algebraic manipulations, it can be shown that

w ' g3s
4(4π)4

∑

i,j

Re[yij ỹ
∗
ij ]

mimj

= − g3s
4(4π)4

Re Tr

[
2

f
Υ
(
crM

−1 −M−1cl
)
− 2

f2
i crM

−1clM + iΥM−1ΥM−1

]
, (2.32)

where Υij denotes the matrix of Yukawa couplings, defined as
∑

i,j

hΥijχiLχjR + h.c. , (2.33)

and M is the fermion mass matrix, defined as
∑

ijMijχiLχjR + h.c..
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2.2.1 Neutron and Mercury EDM

The quark electric and chromoelectric dipole operators and the Weinberg operator generate

contributions to the neutron EDM dn.5 The explicit expression is given by [19]

dn
e
' (1.0± 0.5)

[
0.63

(
dd
e
− 0.25

du
e

)
+ 1.1

(
d̃d + 0.5 d̃u

)
+ 10−2 GeVw

]
, (2.34)

where we took into account running effects from the top mass scale to the typical hadronic scale

µH ' 1 GeV.6

The CEDM’s of the light quarks give also rise to EDM’s for the diamagnetic atoms. At

present the most stringent experimental constraints come from the limits on the EDM of mercury

(Hg). The latter can be estimated as [19]

dHg

e
' −0.9 · 10−4

(
4+8
−2

) (
d̃u − d̃d − 0.76 · 10−3 GeVw

)
. (2.35)

It is interesting to compare the size of the various contributions to the neutron and mercury

EDM’s. From eqs. (2.25) and (2.26) we can see that

dq =
8

3
eQq

α

αs
d̃q ' 0.06Qq d̃q , (2.36)

where we set Qfi = 2/3, as in the model we consider in this section. The contributions to dn
coming from light quark EDM’s is therefore suppressed by almost one order of magnitude with

respect to the one from the quark CEDM’s.

Let us now consider the contributions from the Weinberg operator. Due to the different

structure of the top partner contributions, the effects due to the Weinberg operator and the

ones from the Barr–Zee diagrams can not be exactly compared as we did for the electric and

chromoelectric moments. To get an idea of the relative importance we can however use a rough

approximation, namely

w ∼ g3s
(4π4)

1

f2
Im ct ∼

gs
4mq

(
mT

f

)2 1

logmT /mt
d̃q ∼ 40 GeV−1

(
mT

f

)2 1

logmT /mt
d̃q . (2.37)

This estimate is quite close to the exact result (eq. (2.47)), as we will see in sec. 2.3. An inter-

esting feature of the contributions to the Weinberg operator is the fact that they are controlled

by the compositeness scale f , and are nearly independent of the top partner masses. As a conse-

quence their relative importance with respect to the quark dipole contributions grows for large

mT /f .

Using the estimate in eq. (2.37) we find that, for mT ∼ f , the w contributions to the

mercury EDM are suppressed by almost two orders of magnitude with respect to the quark

CEDM’s ones. We thus expect the Weinberg operator to play a role for dHg only for sizable

values of the ratio mT /f , namely mT /f & 10. On general ground one expects mT ∼ g∗f , with

g∗ the typical composite sector coupling. The contributions from the Weinberg operator to dHg

are thus relevant only for new dynamics that are close to be fully strongly-coupled.

5Additional contributions to the neutron EDM can be generated by a top dipole moment through running

effects. If the top dipole is generated at loop level, as expected in many CH scenarios, these corrections are

however quite small and well below the current experimental bounds [3].

6For simplicity we neglected additional running between the resonances masses and the top mass.
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The situation is significantly different for the neutron EDM. In this case the contributions

from the Weinberg operator are suppressed by a factor ∼ 1/4 if the top partners are light

(mT /f = 1). For heavier partner masses, mT /f & 3, the bounds coming from the Weinberg

operator can thus become competitive with the ones from the quark CEDM’s. We will discuss

this point more quantitatively in the following.

2.3 Experimental bounds

We can now discuss the constraints coming from the experimental data. The present searches

for electron [21], neutron [23] and mercury [24] EDM’s give null results and can thus be used to

extract the following constraints

|de| < 9.4 · 10−29 e cm at 90% CL , (2.38)

|dn| < 2.9 · 10−26 e cm at 95% CL , (2.39)

|dHg| < 7.4 · 10−30 e cm at 95% CL . (2.40)

Near-future experiments are expected to significantly improve the bounds on the neutron and

electron EDM’s. The neutron EDM bounds could be improved up to |dn| < 10−27 e cm [25]. On

the other hand, the ACME collaboration estimates the future sensitivity on the electron EDM

to be [26]

|de| . 0.5 · 10−29 e cm (ACME II) (2.41)

and

|de| . 0.3 · 10−30 e cm (ACME III) (2.42)

that correspond to an improvement of the current constraints by more than two orders of

magnitude.7

It is interesting to compare the impact of the different bounds on the parameter space of

composite Higgs models. An easy way to perform the comparison is to focus on the constraints

on the EDM of the electron and on the EDM’s and CEDM’s of the light quarks. As can be seen

from eqs. (2.21), (2.25) and (2.26) in the 14 + 1 model with a light fourplet all these effects

depend on the quantity8

γ̃ ≡ v

f

∑

i

(cir − cil)f1(xi) . (2.43)

The bounds on γ̃ can thus be used to compare the strength of the various experimental searches.

For simplicity we will neglect corrections coming from the Weinberg operator, and we will assume

that the electron and light quark Yukawa’s coincide with the SM ones.

The constraints from the electron EDM measurements read

|γ̃| < 0.029 current bound ,

|γ̃| . 1.5× 10−3 ACME II ,

|γ̃| . 1.0× 10−4 ACME III .

(2.44)

7An additional bound on the electron EDM has been reported in ref. [22], |de| < 1.3 · 10−28 e cm at 90% CL,

which is slightly weaker than the current ACME constraint. This experiment is currently limited by statistics

and in the future is expected to allow for a precision ∼ 10−30 e cm.

8As we discussed before, in the 14 + 1 with a light fourplet only charge-2/3 partners contribute to Barr–Zee

diagrams, thus Qfi = 2/3 in eqs. (2.21) and (2.25).
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Figure 5: Bounds on the mass of the T (left panel) and X5/3 (right panel) states derived from the

constraints on the electron EDM. The bounds are expressed in TeV and are presented as a function of

the elementary–composite mixing yL4 and of the imaginary part of ct. The labels on the left vertical

axis corresponds to the present bounds, while the ones on the right axis correspond to the ACME III

projections. The solid and dashed lines correspond to the choice ξ = 0.1 and ξ = 0.05 respectively.

The bounds from the neutron EDM measurement are

|γ̃| < [0.08, 0.23] current bound ,

|γ̃| . [0.003, 0.01] improved bound .
(2.45)

Finally the bounds from the mercury EDM are

|γ̃| < [0.06, 0.4] . (2.46)

Notice that for the neutron and mercury EDM bounds we took into account the error range in

the estimates in eqs. (2.34) and (2.35).

From the above results we find that, at present, the electron EDM measurements give

the strongest constraints. The future improvements on the neutron EDM constraints could

strengthen the present electron EDM bounds by a factor of order 3. These constraints, however,

will be easily surpassed by the new electron EDM experiments, which can improve the current

bounds by a factor of ∼ 20 in the near future (ACME II) and by more than two orders of

magnitude afterwards (ACME III).

The constraints on the top partner masses in the 14 + 1 scenario are shown in fig. 5 as a

function of the yL4 mixing parameter and of the imaginary part of the ct coupling. The value of

the yLt mixing has been fixed by requiring that the correct top mass is reproduced. In the left

panel we show the bounds on the mass of the T partner, while in the right panel we show the

bounds on the mass of the lightest top partner in the multiplet, namely the X5/3 state. The solid

and dashed lines show the bounds for ξ ≡ v2/f2 = 0.1 and ξ = 0.05 respectively, which roughly

correspond to the present constraints on ξ coming from Higgs couplings measurements [41] and

to the projected bounds for high-luminosity LHC [42, 43]. The impact of ξ on the bounds is

however quite mild. Notice that the T mass, even without any constraint from the electron

EDM (i.e. for Imct = 0) is still bounded from below. This is due to the fact that, even setting
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m4 = mX5/3
= 0, mT still gets a contribution from the mixing with the elementary states, which

translates into mT = |yL4f |.
Using simple power counting considerations [27, 44] we can estimate the typical size of the

yL4 and ct parameters to be yL4 ∼ yLt ∼ ytop and ct ∼ 1. Barring accidental suppressions

in the complex CP-violating phase of ct, we get that the present constraints from the electron

EDM correspond to bounds on the top partner masses in the range 2 − 4 TeV. The ACME II

experiment will extend the exclusion range to masses of order 10 − 20 TeV, whereas masses in

the range 50− 100 TeV will be tested by ACME III.

Another useful way to quantify the strength of the electron EDM bounds is to fix the mass

of the top partners and derive the amount of suppression needed in the complex phase of ct to

pass the experimental bounds. Choosing masses of order 3 TeV, roughly of the order of the

possible direct bounds from high-luminosity LHC, we can see that the present constraints still

allow for order one complex phases. ACME II will lower the bound to ∼ 5%, while ACME III

will be able to constrain CP-violating phases significantly below the 1% level.

It is important to stress that the bounds coming from the electron and light quark EDM’s

crucially depend on the assumption that the light fermion Yukawa couplings are not (strongly)

modified with respect to the SM predictions. If the light fermion masses are generated through

partial compositeness, this assumption is typically satisfied. One indeed expects all Yukawa

couplings to deviate from their SM values only by corrections of order ξ. The current bounds

ξ . 0.1 guarantee that the Yukawa couplings agree within ∼ 10% with their SM values.

It is however conceivable that substantial modifications of the partial compositeness structure

could exist for the light fermions. In such a case large deviations of the Yukawa couplings could be

present. Strong suppression in some or all the light fermion Yukawa’s would modify the relative

importance of the constraints coming from the experimental measurements. As we discussed

before, the contributions to the electron EDM are controlled by the electron Yukawa, whereas

the light quark EDM and CEDM are proportional to the u and d Yukawa’s. The experimental

constraints on the electron and neutron EDM thus carry complementary information and can

become more or less relevant in different contexts.

It is interesting to notice that the contributions to the Weinberg operator are independent

of the light fermion Yukawa’s and only depend on the top and top partners couplings to the

Higgs. They can thus be used to extract bounds that are in principle more model independent

than the ones coming from the electron and light quark EDM’s. Using the approximation in

eq. (2.32), we find that the contribution to the Weinberg operator in the 14 + 1 model with a

light fourplet is

w ' − g3s
2(4π)4f

Re Tr[ΥcrM
−1] =

2g3s
(4π)4

√
2 yL4
f2yLt

Im ct '
2g3s

(4π)4
yL4m4√
m2

4 + y2L4f
2

v

f2mtop
Im ct .

(2.47)

An interesting aspect of this formula is the fact that it depends on the top partners masses

only indirectly. The dependence on m4 only appears when we rewrite the yLt parameter as a

function of the top mass. This feature indicates that the contributions to the Weinberg operator

are not controlled by the lightest resonances, as was the case for the dipole operators, but

instead can receive sizable contributions from the UV dynamics. Of course, since the IR and

UV contributions are in general independent, we do not expect them to cancel each other. The

result in eq. (2.47) can thus be used as a lower estimate to obtain constraints on the parameter
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Figure 6: Bounds on the CP-violating part of the ct coupling as a function of the yL4 mixing derived

from the current and projected constraints on the neutron EDM. The results are derived by using the

constraints on the Weinberg operator

space of the model.

In fig. 6 we show the bounds in the (Im ct, yL4) plane coming from the current (black

lines) and projected (orange lines) neutron EDM measurements for various values of ξ (ξ =

0.1, 0.05, 0.01). These results are obtained by taking into account only the contributions from

the Weinberg operator in eq. (2.34) (we use the lower estimate of the effect to derive the nu-

merical results), and neglecting the ones from the quark dipole operators. We can see that, for

ξ = 0.1, the current neutron EDM constraints typically forbid values of Im ct larger than ∼ 1.

These bounds are competitive with the current ones from the electron EDM (see fig. 5) if the top

partner masses are mX5/3
& 5− 6 TeV, whereas they are weaker for lighter resonances. Notice

that the bound from the Weinberg operator roughly scales like f−2, so it quickly degrades for

smaller values of ξ. The bound from the electron EDM has instead a much milder dependence

on ξ.

Future improvements on the neutron EDM measurements (orange lines in fig. 6) could

strengthen the bounds by more than one order of magnitude. The improved bounds, for ξ = 0.1,

would be comparable to the present ones from the electron EDM for mX5/3
' 1 TeV. Notice how-

ever that the projected improvement in the electron EDM constraints (ACME III) would make

the Weinberg operator bounds relevant only for very heavy top partners (MX5/3
& 20 TeV).

2.4 Comparison with direct top partner searches

It is also interesting to compare the bounds from CP-violating effects with the direct searches

for top partners. We start the discussion by considering the constraints coming from the LHC.

The strongest bounds on the mass of a light fourplet come from searches for the exotic charge-

5/3 top partner, the X5/3, which decays exclusively into Wt. So far the experimental searches

focussed mainly on top partners pair production. The strongest bounds come from searches

in the lepton plus jets final state, whose present constraints are mX5/3
> 1250 GeV (ATLAS

collaboration [11]) and mX5/3
> 1320 GeV (CMS collaboration [12]).

Additional bounds come from searches in the same-sign dilepton final state, whose sensitivity

is only slightly lower than the one in the lepton plus jets channel. The present bounds for

pair-produced top partners are mX5/3
> 1160 GeV from the CMS analysis in ref. [45] and
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mX5/3
> 990 GeV from the ATLAS analysis in ref. [46].9 Interestingly, searches for charge-5/3

resonances in same-sign dileptons are sensitive not only to pair production but also to single

production. This aspect was investigated in ref. [47] for the 8 TeV LHC searches. The same-sign

dilepton search was found to be sensitive to single production with relatively high efficiencies,

namely ∼ 50% of the pair-production signal efficiency for the ATLAS search and ∼ 10% for

the CMS one. The 13 TeV searches are analogous to the 8 TeV ones, so one expects similar

efficiencies to apply. The sensitivity to single production can significantly enhance the bounds

for large values of ct. Indeed this coupling controls the WX5/3t vertex [37],

gWX5/3tR =
g√
2
ct
v

f
, (2.48)

that mediates single production in association with a top quark.10

Interestingly, the searches in lepton plus jets and same-sign dilepton final states are sensitive

not only to charge-5/3 resonances but also to states with charge −1/3 decaying into Wt. The

bounds reported in the experimental analyses for resonances with charge 5/3 and −1/3 are quite

close, thus signaling similar search efficiencies. A reasonable estimate of the bounds can thus be

obtained by just adding the production cross sections for both types of partners. As we discussed

before, the fourplet multiplet contains a state with charge −1/3, the B, which decays into Wt

with a branching ratio close to 100%. If the mass split between the X5/3 and B states is below

∼ 200 GeV, which requires relatively small value of yL4 (yL4 . 1 in the case mX5/3
∼ 1− 2 TeV

and ξ ' 0.1), the same-sign dilepton signal is enhanced by almost a factor 2, with a significant

impact on the exclusion bounds [37,47].

The direct bounds on the mass of the X5/3 resonance from the LHC searches are shown

by the shaded green regions in fig. 7. The current bounds are shown in the left panel, while

the projections for the future LHC runs are in the right panel. For definiteness we set ξ = 0.1

(which roughly corresponds on the bound coming from precision electroweak tests [14] and from

present Higgs couplings measurements [41]) and yL4 = 1. We also fix yR4 by requiring the top

mass to have the correct value.

As we discussed before, the strongest indirect constraints from CP-violating effects come

from the electron EDM measurements. The current bounds are shown in the figure by the black

lines, while the ACME II projections are given by the orange lines. The bounds are presented

for different values of the complex phase of ct, namely sin(Arg ct) = 1, 0.3, 0.1, 0.03. One can

see that indirect bounds tend to be stronger than the ones from direct searches for larger values

of the top partners masses. If the complex phase of ct is not too small, sin(Arg ct) & 0.1, the

current ACME constraints can easily probe resonance masses ∼ 2 TeV, which are not tested by

the run-2 LHC data. Moreover it can be seen that the additional parameter space region probed

by taking into account single production (corresponding to the improved LHC bounds at large

ct) can be also covered by the electron EDM constraints if sin(Arg ct) & 0.1 for current searches

and sin(Arg ct) & 0.05 for the high-luminosity LHC and ACME II.

For different values of ξ the results in fig. 7 change only mildly. The indirect bounds are nearly

unaffected, while the direct searches are modified due to the rescaling of the single production

9The ATLAS analysis is only available for 3.2/fb integrated luminosity at 13 TeV. This explains the significantly

lower bound with respect to the CMS analysis, which instead exploits 35.9/fb integrated luminosity.

10Experimental searches for singly-produced heavy quarks decaying into Z t/b [48], h t/b [49] and Wb [50, 51]

are also available in the literature. The bounds from these searches on fourplet top partners are however weaker

than the ones we derived with the recast of the same-sign dilepton searches.
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Figure 7: Bounds on the ct coupling as a function of the mass of the X5/3 resonance for the scenario

with a light fourplet in the 14 + 1 model (for the choice ξ = 0.1 and yL4 = 1). The current bounds from

the LHC data and from the constraints on the electron EDM are shown in the left panel, whereas the

projections for the future LHC runs and the estimate of the future ACME II constraints are shown in the

right panel. In the left panel we also show separately the direct bounds from the lepton plus jets (dashed

lines) and for the same-sign dilepton analyses (dot-dashed lines) for ATLAS (blue) and CMS (red). The

bound from the electron EDM current (black lines) and improved ACME II searches (orange lines) are

shown for different choices of the complex phase of ct (sin(Arg ct) = 1, 0.3, 0.1, 0.03 for the solid, dashed,

dot-dashed and dotted lines respectively). In the region above the dotted gray line the width of the X5/3

resonance is above 30% of its mass.

coupling (see eq. (2.48)). The dependence of the direct bounds on yL4 is also mild, since this

parameter only controls the split between the X5/3 and B masses. The bound on ct coming

from the electron EDM instead scales roughly linearly with yL4 as can be seen from eqs. (2.12)

and (2.19).

Finally, in fig. 8, we compare the estimate for the direct exclusion reach at a future 100 TeV

hadron machine (FCC-hh) with the indirect bounds from the estimates of the ACME III sensi-

tivity. In the left panel we set ξ = 0.05 which roughly corresponds to the high-luminosity LHC

reach, while in the right panel we set ξ = 0.01 which is the projected sensitivity at a high-energy

linear lepton collider (eg. ILC at 500 GeV center of mass energy with ∼ 500/fb integrated lumi-

nosity [43]). As one can see, in the absence of strong suppressions in the complex phase of ct,

the ACME III reach can easily surpass the FCC-hh ones in a large part of the parameter space

of the 14 + 1 model.

3 Non-minimal models

In order to highlight the main features of CP-violation due to the top partners, in the previous

section we focussed on a simplified scenario with only one light multiplet. In generic realizations

of the composite Higgs idea, however, it is not uncommon to find non-minimal set-ups with

multiple light top partners. In the following we will discuss how the results we got in the

simplified 14 + 1 model are modified in the presence of additional light resonances. In addition

we will consider an alternative scenario in which both the left-handed and right-handed top

quark components are realized as elementary states. This set-up can be interpreted as an

effective description of the MCHM5 holographic scenario [5].
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Figure 8: Future direct and indirect exclusion bounds on the ct coupling as a function of the mass of

the X5/3 resonance for the scenario with a light fourplet in the 14 + 1 model (for the choice yL4 = 1).

The left and right panels correspond to ξ = 0.05 and ξ = 0.01 respectively. The direct bounds from top

partners searches at FCC-hh are given by the blue shaded regions (for integrated luminosities 1/ab and

10/ab). The red lines correspond to the indirect exclusions for the estimated ACME III sensitivity.

3.1 The 14 + 1 model with a light singlet

As a first example we consider a more complete version of the 14 + 1 model, including not only

a light fourplet, but also a light singlet. The Lagrangian of the model is given by the terms in

eq. (2.1) plus the following additional operators involving the singlet ψ1

L = iψ1 /Dψ1 −
(
m1ψ1Lψ1R + h.c.

)

+
(
yL1f(U tq14L U)55ψ1R − icLψi4Lγµdiµψ1L − icRψi4Rγµdiµψ1R + h.c.

)
. (3.1)

The above Lagrangian contains four free parameters, that are in general complex. By field

redefinitions two parameters can be made real, thus leaving two additional CP-violating sources

corresponding to the complex phases of the combinations cLm1m
∗
4y

∗
L1yL4 and cRy

∗
L1yL4. A

convenient choice of phases is obtained by making the mass parameter m1 and the elementary-

composite mixing yL1 real. This choice makes manifest that CP-violating effects are necessarily

related to the dµ-symbol operators, and are controlled by the cL and cR parameters (on top of

the ct parameter we discussed in the previous section).

The mass of the singlet eigenstate T̃ is

m
T̃
' |m1|

[
1 +

1

4

y2L1f
2

m2
1

v2

f2
+ · · ·

]
. (3.2)

while the spectrum of the remaining states coincides with the one described in section 2.1, apart

from modifications arising at higher order in v/f .

The CP-violating Higgs couplings to the top partners are given by

− i cL,Rψi4L,Rγµdiµψ1L,R + h.c. ⊃ icL,R
f

∂µh
(
X̂2/3L,Rγ

µT̃L,R − T̂L,RγµT̃L,R
)

+ h.c. , (3.3)

where we only included the leading order terms in the v/f expansion. As in the simplified set-up

we discussed in the previous section, also in the extended 14 + 1 model the CP-violating effects

arise only from charge 2/3 fields.
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Figure 9: Estimate of the bound on the lightest top partner mass in the 14+1 model with a fourplet and

a singlet. The gray band shows the estimate of the corrections to the electron EDM given in eq. (3.6) for

Im c̄ ∈ [0.1, 1]. The solid red line shows the bound from the present electron EDM measurements, while

the dot-dashed and dotted ones show the expected future limits. The blue bands show the constraints

from the present and near-future neutron EDM measurements.

In the mass-eigenstate basis the coefficients of the CP-violating interactions that give rise to

Barr–Zee-type contributions (see eq. (2.14)) read





ctop,L =
√

2v
yL1yL4m4f

m1(m2
4 + y2L4f

2)
Im cL

cT,L =
√

2v
yL1yL4m1m4f

(m2
4 + y2L4f

2)(m2
4 + y2L4f

2 −m2
1)

Im cL

c
T̃ ,L

= −
√

2v
yL1yL4m4f

m1(m2
4 + y2L4f

2 −m2
1)

Im cL

(3.4)

for the left-handed field interactions and




ctop,R = −
√

2v
yL4yLtf

m2
4 + y2L4f

2
Im ct

cT,R =
√

2v

[
yL4yLtf

m2
4 + y2L4f

2
Im ct −

yL4yL1f

m2
4 + y2L4f

2 −m2
1

Im cR

]

c
T̃ ,R

=
√

2v
yL4yL1f

m2
4 + y2L4f

2 −m2
1

Im cR

(3.5)

for the right-handed ones.

Interestingly, all CP-violating couplings show a similar power-counting scaling, independently

of the fact that they originate from a d-symbol operator involving the tR or involving only top

partners. We generically expect yL4 ∼ yL1 ∼ yLt ∼ ytop, m4 ∼ m1 ∼ m∗ and cL ∼ cR ∼ ct ∼ 1,

so that all the couplings scale like c ∼ vfy2top/m
2
∗. As a consequence the contributions to the

Barr–Zee effects coming from the various d-symbol operators will be roughly of the same size.

Using these estimates we can easily derive the typical size of the contributions to the electron

EDM as a function of the top partners mass scale m∗,

de
e
∼ e2

48π4
ye√

2
Im c̄

y2topv

m2
∗

log
m2

∗
m2
top

. (3.6)

In the above formula we included a factor Im c̄, which encodes the typical size of the CP-violating
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part of the d-symbol operator couplings. An analogous formula can be straightforwardly derived

for the contributions to the quark dipole moments.

In fig. 9 we compare the estimate in eq. (3.6) with the present and projected future bounds

from measurements of the electron and neutron EDM. To take into account possible accidental

suppressions we vary the factor Im c̄ in the range [0.1, 1]. One can see that the present bounds

can roughly test top partner masses of order few TeV. The near-future improvements in the

electron and neutron EDM’s can push the bounds in the range 5 − 10 TeV, while ACME III

could test partners with masses of order 40−100 TeV. We checked that the estimate in eq. (3.6)

is in good agreement with the results obtained through a numerical scan on the parameter space

of the model.

3.2 The 5 + 5 2-site model

As a second scenario we consider the 2-site construction presented in refs. [8,52] (see also ref. [53]

for a similar set-up). This model is based on an extended set of global symmetries that ensure the

calculability of the Higgs potential. For definiteness we will focus on the scenario in which the qL
and tR fields are both elementary and are mixed with composite operators transforming in the

fundamental representation of SO(5) (we thus dub this set-up the ‘5 + 5’ model). This model

can also be interpreted as a “deconstructed” version of the MCHM5 holographic scenario [5].

The field content of the 5 + 5 2-site model contains one set of composite top partners that

transform as a fourplet and as a singlet under the unbroken SO(4) symmetry. The effective

Lagrangian of the model can be written as

L = iqL /DqL + itR /DtR + iψ4( /D − i/e)ψ4 + iψ1 /Dψ1 −
(
m4ψ4Lψ4R +m1ψ1Lψ1R + h.c.

)

+
(
yLfq

5
LUΨ + yRft

5
RUΨ− icLψi4Lγµdiµψ1L − icRψi4Rγµdiµψ1R + h.c.

)
, (3.7)

where Ψ = (ψ4, ψ1) denotes the SO(5) multiplet in the fundamental SO(5) representation built

from the ψ4 and ψ1 fields. Notice that the SO(4) symmetry would allow for four independent

mixing terms of the elementary qL and tR fields with the ψ4 and ψ1 multiplets. The structure

in eq. (3.7) is dictated by the requirement of calculability of the Higgs potential.

All the parameters in the effective Lagrangian can in general be complex. By field redefi-

nitions, three parameters can be made real, leaving 4 physical complex phases. A convenient

choice, which we will use in the following, is to remove the phases from the elementary-composite

mixings yL and yR and from one of the top partners mass parameters, either m1 or m4. With

this convention, the coefficients of the dµ-symbol operators remain in general complex.

Two free parameters can be chosen by fixing the top and Higgs masses. The top mass, at

leading order in the v/f expansion is given by

m2
top '

1

2

y2Ly
2
Rf

2|m4 −m1|2
(|m4|2 + y2Lf

2)(|m1|2 + y2Rf
2)
v2 . (3.8)

The Higgs mass can be conveniently related to the masses of the top partners, namely [8] (see

also ref. [9])

mh ' mtop

√
2Nc

π

mTmT̃

f

√
log(mT /mT̃

)

m2
T −m2

T̃

, (3.9)

where Nc = 3 is the number of QCD colors, while mT and m
T̃

denote the masses of the top

partners with the quantum numbers of the top left and top right components respectively. The
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T and T̃ masses are approximately given by

mT '
√
|m4|2 + y2Lf

2 , m
T̃
'
√
|m1|2 + y2Rf

2 . (3.10)

This relation (3.9) is valid with fair accuracy, ∼ 20%, and is only mildly modified by the presence

of additional heavier top partners.

Remarkably, eq. (3.9) implies a tight relation between the mass of the lightest top partners

and the Goldstone decay constant f , namely

mlightest .
π√
3

mh

mtop
f ' 1.4 f . (3.11)

Exclusion bounds on the top partner masses can thus be translated into lower bounds on the

compositeness scale f . The relation in eq. (3.11) is saturated only if mT ' m
T̃
' mlightest. If

the T and T̃ masses are significantly far apart, the lightest partner can be even a factor of ∼ 2

lighter than the estimate in eq. (3.11).

Let us now discuss the CP-violating effects. We start by considering the properties of the

Yukawa couplings. We saw that in the 14 + 1 model, all the mass parameters and elementary-

composite mixings can be made real by field redefinitions, therefore the Yukawa couplings alone

can not generate CP-violating effects. The situation is different in the 5+5 set-up, in which one

physical complex phase can not be removed from the yL,R and m4,1 parameters. In principle

this could allow for CP-violating Yukawa couplings. Noticeably, in the fermion mass eigenstate

basis, only the off-diagonal Yukawa interactions can be complex, while the diagonal ones are

necessarily real. We will now present a general proof of this result that will allow us to identify

the structural properties from which it stems and the class of models for which it is valid.

The dynamics of the various resonances and their couplings with the Higgs can be encoded

into a formal effective Lagrangian obtained by integrating out all the top partner fields in the

gauge interaction basis. The only fields remaining in this effective description are the elementary

components qL and tR.11 Notice that these fields have an overlap with the whole set of mass

eigenstates, thus they can describe any of them by just imposing the appropriate mass-shell

condition. The effective Lagrangian contains operators with the generic form

iq5Lp
2n /Dq5L , it

5
Rp

2n /Dt5R , (3.12)

which correct the kinetic terms of the qL and tR fields. These operators, however, are necessarily

real, so they do not give rise to CP-violating effects. The effective Lagrangian also contains a

unique “mass” term, namely

mq5LUt
5
R + h.c. , (3.13)

which is the only invariant allowed by the symmetry structure of the model that does not contain

derivatives. This operator gives rise not only to the mass terms but also to the Yukawa couplings.

The m coefficient is in general complex. Nevertheless, when we redefine the fields to make

the masses real, we automatically remove all complex phases from m. In such a way also the

diagonal Yukawa couplings are automatically made real. Notice that this result is true only

in models in which a single “mass” invariant is present. If multiple invariants are allowed, the

Yukawa couplings are not “aligned” with the masses, thus making the masses real in general does

11This effective description is analogous to the “holographic” effective Lagrangian in extra-dimensional models,

which is a function of the UV boundary values of the extra-dimensional fields [54].

24



not remove the complex phases from the diagonal Yukawa couplings. A scenario with multiple

invariants can be obtained by embedding both the qL and the tR fields in the 14 representation

of SO(5).

Since the diagonal Yukawa couplings are real, the only interactions that can generate CP-

violating contributions through Barr–Zee-type effects are the ones coming from the d-symbol

operators. Their explicit form at leading order in the v/f expansion (using the convention in

eq. (2.14)) reads





ctop,L = −
√

2vfy2L
Im[cL(m1m

∗
4 + y2Rf

2)]

(|m4|2 + y2Lf
2)(|m1|2 + y2Rf

2)

cX2/3,L = −
√

2vfy2R
Im cL

|m1|2 + y2Rf
2 − |m4|2

cT,L =

√
2vf

|m4|2 + y2Lf
2 − |m1|2 − y2Rf2

[
y2RIm cL − y2L

Im[cL(m1m
∗
4 + y2Rf

2)]

|m4|2 + y2Lf
2

]

c
T̃ ,L

= −(ctop,L + cX2/3,L + cT,L)

(3.14)

for the left-handed field interactions and




ctop,R =

√
2vfy2R

|m1|2 + y2Rf
2

[
Im[cR(m∗

1m4 + y2Lf
2)]

|m4|2 + y2Lf
2

+ Im[cRm
∗
1/m

∗
4]

]

cX2/3,R = −
√

2vfy2R
Im[cRm

∗
1/m

∗
4]

|m1|2 + y2Rf
2 − |m4|2

cT,R = −
√

2vf

|m4|2 + y2Lf
2 − |m1|2 − y2Rf2

[
y2LIm cR − y2R

Im[cR(m∗
1m4 + y2Lf

2)]

|m4|2 + y2Lf
2

]

c
T̃ ,R

= −(ctop,R + cX2/3,R + cT,R)

(3.15)

for the right-handed ones.

Interestingly, the dependence of the CP-violating coefficients on the elementary-composite

mixings and on the masses of the top partners is analogous to the one we found in the 14 + 1 set-

up. This result confirms that the CP-violating effects in composite Higgs scenarios share some

“universal” structure and are generically expected to be sizable independently of the details of

the model.

Using the explicit expressions for the top mass in eq. (3.8), one finds that the elementary-

composite mixing parameters can be estimated as yL ∼ yR ∼ ytopmlightest/f . Putting this result

together with the estimate in eq. (3.11), we can express the corrections to the electron EDM as

a function of the compositeness scale f , namely

de
e
∼ e2

48π4
ye√

2
Im c̄

mtop

1.4f2
log

(1.4f)2

m2
top

. (3.16)

This is a quite remarkable result, since it allows us to convert directly the bounds on dipole

operators into constraints on f . The numerical value of the estimate in eq. (3.16) is shown in

fig. 10, together with the experimental bounds. To allow for a certain amount of cancellation

we varied the parameter Im c̄ in the range [0.1, 1]. The present data give bounds f & 1 TeV.

Near-future improvements in the electron and neutron EDM’s will test f ∼ 5 TeV, while the

ACME III expected reach could probe f ∼ 50 TeV. Notice that these bounds are much stronger

than the ones coming from direct searches. As shown in ref. [37], the LHC searches for top
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Figure 10: Estimate of the bound on the compositeness scale f in the 5 + 5 model. The gray band

shows the estimate of the corrections to the electron EDM given in eq. (3.16) for Im c̄ ∈ [0.1, 1]. The

solid red line shows the bound from the present electron EDM measurements, while the dot-dashed and

dotted ones show the expected future limits. The blue bands show the constraints from the present and

near-future neutron EDM measurements.

partners can now exclude the 5 + 5 model for f ' 780 GeV, while the high-luminosity LHC

program could only slightly increase the bound up to f ' 1.1 TeV.

It must be noticed that the estimate in eq. (3.16) should be interpreted as a lower bound on

the corrections to the electron EDM. To derive it we assumed that the relation in eq. (3.11) is

saturated. As we discussed before, this is true only if the T and T̃ masses are comparable. In

generic parameter space points the lightest partners can be even a factor ∼ 2 lighter than the

estimate, thus leading to EDM contributions larger by a factor ∼ 4. The presence of multiple

CP-violating couplings can also give rise to, small, additional enhancements. We verified by a

numerical scan that the bounds in fig. 10 reproduce quite well the minimal constraints on f as

a function of the typical size of the complex phases. They can thus be considered as robust

constraints on the compositeness scale.

It is important to mention that the value of ξ can be directly connected to the amount of

fine-tuning [10]. In CH scenarios the v/f ratio is not a free parameter, but rather a dynamical

quantity fixed by the minimization of the radiatively-induced Higgs potential. In generic pa-

rameter space points ξ is expected to be of order one. Therefore, requiring a large separation

between the Higgs vacuum expectation value and f implies a minimal amount of tuning of order

1/ξ.12 The constraints coming from the electron and neutron EDM’s can thus be reinterpreted

as bounds on the minimal amount of fine-tuning in the 5 + 5 2-site model. While f ∼ 1 TeV

allows for a relatively low tuning (ξ ∼ 0.1), the future bounds are expected to test regions of

the parameter space with a tuning significantly below 1%.

To conclude the discussion about the 5 + 5 model, we consider the contributions to the

Weinberg operator. Within the approximation in eq. (2.32) we find

w ' g3s√
2(4π)4

Im(cR − cL) +
√

2 Im(cRc
∗
L)

f2
|m4|2 − |m1|2
|m4 −m1|2

. (3.17)

Analogously to what we found for the 14 + 1 model (see section 2.3), the top partners contri-

butions to the Weinberg operator do not decouple in the limit of heavy resonances. The ex-

12Note that additional sources of tuning can be present due to peculiarities of the Higgs potential [10].
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plicit result in eq. (3.17) shows that, in addition to contributions linear in the cL,R parameters,

quadratic pieces are present. The latter come from diagrams involving two Higgs interactions

coming from the d-symbol operators. Notice that the above result is reliable only if m4 −m1

is not too small. In the limit m4 = m1, the top mass vanishes (compare eq. (3.8)) and the

approximation in eq. (2.32) is not valid.

To give an idea of the strength of the experimental bounds we fix the parameters by the

relations m4 ∼ m1 and cL ∼ cR, moreover we set ξ = 0.1. The current bounds on the neutron

EDM translate into a bound cL,R . 1, whereas the expected improved measurements will allow

to probe cL,R ∼ 0.1.

4 Conclusions

In this work we analyzed CP-violating effects induced by light top partners in composite Higgs

scenarios. We found that the main effects arise at two-loop level through Barr–Zee-type diagrams

and generate sizable contributions to the dipole moments of the electron and of the light SM

quarks. Additional, although typically subleading, contributions are induced for the purely-

gluonic Weinberg operator.

Noticeably, in a large class of models, Barr–Zee effects arise exclusively from top partner

interactions involving the derivative of the Higgs field, namely ∂µhχiγ
µχj . The diagonal Yukawa

couplings, instead, are necessarily CP-conserving, thus not contributing to the light SM fermions

dipole operators. This result is valid in all models in which the effective Lagrangian contains only

one invariant mass term for the top quark (see section 3.2). Notice that this class of models is

the most motivated one from a flavor perspective, since a suppression of flavor-violating effects

mediated by the Higgs [55] is also present. Without such feature very strong bounds from

Higgs-mediated flavor-changing neutral currents would be present.

We found that the overall structure of the CP-violating effects, and in particular the de-

pendence on the masses of the top partners, is a rather universal feature and depends only

mildly on the details of the model. The main contributions to the electron and light quark

dipole moments can be interpreted as a running effect. At the one-loop level the top quark and

its partners give rise to CP-odd contact interactions of the Higgs with the gauge fields (namely

H2FµνF̃
µν with the photons and H2GaµνG̃

aµν with the gluons). These operators, in turn, induce

a running for the EDM’s and CEDM’s of the light SM fermions. We explicitly computed how

the contributions due to the top and its partners can be matched onto the CP-violating Higgs

contact interactions. In particular we found that running effects are always regulated at the top

mass scale, since the top contribution to the Higgs contact operators exactly balances the ones

coming from the top partners. Additional threshold contributions are found to be accidentally

suppressed and numerically negligible.

In our analysis we focussed exclusively on the role of the top and its partners and we did not

take into account possible effects related to additional resonances. We also neglected the details

of the flavor structure both in the quark and in the lepton sectors. These aspects are expected

not to spoil the overall picture we described in this work. They could however have some impact

on the bounds, which is worth exploring. We leave this aspect for future investigation.

Although the CP-violating effects arise only at two-loop level, the present experimental

bounds are tight enough to give non-trivial constraints on the top partners masses. The strongest

bounds come from the measurement of the electron EDM, and can be used to probe top partners

27



masses in the few TeV range (see figs. 5 and 9). Upgraded experiments are expected to improve

the bounds by one order of magnitude in the near future (ACME II) and by more than two

orders of magnitude at a later stage (ACME III), hence pushing the indirect exclusions for top

partners well above 10− 20 TeV (fig. 9). Bounds from neutron EDM measurements are slightly

weaker than the ones from electron EDM, but could nevertheless test resonance masses in the

5− 10 TeV range in the near future.

In a large part of the parameter space of explicit models, the indirect bounds coming from

the electron EDM are competitive with the LHC direct searches for heavy vector-like quarks

(see fig. 7). In particular CP-violating effects are induced by the same operators that control

the single-production vertices. In the absence of accidental cancellations or of accidentally

small CP-violating phases, the indirect bounds from CP violation tend to surpass the ones from

single production searches. The expected ACME II constraints will cover most of the LHC

direct search reach even for complex phases as small as few %. ACME III could instead give

constraints comparable with the direct ones achievable at future high-energy hadron colliders

such as FCC-hh with 100 TeV center of mass energy (see fig. 8).

Interestingly, in specific scenarios such as the 5 + 5 2-site model, the constraints fom CP-

violating effects can be translated into bounds on the Higgs compositeness scale f . While the

present constraints are of order f & 1 TeV, future improvements can push the bounds well above

the 5− 10 TeV range (see fig. 10). In these scenarios the constraints on f can also be translated

into lower bounds on the amount of fine tuning. For f ∼ 1 TeV the minimal fine-tuning is of

order 5− 10%, whereas it becomes 0.1% for f ∼ 10 TeV.
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