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1 Introduction

While charge conjugation (C) and parity (P) are not exact symmetries of the Standard

Model of particle physics, present data [1–4] are consistent with the Higgs particle being

the Standard Model (SM) scalar [5–7], which is defined as a CP-even SU(2)L doublet

scalar. Nevertheless, in the plausible perspective that particle physics is not at the end of

the road and beyond the SM physics (BSM) is awaiting discovery as an explanation of the

electroweak hierarchy problem, it is necessary to track the possible non-doublet and/or CP-

odd components of the observed resonance, in particular in view of the sizeable present error

bars. This is underway through different complementary strategies: kinematical analysis,

direct searches of new resonances expected in particular BSM theories, or indirect signals

other than kinematic ones. Indirect searches may well give fruitful results prior to the

discovery of new resonances, and may allow to explore and disentangle the two possible

avenues of realisation of electroweak symmetry breaking (EWSB): linear [8–44] –which is

typical of BSM theories in which the Higgs particle is elementary– or non-linear [45–55]

–as for instance in models in which the Higgs boson is a composite pseudo-goldstone boson

of some strong-interacting BSM theory or a dilaton.

Interesting past and new proposals to search for CP-odd anomalous couplings of the

Higgs boson to fermions and gauge bosons [35, 56–91] rank from purely phenomenological

analysis to the identification of effective signals expected assuming either a linear or a
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non-linear realisation of EWSB. In previous literature, some of the CP-odd gauge and/or

gauge-Higgs operators to be discussed below had not been explored, but traded instead by

fermionic ones via the equations of motion.1 Nevertheless, it is theoretically very interesting

to identify and analyse the complete set of independent CP-odd bosonic operators, as they

may shed a direct light on the nature of EWSB, which takes place precisely in the bosonic

sector. Moreover, the present LHC data offer increasingly rich and precise constraints on

gauge and gauge-Higgs couplings, up to the point of becoming competitive with fermionic

bounds in constraining BSM theories; this trend may be further strengthened with the

post-LHC facilities presently under discussion.

We discuss here the issue of CP-violation in the case of non-linear realisations of

EWSB. To be generic and model-independent, a non-linear (also dubbed “chiral”) effective

Lagrangian will be used to describe physics at energies lower than the characteristic BSM

scale(s). The complete and independent set — that is, the basis — of CP-odd bosonic

operators of the non-linear expansion will be determined here for the first time, up to four

derivative couplings. The differences with the leading anomalous couplings and signals

expected from linear realizations of BSM physics will be also identified. Phenomenological

constraints resulting from limits on electric dipole moments (EDMs) and from present LHC

data will be derived as well, and future prospects briefly discussed. The structure of the

paper can be easily inferred from the table of Contents.

2 Effective CP-odd chiral bosonic Lagrangian

Reference [51] developed the effective Lagrangian for a light dynamical Higgs, up to four

derivative couplings and restricted to the CP-even bosonic sector except for the inclusion

of Yukawa-like interactions.2 Its CP-odd counterpart will be studied below.

The most up-to-date analyses of Higgs data have established that the couplings of h to

the gauge bosons and the absolute values of its couplings to fermions are compatible with

the SM ones.3 It is then justified from the phenomenological point of view to consider the

SM as the leading-order Lagrangian LSM and treat as corrections all possible departures

due to the unknown high-energy strong dynamics. Here only the CP-odd sector will be

explicitly addressed, while the CP-even sector has been already studied in refs. [51] and

will be left implicit. The effective Lagrangian can then be written as

Lchiral = LSM + ∆L��CP , (2.1)

1See for instance ref. [53] for an analysis in the framework of non-linear EWSB.
2As usual, derivative is understood in the sense of covariant derivative. That is, a gauge field and a

momentum have both chiral dimension one and their inclusion in non-renormalizable operators is weighted

down by the same high-energy strong-interaction scale Λs.
3The sign of the couplings between h and fermions is still to be measured, although a slight preference

for a positive value is indicated in some two parameter fits (see for example [18, 19, 28]) which take into

account one-loop induced EW corrections; we will consider this option in what follows.
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where the first term reads

LSM =
1

2
(∂µh)(∂µh) − 1

4
BµνB

µν − 1

4
W a
µνW

aµν − 1

4
GaµνG

aµν − V (h)

− (v + h)2

4
Tr[VµV

µ] + iQ̄ /DQ+ iL̄ /DL

− v + h√
2

(
Q̄LUYQQR + h.c.

)
− v + h√

2

(
L̄LUYLLR + h.c.

)
− g2

s

16π2
θsG

a
µν G̃

a
ρσ .

(2.2)

In this expression U ≡ exp (iπ · τ/v) –with τ denoting the Pauli matrices– is a unitary

matrix which efficiently encodes the longitudinal degrees of freedom of the heavy gauge

bosons and transforms as a (2, 2) of the global SU(2)L × SU(2)R symmetry group of the

Lagrangian, and Vµ ≡ (DµU) U† is the vector chiral field transforming in the adjoint of

SU(2)L. Furthermore, v is the EW scale, defined via the W gauge boson mass MW = gv/2,

and h denotes the Higgs particle. The covariant derivative reads

DµU(x) ≡ ∂µU(x) + igWµ(x)U(x) − ig′

2
Bµ(x)U(x)τ3 , (2.3)

with Wµ ≡ W a
µ (x)τa/2 and Bµ denoting the SU(2)L and U(1)Y gauge bosons, respectively.

In eq. (2.2), the first line describes the h and gauge boson kinetic terms, as well as the

effective scalar potential V (h), accounting for the breaking of the electroweak symmetry.

The second line describes the W and Z masses and their interactions with h, as well as the

kinetic terms for Goldstone bosons and fermions. The third line corresponds to the Yukawa-

like interactions written in the fermionic mass eigenstate basis. A compact notation for

the right-handed fields has been adopted, gathering them into doublets QR and LR. YQ

and YL are two 6 × 6 block-diagonal matrices containing the usual Yukawa couplings:

YQ ≡ diag (YU , YD) , YL ≡ diag (Yν , YL) , (2.4)

where the Cabibbo-Kobayashi-Maskawa mixing is understood to be encoded in the defi-

nition of QL, thus accounting for the SM CP-even fermionic couplings. Finally, the last

term in eq. (2.2) corresponds to the well-known total derivative CP-odd gluonic coupling,

for which the notation used is that in which the dual field-tensor of any field strength Xµν

is defined as X̃µν ≡ 1
2ε
µνρσXρσ.

This description is data-driven and, while being a consistent chiral expansion up to

four derivatives, the particular division in eq. (2.1) does not match that in number of

derivatives, usually adopted by chiral Lagrangian practitioners. For instance, the usual

custodial breaking term Tr(TVµ)Tr(TVµ), being T ≡ Uτ3U
†, is a two derivative operator

and is often listed among the leading order set in the chiral expansion; however, it is not

present in the SM at tree level and data strongly constrain its coefficient so that in practice

it can be always considered [49] a subleading operator. Moreover, in the phenomenological

Lagrangian in eq. (2.2) the Higgs couplings with gauge bosons and fermions have been taken

SM-like, as suggested by data. However, in the non-linearly realized EWSB framework,

this is not guaranteed by any symmetry and it should be considered as a phenomenological
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accident. A more general notation has been adopted in ref. [51] for the case of the CP-even

chiral Lagrangian for a dynamical Higgs. This issue is irrelevant for the focus of this paper,

as if the latter notation was adopted here, the complete four-derivative basis ∆L��CP (see

below eq. (2.6)) would be exactly the same.

2.1 Basis of CP-odd pure gauge and gauge-Higgs operators

The CP-odd corrections will be parametrised as

∆L��CP = c
B̃

S
B̃

(h) + c
W̃

S
W̃

(h) + c
G̃

S
G̃

(h) + c2D S2D(h) +

16∑
i=1

ci Si(h) , (2.5)

where ci are model-dependent constant coefficients and

S
B̃

(h) ≡ −1

2
g′2Bµν B̃µν F

B̃
(h) , S7(h) ≡ gTr (T [Wµν ,Vµ]) ∂νF7(h) ,

S
W̃

(h) ≡ −1

2
g2Tr

(
WµνW̃µν

)
F
W̃

(h) , S8(h) ≡ 2 g2Tr
(
T W̃µν

)
Tr (TWµν) F8(h) ,

S
G̃

(h) ≡ −1

2
g2
s G

aµν G̃aµν F
G̃

(h) , S9(h) ≡ 2 i gTr
(
W̃µν T

)
Tr (T Vµ) ∂νF9(h) ,

S2D(h) ≡ i
v2

4
Tr (T DµVµ) F2D(h) , S10(h) ≡ iTr (Vµ DνVν) Tr (T Vµ) F10(h) ,

S1(h) ≡ 2g g′ B̃µνTr (TWµν) F1(h) , S11(h) ≡ iTr (T DµVµ) Tr (Vν Vν) F11(h) ,

S2(h) ≡ 2 i g′ B̃µν Tr (T Vµ) ∂νF2(h) , S12(h) ≡ iTr ([Vµ,T] DνVν) ∂µF12(h) ,

S3(h) ≡ 2 i gTr
(
W̃µν Vµ

)
∂νF3(h) , S13(h) ≡ iTr (T DµVµ) ∂ν∂νF13(h) ,

S4(h) ≡ gTr (WµνVµ) Tr (T Vν) F4(h) , S14(h) ≡ iTr (T DµVµ) ∂νF14(h) ∂νF ′14(h) ,

S5(h) ≡ iTr (Vµ Vν) Tr (T Vµ) ∂νF5(h) , S15(h) ≡ iTr (T Vµ) (Tr (T Vν))2 ∂µF15(h) ,

S6(h) ≡ iTr (Vµ Vµ) Tr (T Vν) ∂νF6(h) , S16(h) ≡ iTr (T DµVµ) (Tr (T Vν))2 F16(h) ,

(2.6)

with the Fi(h)-functions for all operators4 but S
G̃

(h) being generic functions of the scalar

singlet h defined as [51]

Fi(h) ≡ 1 + 2 ai
h

v
+ bi

h2

v2
+ . . . , (2.7)

with dots standing for terms with higher powers in h/v which will not be considered below.

F
G̃

(h) will be understood to be also of this form but for the first term in eq. (2.7), as the

Higgs-independent part of S
G̃

(h) has already been included in the SM Lagrangian, eq. (2.2).

The Lagrangian in eqs. (2.1) and (2.5) describes the CP-odd low-energy effects of

a high-energy strong dynamics responsible for the electroweak GBs, coupled to a generic

scalar singlet h. Note that the number of independent operators in the non-linear expansion

turned out to be larger than for the analogous basis in the linear expansion [54, 55], a generic

feature when comparing both type of effective Lagrangians; see appendix A. The basis is

also larger than that for chiral expansions developed in the past for the case of a very heavy

4The Higgs-independent term in this functional is physically irrelevant for operators SB̃(h), SW̃ (h),

S2D(h).
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Higgs particle (i.e. absent at low energies) [92–95], as: i) terms which in the absence of the

Fi(h) functions were shown to be equivalent via total derivatives, are now independent; ii)

new terms including derivatives of h appear.

3 Phenomenology

In what follows we analyse the physical impact of the operators in the CP-odd bosonic basis

determined above. Some phenomenological bounds and future prospects are discussed as

well.

3.1 CP-odd two-point functions

Only the operators S2D(h) and S13(h) among those defined in eq. (2.6) may a priori induce

renormalisation effects on the fields and couplings of the SM Lagrangian. S2D(h) is a two-

derivative coupling and thus part of the leading order of the chiral expansion; in contrast,

note that it has no analogue in the leading order (d = 4) of the linear expansion –in other

words in the SM Lagrangian– as its lower-dimensional linear sibling would be a dimension

six (d = 6) operator, see appendix A.

S2D(h) and S13(h) contain two-point functions which explicitly break the CP symmetry

and as a consequence the Lagrangian eigenstates may not be CP-eigenstates. Those two

couplings result in a mixing of h with the Goldstone bosons which in the SM give masses

to the W and Z bosons, see below. Their physical impact reduces simply to anomalous

CP-odd Higgs-fermion and Higgs-Z couplings, as we show next in detail.

Consider the linear combination of the two operators S2D(h) and S13(h), together with

the h-kinetic term and the gauge-boson mass term in the Lagrangian of eq. (2.1), and let

us focus first on their contribution to two-point functions:

Lchiral ⊃
1

2
∂µh ∂µh−

(v + h)2

4
Tr (VµVµ) + c2D S2D(h) + c13 S13(h)

⊃ 1

2
∂µh ∂µh+

v2

4
Tr
(
∂µU† ∂µU

)
+
i

2
vTr

(
T (∂µ∂

µU)U†
)

(â2D h+
4

v2
â13�h)+ (3.1)

+
i

2
g′Bµ

{
v2

4
Tr

(
(∂µU) τ3 U

† −U τ3
(
∂µU

†
))

+ i v

[
â2D ∂µh+

4

v2
â13 ∂µ (�h)

]}
+
i

2
gW i

µ

{
v2

4
Tr

((
∂µU†

)
τ iU−U†τ i (∂µU)

)
− iv

2

[
â2D ∂µh+

4

v2
â13 ∂µ (�h)

]
Tr
(
T τ i

)}
,

where for simplicity the definitions

âi ≡ ciai (3.2)

have been implemented, with ci being the operator coefficients in eq. (2.5) and ai the

coefficients of the terms linear in the Higgs field in eq. (2.7).

In what concerns the Lagrangian two-point functions, the dependence on â2D and â13

in eq. (3.1) can be reabsorbed via a phase redefinition of the Goldstone boson U matrix in

eq. (2.2) of the form

U = Ũ exp

[
− i

v

(
â2D h+ 4 â13

�h
v2

)
τ3

]
, (3.3)
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at first order in the âi coefficients. This redefinition is a non-linear version of the simple

Higgs-field redefinition proposed in ref. [96] when analysing the effective linear axion La-

grangian. Ũ is then the resulting physical matrix of the Goldstone bosons eaten by the

W and Z bosons, to be identified with the identity in the unitary gauge. The gauge-fixing

terms can now be written in the standard form,

L GF
B = − 1

4 η
Tr

([
∂µB

µ − i

4
η g′ v2

(
Ũτ3 − τ3Ũ

†
)]2
)

L GF
W = −1

η
Tr

([
∂µW

µ +
i

8
η g v2

(
Ũ − Ũ†

)]2
)
,

(3.4)

removing all mixed gauge boson-Goldstone bosons and gauge boson-h two-point couplings.

After the redefinition in eq. (3.3) and at first order on the operator coefficients, the

SM Lagrangian eq. (2.2) gets physical corrections given by

∆LYuk + ∆LBos , (3.5)

with

∆LYuk =
i

v

(
â2D h+ 4 â13

�h
v2

)
(v + h)√

2

(
Q̄L Ũ YQ τ3QR − h.c.

)
+ [QL,R =⇒ LL,R] ,

(3.6)

and

∆LBos = −i
(

1 +
h

v

)
∂µhTr

(
T
(
∂µŨ

)
Ũ†
)(

â2D h+ 4 â13
�h
v2

)
− iTr

(
T
(
∂µ∂

µŨ
)

Ũ†
) [(

â2D − b̂2D
4

)
h2 + 4

(
â13 − b̂13

2

)
h�h
v2

−2b̂13
∂νh∂

νh

v2
+
h2

2v

(
â2D h+ 4 â13

�h
v2

)]
−
[
gTr (TWµ) − g′Bµ

][(
â2D − b̂2D

2

)
h ∂µh+ 4

(
â13 − b̂13

2

)
h ∂µ�h
v2

− 2b̂13

(
�h ∂µh
v2

+ 2
∂νh ∂µ∂

νh

v2

)
+
h2

2v

(
â2D ∂µh+ 4 â13

∂µ�h
v2

)]

(3.7)

where b̂i ≡ cibi. The “tilde” over Ũ will be dropped from now on.

Anomalous qqh, ``h and Zhh vertices follow; the corresponding Feynman rules can be

found in appendix B. It is worth to remark that if a generic Fi(h) function is considered

also for the Yukawa terms instead of the SM-like dependence in eq. (2.2), further quartic

qqhh and ``hh anomalous vertices will be revealed in addition to those shown in eq. (3.6);

we postpone the analysis of these two-Higgs exotic interactions to a future publication.

In addition to the tree-level impact discussed, S2D(h) and S13(h) induce one-loop

corrections to the Higgs gauge-boson couplings, see section 3.3, which in turn can be

bounded from the strong experimental limits on fermionic EDMs, see eq. (3.42).
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3.2 Triple gauge boson couplings

The operators in eq. (2.6) induce tree-level modifications of the self-couplings of the elec-

troweak gauge bosons as well as of the Higgs-gauge boson vertices involving three or more

particles: their impact on the Feynman rules of the theory are given in appendix B.

We first focus on the CP-violating triple gauge boson couplings W+W−γ and

W+W−Z, originated from the operators in eq. (2.6). Following ref. [97], the CP-odd sector

of the Lagrangian that describes triple gauge boson vertices (TGVs) can be parametrised as:

LWWV
eff,��CP = gWWV

(
gV4 W

†
µWν(∂µV ν + ∂νV µ) − iκ̃VW

†
µWν Ṽ

µν − i
λ̃V
M2
W

W †σµW
µ
ν Ṽ

νσ

+g̃V6 (W †ν∂µW
µ +Wν∂µW

†µ)V ν + g̃V7 W
†
µW

µ∂νVν

)
, (3.8)

where V ≡ {γ, Z} and gWWγ ≡ e = g sin θW , gWWZ = g cos θW . In this equation W±µν and

Vµν stand exclusively for the kinetic part of the corresponding gauge field strengths, and

the dual tensor Ṽµν has been defined in section 2. In writing eq. (3.8) we have introduced

the coefficients g̃V6 and g̃V7 associated to operators that contain the contraction DµV
µ; its

∂µV
µ part vanishes only for on-shell gauge bosons; in all generality DµV

µ insertions could

only be disregarded in the present context when fermion masses are neglected. In the SM

all couplings in eq. (3.8) vanish.

Electromagnetic gauge invariance requires gγ4 = 0, while the CP-odd bosonic operators

in eq. (2.6) give the following contributions to the phenomenological coefficients in eq. (3.8):

κ̃γ = −4e2

s2
θ

(c1 + 2c8) , κ̃Z =
4e2

c2
θ

(
c1 − 2

c2
θ

s2
θ

c8

)
,

gZ4 =
e2

2c2
θs

2
θ

c4 , g̃Z6 =
e2

2c2
θs

2
θ

(c4 + c10) ,

g̃Z7 = − e2

2c2
θs

2
θ

(c4 − 2c11) , g̃γ6 = g̃γ7 = λ̃γ = λ̃Z = 0 .

(3.9)

For completeness, note that there is an additional contribution to the ZZZ vertex of

the form:

L3Z
eff,��CP = g̃3Z ZµZ

µ∂νZ
ν , (3.10)

with

g̃3Z =
e3

2c3
θs

3
θ

(c10 + c11 + 2c16) , (3.11)

which, alike to the phenomenological couplings g̃V6 and g̃V7 in eq. (3.8), vanishes for on-

shell Z bosons and in general can be disregarded in the present context when the masses

of fermions coupling to the Z are neglected.

It is interesting to compare the expected signals from the chiral Lagrangian presented

here and the d = 6 linear realization. At the level of TGVs, there are six independent four-

derivatives chiral CP-odd operators contributing to eqs. (3.9) and (3.10), while only two

are present in the set of d = 6 linear ones. Furthermore the nature of the phenomenological

– 7 –
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couplings involved is different, as some of the former correspond to d = 8 linear operators,

while one of the latter set is a six derivatives. More explicitly, the two linear CP-odd

operators at d = 6 are [8, 9]

O
W̃B

= g g′ εµνρσ BµνW
j
ρσ

(
Φ† τj Φ

)
, O

W̃WW
= iεijkW̃ i

ν

µW
jλ
νW

kµ
λ , (3.12)

where the first one is the sibling of S1(h) (see appendix A) while OW̃WW does not have an

equivalent operator in the chiral expansion up to four derivatives. Thus in this case the

effective couplings in eq. (3.8) verify:

κ̃(lin,d=6)
γ = −c2

θ

s2
θ

κ̃
(lin,d=6)
Z , λ̃(lin,d=6)

γ = λ̃
(lin,d=6)
Z ,

g
Z,(lin,d=6)
4 = g̃

Z,(lin,d=6)
6 = g̃

Z,(lin,d=6)
7 = g̃

γ,(lin,d=6)
6 = g̃

γ,(lin,d=6)
7 = 0 .

(3.13)

Hence, generically, if gZ4 is found larger than λ̃γ or λ̃Z , it would point out towards

a chiral realization of the EWSB, while the contrary would signal towards the linear

realization. Furthermore if non-zero κ̃γ and κ̃Z are observed, the relation in eq. (3.13)

could be also tested.

The strongest constraints on CP violation in the W+W−γ vertex arise from its con-

tributions to fermionic EDMs that they can induce at one-loop, while constraints on CP-

violating W+W−Z couplings can be obtained from the study of gauge-boson production

at colliders. We further elaborate below in these two types of signals.

3.2.1 CP violation in WWγ: fermionic EDMs

Electric dipole moments for quarks and leptons are generically the best windows on BSM

sources of CP-violation, due to the combination of the very stringent experimental bounds

with the fact that they tend to be almost free from SM background contributions: fermionic

EDMs are suppressed in the SM beyond two electroweak boson exchange, while in most

BSM theories they are induced at one-loop level.

Although none of the operators in the chiral basis above — eq. (2.6) — induces tree-

level contributions to EDMs, two of them, S1(h) and S8(h), contain gauge boson couplings

involving the photon, of the form

+
i

2
εµνρσW

+
µ W

−
ν A

ρσ , (3.14)

where Aρσ denotes the photon field strength, see eqs. (3.8) and (3.9) and appendix B. This

coupling induces in turn a one-loop contribution to fermion EDMs, see figure 1.

The amplitude corresponding to this Feynman diagram can be parametrised as

Af ≡ −i df u (p2) σµνq
νγ5 u (p1) , (3.15)

where df denotes the fermionic EDM strength. The corresponding integral diverges loga-

rithmically;5 assuming a physical cut-off Λs for the high energy BSM theory and following

5For a specific UV model which does not lead to logarithmic diverging EDM see [98].
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Figure 1. A CP-odd TGV coupling inducing a fermionic EDM interaction.

the generic computation in ref. [99], we obtain for the contribution from S1(h) and S8(h):

df = (c1 + 2 c8)
e3GF T3L csc2 θW√

2π2
mf

[
log

(
Λ2
s

M2
W

)
+ O(1)

]
, (3.16)

where T3L stands for the fermion weak isospin, θW denotes the Weinberg angle and GF
the Fermi coupling constant. The present experimental bound on the electron EDM [100],∣∣∣∣dee

∣∣∣∣ < 8.7 × 10−29 cm , at 90% CL , (3.17)

implies then a limit ∣∣∣∣(c1 + 2 c8)

[
log

(
Λ2
s

M2
W

)
+ O(1)

]∣∣∣∣ < 5.2 × 10−5 . (3.18)

Using as values for the constituent quark masses mu = md = mN/3, the experimental limit

on the neutron EDM [101],∣∣∣∣dne
∣∣∣∣ < 2.9 × 10−26 cm , at 90% CL , (3.19)

allows to set an even stronger limit on the combination of S1(h) and S8(h) operator coef-

ficients: ∣∣∣∣(c1 + 2 c8)

[
log

(
Λ2
s

M2
W

)
+ O(1)

]∣∣∣∣ < 2.8 × 10−5 . (3.20)

Weaker but more direct bounds on these operators can be imposed from the study of

Wγ production at colliders. For example the recent study in ref. [102] concluded that the

future 14 TeV LHC data with 10 fb−1 can place a 95% CL bound

|κ̃γ | ≤ 0.05 =⇒ |c1 + 2c8| ≤ 0.03 . (3.21)
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3.2.2 CP violation in WWZ: collider bounds and signatures

At present the strongest direct constraints on CP-violating effects in the WWZ vertex

are imposed by the combination of results using the LEP collaboration studies on the

observation of the angular distribution of W ′s and their decay products in WW production

at LEPII [103–105]. The combination yields the following 1σ (68% CL) constraints [106]

− 0.47 ≤ gZ4 ≤ −0.13 , −0.14 ≤ κ̃Z ≤ −0.06 , −0.16 ≤ λ̃Z ≤ −0.02 , (3.22)

which in terms of the coefficients of operators in eq. (2.6) implies

− 1.8 ≤ c4 ≤ −0.50 , −0.29 ≤
(
c1 − 2

c2
θ

s2
θ

c8

)
≤ −0.13 . (3.23)

Note that the bounds in eq. (3.22) are obtained assuming one effective coupling in eq. (3.8)

being different from zero at a time, which is consistent with the predictions from the dynam-

ical Higgs Lagrangian, eq. (3.9), since different operators lead to independent modifications

of the effective couplings gZ4 and κ̃Z .

In what concerns Tevatron and LHC data, anomalous CP-odd TGV interactions have

not been studied in detail yet. To fill this gap we present in what follows our analysis of the

LHC potential to measure deviations or set exclusion bounds on CP-odd WWZ anomalous

TGVs, extending our preliminary study [107]. At LEP the experimental analyses which

lead to the bounds in eq. (3.22) were based on the study of the angular distributions of the

final state particles in the event. In contrast, at the LHC, the higher collision energy —

well above the WW and WZ thresholds — makes the use of kinematic variables related

to the energy of the event more suitable for the measurement of TGV.

The study in ref. [107] concluded that the pp → W±Z process has higher potential

to observe gZ4 than the pp → W+W− channel, while both channels have a similar power

to study κ̃Z and λ̃Z . Furthermore, it was also discussed the use of several kinematic

distributions to characterize the presence of a non-vanishing CP-violating coupling and

the use of some asymmetries to characterize its CP nature. So far the LHC has already

collected almost 25 times more data than the luminosity considered in that preliminary

study which we update here. In addition, in this update we take advantage of a more

realistic background evaluation, by using the results of the experimental LHC analysis on

other anomalous TGV interactions [108].6

In this section we study the process

pp → `′±`+`−Emiss
T , (3.24)

where `(′) = e or µ. The main background for the detection of anomalous TGV interactions

is the irreducible SM production of W±Z pairs. In addition there are further reducible

backgrounds like W or Z production with jets, ZZ production followed by the leptonic

decay of the Z’s with one charged lepton escaping detection, and tt̄ pair production.

6This strategy was also the starting point for the study of the CP conserving, but C and P violating

coupling gZ5 presented in ref. [54].
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We simulate the signal and the SM irreducible background using an implementation

of the anomalous vertices gZ4 , κ̃Z , and λ̃Z in FeynRules [109] interfaced with MadGraph

5 [110] for event generation. We account for the different detection efficiencies by rescaling

our simulation of the SM production of W±Z pairs to the values quoted by ATLAS [108] for

the study of ∆κZ , gZ1 and λZ . However, we have also cross-checked the results using a setup

where the signal simulation is based on the same FeynRules [109] and MadGraph5 [110]

implementation, interfaced then with PYTHIA [111] for parton shower and hadronization,

and with PGS 4 [112] for detector simulation. Finally, the reducible backgrounds for the

7 TeV data analysis are obtained from the simulations presented in the ATLAS search [108],

and they are properly rescaled for the 8 and 14 TeV runs.

In order to make our simulations more realistic, we closely follow the TGV analysis

performed by ATLAS [108]. The kinematic study of the W±Z production starts with

the usual detection and isolation cuts on the final state leptons. Muons and electrons

are considered if their transverse momentum with respect to the collision axis z, pT ≡√
p2
x + p2

y, and their pseudorapidity η ≡ 1
2 ln |~p|+pz|~p|−pz , satisfy

p`T > 15 GeV , |ηµ| < 2.5 ,

|ηe| < 1.37 or 1.52 < |ηe| < 2.47 .
(3.25)

To guarantee the isolation of muons (electrons), we require that the scalar sum of the pT
of the particles within ∆R ≡

√
∆η2 + ∆φ2 = 0.3 of the muon (electron), excluding the

muon (electron) track, is smaller than 15% (13%) of the charged lepton pT . In the cases

when the final state contains both muons and electrons, a further isolation requirement

has been imposed:

∆Reµ > 0.1 . (3.26)

It is also required that at least two leptons with the same flavour and opposite charge

are present in the event and that their invariant mass is compatible with the Z mass, i.e.

M`+`− ∈ [MZ − 10, MZ + 10] GeV . (3.27)

In what follows we refer to pZ as the momentum of this `+`− pair, pZ ≡ p`
+

+ p`
−

. We

further impose that a third lepton is present which passes the above detection requirements

and whose transverse momentum satisfies in addition

p`
′
T > 20 GeV . (3.28)

Moreover, with the purpose of suppressing most of the Z+jets and other diboson production

backgrounds, we require

Emiss
T > 25 GeV and MW

T > 20 GeV , (3.29)

where Emiss
T is the missing transverse energy and the transverse mass is MW

T =√
2p`TE

miss
T (1 − cos(∆φ)), with p`

′
T being the transverse momentum of the third lepton,

and ∆φ the azimuthal angle between the missing transverse momentum and the third
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COM Energy σSM (fb) σbck (fb) σ
gz4
ano (fb) σκ̃zano σλ̃zano

7 TeV 47.7 14.3 846 56.0 1914

8 TeV 55.3 16.8 1117 67.7 2556

14 TeV 97.0 29.0 3034 134 7471

Table 1. Values of the cross section predictions for the process pp → `′±`+`−Emiss
T after applying

all the cuts described in the text. σSM is the SM contribution coming from EW W±Z production,

σi
ano are the pure anomalous contributions and σbck corresponds to all the background sources

except for the electroweak SM W±Z production.

lepton. Finally, it is required that at least one electron or one muon has a transverse

momentum complying with

p
e(µ)
T > 25 (20) GeV . (3.30)

Our Monte Carlo simulations have been tuned to the ATLAS ones [108], so as to

incorporate more realistic detection efficiencies. Initially, a global k-factor is introduced

to account for the higher order corrections to the process in eq. (3.24) by comparing our

leading order predictions to the NLO ones used in the ATLAS search [108], leading to

k ∼ 1.7. Next, we compare our results after cuts with the ones quoted by ATLAS in table

1 of ref. [108]. We tune our simulation by applying a correction factor per flavour channel

(eee, eeµ, eµµ and µµµ) that is almost equivalent to introducing a detection efficiency

of εe = 0.8 (0.95) for electrons (muons). These efficiencies have been employed in our

simulations for signal and backgrounds.

After the selection procedure, in the presence of anomalous TGVs the cross section for

the process pp → `′±`+`−Emiss
T can be qualitatively described by:

σ = σbck + σSM +
∑
i,j>i

σijanog
i
anog

j
ano . (3.31)

Here σSM corresponds to the irreducible SM W±Z background, while σbck stands for all

background sources except for the SM EWW±Z production. Additionally σijano are the pure

anomalous contributions. Notice that because of the CP-violating nature of the anomalous

couplings there is no interference between those and the SM contributing to the total cross

section. Furthermore in the present study we assume only one coupling departing from

its SM value at a time (i.e. always i = j) which, as mentioned above, is consistent with

the expectations from the dynamical Higgs effective operators, eq. (3.9), since they lead to

independent modifications of the two relevant effective couplings gZ4 and κ̃Z . We present

in table 1 the values of σSM , σbck and σano for center-of-mass energies of 7, 8 and 14 TeV.7

In order to quantify the reachable sensitivity on the determination of the different

anomalous TGVs, advantage has been taken in this analysis of the fact that anomalous

TGVs enhance the cross sections at high energies. Ref. [107] shows that the variables M rec
WZ

7For completeness we make our study for the most general CP-violating WWZ vertex in eq. (3.8) and

evaluate the sensitivity to λ̃Z as well, even though this coupling is generated at higher order in the chiral

expansion as shown in eq. (3.9).
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Figure 2. In the left (right) panel we show the distribution of events with respect to pZT for

the 7 (14) TeV run assuming L = 4.64 (300) fb−1 of integrated luminosity. The black histogram

contains all background sources, except for the SM W±Z production, the red histogram represents

the sum of all the backgrounds and finally the solid (dashed) [dotted] distribution corresponds to

the addition of the contribution of an anomalous TGV with a value gZ4 = 0.1 (κ̃Z = 0.1) [λ̃Z = 0.1]

for the 7 TeV run and gZ4 = 0.05 (κ̃Z = 0.05) [λ̃Z = 0.05] for the 14 TeV run. The last bin contains

all the events with pZT > 180 GeV.

(the reconstructed WZ invariant mass), p` max
T and pZT are able to trace well this energy

dependence, leading to similar sensitivities to the anomalous TGVs. Here, we chose pZT be-

cause this variable is strongly correlated with the subprocess center-of-mass energy (ŝ), and,

furthermore, it can be directly reconstructed with good precision from the measured lepton

momenta. In the left (right) panel of figure 2 we show the number of expected events with

respect to the transverse momentum of the Z candidate for the 7 (14) TeV run, assuming

an integrated luminosity of L = 4.64 (300) fb−1. The figure captures the enhancement of

events at the higher values of pZT that the presence of anomalous TGV interactions causes.

We can also observe how the effect of κ̃Z is weaker than the effect of introducing gZ4 or λ̃Z .

We have followed two procedures to estimate the LHC potential to probe anomalous

CP-violating couplings. In a more conservative approach, we have performed a simple

event counting analysis assuming that the number of observed events corresponds to the

SM prediction, and we look for the values of the corresponding anomalous couplings which

are inside the 68% and 95% CL allowed regions. In this case an additional cut pZT > 90 GeV

was applied in the analysis to enhance the sensitivity [107]. On a second analysis, a simple

χ2 has been built based on the contents of the different bins of the pZT distribution, with the

binning shown in figure 2. Once again, it is assumed that the observed pZT spectrum corre-

sponds to the SM expectations and we seek the values of the corresponding anomalous cou-

plings that are inside the 68% and 95% allowed regions. In general the binned analysis yields

10% − 30% better sensitivity. The results of the binned analysis are presented in table 2.
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68% C.L. range 95% C.L. range

7+8 TeV 7+8+14 TeV 7+8 TeV 7+8+14 TeV

gZ4 (−0.019, 0.019) (−0.007, 0.007) (−0.027, 0.027) (−0.010, 0.010)

κ̃Z (−0.12, 0.12) (−0.047, 0.047) (−0.17, 0.17) (−0.067, 0.067)

λ̃Z (−0.012, 0.012) (−0.004, 0.004) (−0.018, 0.018) (−0.006, 0.006)

c4 (−0.074, 0.074) (−0.027, 0.027) (−0.10, 0.10) (−0.039, 0.039)

c1 − 2
c2θ
s2θ
c8 (−0.25, 0.25) (−0.099, 0.099) (−0.36, 0.36) (−0.14, 0.14)

Table 2. Expected sensitivity on gZ4 , κ̃Z and λ̃Z at the LHC, and the corresponding precision

reachable on the non-linear operator coefficients. We assume L = 4.64 fb−1 for the 7 TeV run,

L = 19.6 fb−1 for the 8 TeV one and L = 300 fb−1 for the future 14 TeV expectations.

From table 2 we read that the 7 and 8 TeV data sets could clearly increase the existing

limits on gZ4 , and consequently on c4, and the future 14 TeV run would rapidly approach

the few per cent level. Conversely, as it was expected, the reachable sensitivity on κ̃Z is

weaker. Nevertheless, the future 14 TeV run has the potential to improve the direct bounds

that LEP was able to derive, and settle consequently the strongest direct available limits

on the corresponding combination of c1 and c8 couplings. Notice that this combination is

different from the c1 and c8 combination contributing to κ̃γ , which is bounded from EDM

measurements, see eqs. (3.9) and (3.21). Thus, both measurements are complementary.

Up to this point the analysis that we have performed has not benefitted from the

CP-odd nature of the TGV interactions. Different studies [107, 113–115] have addressed

the CP-odd nature of the anomalous TGVs by constructing some CP-odd or T̂ -odd

observable. In particular, in ref. [114] it was shown that ideally in pp → W±Z an

asymmetric observable based on the sign of the cross-product pq · (pZ × p`′) could be a

direct probe of CP-violation, where here pq is the four-momentum of the incoming quark.

At the LHC, however, pq cannot be fully determined and for this reason we build instead

as a reconstructable correlated sign variable

Ξ± ≡ sign(p`
′
)z sign(p`

′ × pZ)z , (3.32)

where z is the collision axis. We define the sign-weighted cross section as

∆σ ≡
∫
dσ Ξ± ≡

∑
i

giano ∆σiano . (3.33)

A CP-odd TGV gives a measurable contribution to this sign-weighted cross section which

is linearly dependent on the coupling. On the contrary the SM background is symmetric

with respect to Ξ± and it gives a null contribution to the sign-weighted cross section in

eq. (3.33). This behaviour is illustrated in figure 3 where we show the distribution of events

at 14 TeV, assuming 300 fb−1 of integrated luminosity, with respect to the related variable

cos θΞ ≡ cos θ`
′
cos θZ×`

′
, (3.34)

where the angles are defined with respect to the z axis. In this form sign(cos θΞ) = Ξ±.
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Figure 3. Distribution of pp → `′±`+`−Emiss
T contributions with respect to cos θΞ, after the cuts

described from eqs. (3.25)–(3.29) are applied, considering 300 fb−1 of integrated luminosity collected

at 14 TeV. The sign-symmetric electroweak SM W±Z distribution is shown as the red histogram

and the distribution for the SM plus the contribution of gZ4 = 0.2 (κ̃Z = 0.2) [λ̃Z = 0.2] is shown as

the solid (dashed) [dotted] line. All the distributions are normalized to one for an easier comparison.

The corresponding sign-weighted cross sections at 14 TeV are

∆σ
gZ4
ano = −59 fb , ∆σκ̃Zano = −9.7 fb , ∆σλ̃Zano = −137 fb . (3.35)

With a luminosity of 300 fb−1 this CP-violation induced asymmetry could be observed with

95% CL above the statistical fluctuations of the SM background for

|gZ4 | ≥ 0.02 , |κ̃Z | ≥ 0.13 , |λ̃>| ≥ 0.01 , (3.36)

or what is equivalent for

|c4| ≥ 0.08 ,

∣∣∣∣(c1 − 2
c2
θ

s2
θ

c8

)∣∣∣∣ ≥ 0.27 . (3.37)

3.3 CP violation in Higgs couplings to gauge-boson pairs

The effective operators described in eq. (2.6) also give rise to CP-odd interactions involving

the Higgs particle and two gauge bosons, to which we refer as HVV couplings. The CP-odd

interactions can be phenomenologically parametrized as

LHVV
eff,��CP = g̃Hgg hG

a
µνG̃

aµν + g̃Hγγ hAµνÃ
µν + g̃HZγ hAµνZ̃

µν

+ g̃
(2)
HZZ hZµνZ̃

µν + g̃
(2)
HWW hW+

µνW̃
−µν

+
[
g̃

(1)
HWW

(
W+
µνW

−µ∂νh
)

+ h.c.
]

+
[
g̃

(5)
HWW

(
∂µW

+µW−ν ∂
νh
)

+ h.c.
]
,

(3.38)
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with tree level contributions

g̃Hgg = −g
2
S

v
âG̃ , g̃Hγγ =

4e2

v

(
−1

4
âB̃ + â8 + â1 − 1

8
âW̃

)
,

g̃HZγ = −8e2sθ
vcθ

(
−1

4
âB̃ − c2

θ

2s2
θ

(−1

4
âW̃ + 2â8) +

1

8s2
θ

(2â2 + â3 + 2â9) − c2θ

2s2
θ

â1

)
,

g̃
(2)
HZZ =

4e2s2
θ

vc2
θ

(
−1

4
âB̃ +

c4
θ

s4
θ

â8 − c2
θ

s2
θ

â1 +
1

2s2
θ

â2 − c4
θ

8s4
θ

âW̃ − c2
θ

2s4
θ

â9 − c2
θ

4s4
θ

â3

)
,

g̃
(2)
HWW = −2e2

vs2
θ

(
1

2
âW̃ + â3

)
, g̃

(1)
HWW =

2e2

vs2
θ

iâ7 , g̃
(5)
HWW = −2e2

vs2
θ

iâ12 ,

(3.39)

and where the âi coefficients have been defined in eq. (3.2). Additionally, the effective CP-

odd Higgs-fermion couplings induced by the mixing effects described in section 3.1 generate

one-loop induced HVV couplings such as

g̃Hgg =
αS
8πv

(
â2D − 4p2

h

v2
â13

)
FCP

odd(xf ) =
3

8

αS
αem

g̃Hγγ , (3.40)

where FCP
odd(xf ) is the form factor from the fermionic one-loop processes [116], that in the

limit of high fermion masses (xf ≡ 4M2
f /M

2
h � 1) is approximately FCP

odd = 1, almost

equal to the form factor for the CP-even Yukawa-fermion contribution to hGaµνG
aµν and

hAµνA
µν in the same limit, FCP

even(xf ). In addition to effects on the Higgs signals, these

operators, together with those giving direct contributions to g̃Hγγ in eq. (3.39) give also a

contribution to the fermion EDMs [117] of the form8

df =
e3mf

π2v2

[
−1

4
âB̃ + â8 + â1 − 1

8
âW̃ +

1

48π2
â2D

(
FCP

odd(xtop) +
2

3
FCP

even(xtop)

)]
×

×
[
log

Λ2
s

m2
H

+ O(1)

]
,

(3.41)

whose size can be constrained, for example, from the present bound on the electron EDM

in eq. (3.19):∣∣∣∣(−1

4
âB̃ + â8 + â1 − 1

8
âW̃ +

1

48π2
â2D

(
FCP

odd(xtop) +
2

3
FCP

even(xtop)

))
×

×
[
log

(
Λ2
s

m2
H

)
+ O(1)

]∣∣∣∣ < 5.6 × 10−5 .

(3.42)

While twelve chiral CP-odd operators affect HVV vertices, in the case of a linear

realization of EWSB, at d = 6 only six operators contribute to eq. (3.38), which are the

siblings of chiral operators S1(h), S2(h), S3(h), SG(h), SB(h), SW (h) listed in appendix A.

Hence g̃Hgg, g̃Hγγ , g̃HZγ , g̃
(2)
HZZ , and g̃

(2)
HWW can be generated at d = 6 with independent

coefficients, while g̃
(1),(lin,d=6)
HWW = g̃

(5)(lin,d=6)
HWW = 0. Also one-loop HVV couplings will be

induced by the d = 6 operator sibling of S2D(h).

8In writing eq. (3.41) we have only considered the relevant loop of top quarks in the loop-induced part of

the hγγ vertex (both CP-odd and CP-even) generated by S2D(h) and we have neglected the corresponding

O(m2
f/m

2
H) contribution from S13(h).
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Generically because larger number of operators contribute to a given coupling in the

chiral expansion, cancellations between their contributions can occur which are not possible

in the case of the linear expansion at d = 6. However, we notice that for the HVV couplings

in eq. (3.39) enough independent operators contribute in linear EWSB at d = 6 such that

cancellations are also possible in this case.

Measuring the CP properties of the Higgs couplings is a subject with an extensive

literature before and after the Higgs discovery. For the sake of concreteness we focus here

on the experimental results on the most studied channel, h → ZZ → `+`−`′+`′−, for which

combined results of the full 7+8 TeV LHC runs have been presented both by CMS [4, 118]

and ATLAS [119, 120] collaborations.

Historically the key observables for measuring the CP properties of the Higgs in this

channel were established in the seminal works in refs. [56–58], that were followed by an

abundant literature on their applications to the LHC [59–65]. Most of these early phe-

nomenological studies were based on the study of single variable observables. Most re-

cently, an almost together with the first LHC collisions, two different new multivariable

methods [66, 67] were proposed to use all the kinematic information of the event as in-

put into the likelihood, to compare and exclude between different Higgs spin and parity

hypothesis. These phenomenological studies set the roots of the first LHC experimental

analyses of spin and CP properties of the Higgs in this channel [4, 118–120].

In particular the results of the experimental constraints from the CMS analysis [4, 118]

can be translated into the language of the effective operators of a light dynamical Higgs

in eq. (2.6). With this purpose we notice that in ref. [4] the h → ZZ vertex is described

using the notation in [66]:

A(h → ZZ) = v−1
(
d1m

2
Zε
∗
1ε
∗
2 + d2f

∗(1)
µν fµν∗(2) + d3f

∗(1)
µν f̃µν∗(2)

)
, (3.43)

where f
(i)
µν = εiµq

i
ν − εiνq

i
µ, f̃

(i)
µν = 1

2εµναβf
αβ(i) = εµναβε

α
i q

β
i , with ε1,2 being the polarization

vectors of the Z bosons and q1,2 the corresponding four-momenta. In the SM d1 = 2i,

while d2 only receives marginally contributions from high order diagrams, that can be

safely neglected leading to d2 = d3 = 0. The d3 term is CP-odd and its interference with

the CP-conserving terms d1 or d2 leads to the CP-violating signals that are analyzed.

The effective operators in eq. (2.6) give a non-vanishing contribution to d3 which, from

eqs. (3.38) and (3.39), reads

d3 = −2ivg̃
(2)
HZZ , (3.44)

while as long as no CP-conserving operators are considered d2 = 0 and d1 = d1,SM .

In ref. [4] a measure of CP-violation in the h → ZZ∗ → 4l observables was defined as

fd3 =
|d3|2σ3

|d1|2σ1 + |d3|2σ3
, (3.45)

where σ1 (σ3) corresponds to the cross section for the process h → ZZ when d1 = 1

(d3 = 1) and d3 = 0 (d1 = 1). For Mh = 125.6 GeV, σ1
σ3

= 6.36. In ref. [4] fd3 was fitted as

one of the parameters of the multivariable analysis, obtaining the measured value

fd3 = 0.00+0.17
−0.00 =⇒ |d3|

|d1|
= 0.00+1.14

−0.00 , (3.46)

– 17 –



J
H
E
P
1
0
(
2
0
1
4
)
0
4
4

pointing to the CP-even nature of the state. Furthermore, 95% CL exclusion bounds on

fd3 were derived,

fd3 < 0.51 =⇒ |d3|
|d1|

< 2.57 . (3.47)

We can directly translate the bounds in eq. (3.47) to 68(95)% CL constraints on the coef-

ficients of the relevant CP-violating operators,∣∣∣∣−1

4
âB̃ +

c4
θ

s4
θ

â8 − c2
θ

s2
θ

â1 +
1

2s2
θ

â2 − c4
θ

8s4
θ

âW̃ − c2
θ

2s4
θ

â9 − c2
θ

4s4
θ

â3

∣∣∣∣ ≤ 10.3 (23.3) . (3.48)

In ref. [121] the same analysis was applied to derive the future expectations when

300(3000) fb−1 are collected at 14 TeV. The corresponding expected sensitivities at 95%

CL are

fd3 ≤ 0.13 (0.04) for 300 (3000) fb−1 . (3.49)

They can be translated into the following sensitivity at 95% CL to the relevant combination

of operators:∣∣∣∣−1

4
âB̃ +

c4
θ

s4
θ

â8 − c2
θ

s2
θ

â1 +
1

2s2
θ

â2 − c4
θ

8s4
θ

âW̃ − c2
θ

2s4
θ

â9 − c2
θ

4s4
θ

â3

∣∣∣∣ ≤ 8.8 (4.6) , (3.50)

for 300 (3000) fb−1.

Observables to study the CP properties of the Higgs couplings have also been proposed

in the production channel pp → hjj followed by the Higgs decay into τ+τ−, W+W−,

or γγ [68–78]. Depending on the kinematic cuts imposed, the study is most sensitive

to CP-violating effects in the hWW (from SW̃ (h), S3(h) and/or S7(h)) and hZZ (from

SB̃(h), SW̃ (h), S1(h), S2(h), S3(h), S8(h) and/or S9(h)) vertices contributing to Higgs

production through vector boson fusion, or in the hgg vertex (from SG̃(h), and from loop

induced S2D(h) and S13(h)) contributing to production by gluon fusion. The sensitivity

to CP violating observables in associated production processes pp → hZ → bb̄`+`− and

pp → hW → `+jjEmiss
T has also been studied in refs. [76, 79–83], and in pure gluon fusion

production followed by Higgs decay into γγ or to Zγ [84–87].

Finally, it is also possible to quantify the potential to observe or bound CP-odd inter-

actions from global analyses of the Higgs signal strengths [35, 88, 89]. However in this case

the analysis does not contain any genuinely CP-violating observable and consequently it is

always sensitive to combinations of CP-even and CP-odd interactions.

4 Conclusions

Charge conjugation and parity are not exact symmetries of the Standard Model of particle

physics, and furthermore electroweak interactions have proven that neither their product is

a symmetry of nature. In addition, new sources of CP-violation are likely needed to explain

the matter-antimatter asymmetry of the universe. More importantly, the extreme fine-

tuning of the SM parameters implied by the strong CP problem suggests as well new sources

of CP violation. On the other hand, the questions of whether the Higgs is elementary or

composite, and of whether EWSB is realised linearly or non-linearly are still open.
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We have focused here in the non-linear option for EWSB, approaching the issue

through the model-independent tool of effective Lagrangians. We have established here

for the first time the complete set of independent gauge and gauge-Higgs CP-odd effective

operators for the generic case of a light dynamical Higgs, up to four derivatives in the

chiral expansion, see the basis in eq. (2.6). The relation with the ensemble of d = 6

CP-odd linear operators has been clarified as well.

One interesting result is that an anomalous CP-odd coupling S2D(h) is shown to be

present already at the leading order of the chiral Lagrangian, that is, at the two-derivative

level. It affects the renormalization of the SM parameters inducing a CP-odd component

in fermion-Higgs and fermion-Z interactions. That coupling is instead not present at the

leading order (d = 4) of the linear expansion, in other words in the SM Lagrangian, as its

would-be linear sibling turns out to be a d = 6 operator. A similar contribution to two-point

functions and with a similar physical impact stems as well from a four-derivative operator,

S13(h). Furthermore, focussing to triple gauge boson vertices, there are six independent

four-derivatives chiral CP-odd operators contributing to these couplings, while only two are

present in the set of d = 6 linear ones. Moreover, the nature of the phenomenological cou-

plings involved is different, as some of the former correspond to d = 8 linear operators, while

one of the latter set is a six derivatives. Considering instead the Higgs to two gauge boson

vertices, there are in total twelve independent four-derivatives chiral CP-odd operators

contributing to these interactions, while only seven are present for the d = 6 linear case.

We have established bounds on the CP-odd non-linear operator coefficients, mainly

from anomalous triple vertices versus two types of experimental data: i) limits on fermionic

EDMs which, not surprisingly given the very fine experimental precision, set some of the

quantitatively tightest constraints; ii) present and future LHC data, in particular from the

impact of TGV and Higgs-gauge boson triple couplings.

More precisely, among the TGV we have evaluated the one-loop contribution to

fermionic EDMs from the anomalous CP-odd WWγ vertex, and derived then the corre-

sponding bounds on the relevant non-linear operator coefficients, see eqs. (3.18) and (3.20).

The bounds on the strength of anomalous CP-odd WWZ vertices have been explored

here from both CP-blind and from CP-sensitive observables. The strongest limits are still

coming from LEP analyses, and we have translated them into bounds for the non-linear

operator coefficients, see eq. (3.23). Furthermore, the direct measurement of this vertex

through CP-blind signals in gauge boson single or pair production at colliders has been

addressed. In section 3.2.2 we have thus estimated the present and future potential of

LHC to measure anomalous CP-odd TGVs performing a realistic collider analysis of WZ

pair production. In doing so we have exploited that anomalous TGVs enhance the cross

sections at high energies by quantifying the dependence of the expectations on kinematic

variables which trace well this energy behaviour. The conclusion is that the LHC has the

potential to improve the LEP bounds using the 7 and 8 TeV collected data sets, as shown

in table 2, while the precision reachable in the future 14 TeV run will approach the per

cent level on the anomalous coefficients.

Furthermore, on the realm of CP-odd observables, we have presented the LHC

potential to decipher the CP nature of an hypothetical anomalous TGV observation by
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defining CP-odd sensitive asymmetries. Through the asymmetry defined in eq. (3.33),

it has been shown that the future LHC run will have the capability to establish the CP

nature of the WWZ vertex for a large range of the parameter space that can be covered

in that run, see eqs. (3.36) and (3.37).

For CP-odd observables sensitive to anomalous Higgs-gauge boson trilinear vertices,

the focus has been set on the limits than can be obtained from the existing 7 and 8 TeV

LHC experimental Higgs searches that benefit from genuinely CP-odd observables. We

have translated the bounds from the CMS study of the Higgs boson properties on the

leptonic h → ZZ channel to the relevant combination of non-linear operator coefficients,

see eq. (3.48). The future sensitivity estimated by CMS in the same framework has also

been translated into the future reachable sensitivity on the same combination of coefficients,

eq. (3.50). Finally, we have also noticed that those combinations of non-linear operators

contributing to the hγγ vertex can be constrained from the contribution of this trilinear

coupling to fermionic EDMs, as illustrated in eq. (3.42).

The quest of new sources of CP-violation is well justified if not mandated by present

observations and SM puzzles, while the elementary or composite nature of the Higgs and the

maybe related nature –linear or non-linear– of the EWSB mechanism are other fundamental

and urgent issues in particle physics. The model-independent theoretical analysis of CP

violation performed in this paper for the case of a light dynamical Higgs, as well as the

new limits established and the new phenomenological tools developed, should be useful in

shedding light on these fundamental issues.
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A Linear siblings of chiral operators

The interactions described by the chiral operators in eq. (2.6) can also be described in the

context of a linearly realised EWSB, through linear operators built in terms of the SM

Higgs doublet. In this appendix, the connection between the two expansions is discussed.

As the number and nature of the leading order operators in the chiral and linear expansions
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are not the same, an exact correspondence between the two kind of operators can be found

only in the cases when d = 6 linear operators are involved, as only for them complete

bases of independent terms have been defined. Otherwise, it will be indicated which chiral

operators should be combined in order to generate the gauge interactions contained in

specific d > 6 linear operators.

For chiral operators connected to d = 6 linear operators:

S
B̃

(h) → g′2 εµνρσBµν Bρσ

(
Φ†Φ

)
S
W̃

(h) → g2 εµνρσ Tr (WµνWρσ)
(

Φ†Φ
)

S
G̃

(h) → g2
s ε

µνρσGaµν G
a
ρσ

(
Φ†Φ

)
S2D(h) →

(
Φ†

←−−→
DµDµΦ

)(
Φ†Φ

)
S1(h) → g g′ εµνρσ BµνW

j
ρσ

(
Φ† τj Φ

)
S2(h) → g′ εµνρσ Bµν

[(
Φ†

←−−→
DσDρΦ

)
+ 2 (DρΦ)†DσΦ

]
S3(h) → g εµνρσW i

µν

[(
Φ† τi

←−−→
DσDρΦ

)
+ 2 (DρΦ)† τiDσΦ

]

(A.1)

For chiral operators connected to d > 6 linear operators:

S4(h) → gWµν
i

(
Φ† τ i

←→
DµΦ

) (
Φ†

←→
DνΦ

)
(d = 8)

S5(h),S10(h) → (DµΦ)† (DνΦ)
(

Φ†
←−−→
DµDνΦ

)
(d = 8)

S6(h),S11(h) → (DµΦ)† (DµΦ)
(

Φ†
←−−→
Dν DνΦ

)
(d = 8)

S7(h) → εijkW
i
µν

(
Φ† τ j

←−−→
DµDνΦ

) (
Φ† τk Φ

)
(d = 8)

S8(h) → g2 εµνρσW i
µνW

j
ρσ

(
Φ† τi Φ

) (
Φ† τj Φ

)
(d = 8)

S9(h) → g εµνρσW i
µν

(
Φ† τ i Φ

) (
Φ†

←−−→
DρDσΦ

)
(d = 8)

S12(h),S13(h),S14(h) →
(

Φ†
←−−→
DµDµΦ

)
DνDν

(
Φ†Φ

)
(d = 8)

S15(h),S16(h) →
(

Φ†
←→
DµΦ

) (
Φ†

←→
DµΦ

) (
Φ†

←−−→
Dν DνΦ

)
(d = 10)

(A.2)

where in the brackets the dimension of the specific linear operator is explicitly re-

ported.

B Feynman rules

This appendix provides a complete list of all Feynman rules resulting from the CP-odd

operators in the Lagrangian ∆L�CP in eqs. (2.5) and (2.6). Greek indexes denote the

flavour of the fermionic legs and are assumed to be summed over when repeated; whenever

they do not appear, it should be understood that the vertex is flavour diagonal. Moreover,
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yf (f = U,D,E) denotes the eigenvalue of the corresponding Yukawa coupling matrix

defined in eq. (2.4). Chirality operators PL,R are defined as

PL =
1

2

(
1 − γ5

)
, PR =

1

2

(
1 + γ5

)
. (B.1)

Flow in momentum convention is assumed in all diagrams. Only diagrams with up to four

legs are shown and the expansion for Fi(h) in eq. (2.7) has been adopted, together with

the definitions of the âi coefficients in eq. (3.2) and b̂i = cibi. Vertices cubic in h have been

omitted below, but for eq. (FR.26) which results from the product of two Fi(h) functions,

see Footnote 5. Finally, the SM and BSM Lorentz structures are reported in two distinct

columns, on the left and on the right, respectively. Notice that all the pure gauge and

gauge-h interactions have no SM contribution. All quantities entering in the Feynman

rules below have resulted after the Z-renormalization scheme has been implemented.

SM Non-SM

(FR.1) Aµ(p) Aν(p)

−i
p2

[
gµν − (1− η)

pµpν

p2

]
(η is the gauge fixing parameter)

(FR.2) Zµ(p) Zν(p)
−i

p2 −m2
Z

[
gµν − (1− η)

pµpν

p2 − ηm2
Z

]

(FR.3) W+
µ (p) W−

ν (p)
−i

p2 −m2
W

[
gµν − (1− η)

pµpν

p2 − ηm2
W

]

(FR.4) Ga
µ(p) Gb

ν(p)
−igµν

p2

[
gµν − (1− η)

pµpν

p2

]

(FR.5) h(p) h(p)
−i

p2 −m2
h

(FR.6) f(p) f(p)

i(/p+mf )

p2 −m2
f

; mf = −v yf√
2
,

f = U,D,E
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SM Non-SM

(FR.7)

W+
α (p) W−

β (q)

Zρ(r)

+8ie3
[
c8 cot θW csc2 θW − c1 csc (2θW )

]
(pσ + qσ) εαβρσ

e3 csc2 θW csc (2θW )
{
−2c11g

αβ (pρ + qρ) + c10
(
gβρpα + gαρqβ

)
+c4

[
gβρ (pα + rα) + gαρ

(
qβ + rβ

)
+ gαβ (pρ + qρ)

]}
+

(FR.8)

W+
α (p) W−

β (q)

Aρ(r)

4ie3 csc2 θW (2c8 + c1) (pσ + qσ) εαβρσ

(FR.9)

Zα(p) Zβ(q)

Zρ(r)

8e3 (2c16 + c10 + c11) csc3 (2θW )
[
gβρpα + gαρqβ − gαβ (pρ + qρ)

]

(FR.10)

W+
α (p) W−

β (q)

Aρ(r) Zσ(s)

(c4 + c10) e4 csc2 θW csc (2θW )
(
gασgβρ − gαρgβσ

)

SM Non-SM

(FR.11)

Aα(p) Aβ(q)

h(r)

8i
v
e2
[
2
(
− 1

4
âB̃ + â8 + â1

)
− 1

4
âW̃
]
pµqνε

αβµν

(FR.12)

Zα(p) Zβ(q)

h(r)

− 4i
v
e2
[
4
(
− 1

4
âB̃ + â8 + â1

)
− 2

(
− 1

2
âB̃ + â2

)
sec2 θW

+ csc2 θW
(
1
2
âW̃ − 4 â8 + 2 â9 + â3

)
− 1

2
âW̃
]
pµqνε

αβµν

(FR.13)

Aα(p) Zβ(q)

h(r)

− 4i
v
e2
[
−âB̃ tan θW − 2 cot θW

(
− 1

4
âW̃ + 2 â8

)
+ (2 â9 + 2 â2 + â3) csc (2θW )− 4 â1 cot (2θW )] pµqνε

αβµν
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SM Non-SM

(FR.14)

Ga
α(p) Gb

β(q)

h(r)

− 4 i
v
g2s δ

ab âG̃ pµqνε
αβµν

(FR.15)

W+
α (p) W−

β (q)

h(r)

2
v
e2 csc2 θW

[
â7 g

αβ(p · p− q · q)− (â7 − â12)
(
pαpβ − qαqβ

)]
− 4i
v
e2 csc2 θW

(
â3 + 1

2
âW̃
)
pµqνε

αβµν

(FR.16)

h(r) h(s)

Zα(p)

2
v2
e csc (2θW )

{
8 â14 a

′
14 (r · s) pα + v2

[(
â2D −

b̂2D
2

)
pα

+ 4
v2
â13

(
r2 rα + s2 sα

)
+ 2

v2
b̂13 p

2 pα
]}
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S
M

N
o
n
-S

M

(F
R

.1
7
)

W
+ α
(p

)
W

− β
(q

)

Z
ρ
(r

)
h
(s
)

1 v
e3

cs
c3
θ W

se
c
θ W

{ â
1
0
g
β
ρ
p
α

+
â
7

[ gβρ
(p
α

+
qα

+
rα

)
+
g
α
ρ
( pβ +

qβ
+
rβ
)] +

â
1
2

[ g
β
ρ

(p
α

+
qα

+
rα

)
+

+
g
α
ρ
( pβ +

qβ
+
rβ
)] +

â
1
0
g
α
ρ
qβ
−

2
â
6
g
α
β

(p
ρ

+
qρ

+
rρ

)
−

2
â
7
g
α
β

(p
ρ

+
qρ

+
rρ

)
+

2
â
1
1
g
α
β
rρ

+

−
â
5

[ gβρ
(p
α

+
qα

+
rα

)
+
g
α
ρ
( pβ +

qβ
+
rβ
)] −

â
4

[ gβρ
qα

+
g
α
ρ
p
β
−
g
α
β

(p
ρ

+
qρ

)] +

+
co

s
(2
θ W

)
[ (â

7
−
â
1
2
)
( gβρ

(p
α

+
qα

+
rα

)
+
g
α
ρ
( pβ +

qβ
+
rβ
)) −

2
â
7
g
α
β

(p
ρ

+
qρ

+
rρ

)
]} +

+
2
i
v
e3

cs
c3
θ W

se
c
θ W
{ 4

co
s2
θ W
[ 1 4
â
W̃

(p
σ

+
q σ

+
r σ

)
−

2
â
8
r σ
] +

2
â
9

(p
σ

+
q σ

+
r σ

)
+

+
â
3

[c
o
s

(2
θ W

)
+

2
](
p
σ

+
q σ

+
r σ

)
+

4
â
1
r σ

si
n
2
θ W
} εα

β
ρ
σ

(F
R

.1
8
)

W
+ α
(p

)
W

− β
(q

)

A
ρ
(r

)
h
(s
)

2 v
e3

cs
c2
θ W
{ (â

7
−
â
1
2
)
[ gβρ

(p
α

+
qα

+
rα

)
+
g
α
ρ
( pβ +

qβ
+
rβ
)] −

2
â
7
g
α
β

(p
ρ

+
qρ

+
rρ

)} +

−
4
i v
e3

cs
c2
θ W
[ −1 2

â
W̃

(p
σ

+
q σ

+
r σ

)
−
â
3

(p
σ

+
q σ

+
r σ

)
+

2
(2
â
8

+
â
1
)
r σ
] εαβ

ρ
σ

(F
R

.1
9
)

Z
α
(p

)
Z

β
(q

)

Z
ρ
(r

)
h
(s
)

1 v
1
6
e3

cs
c3

(2
θ W

)
{ (2

â
1
6

+
â
1
0

+
â
1
1
)
( gβρ

p
α

+
g
α
ρ
qβ

+
g
α
β
rρ
) +

−
(2
â
1
5

+
â
5

+
â
6
)
[ gβρ

(p
α

+
qα

+
rα

)
+
g
α
ρ
( pβ +

qβ
+
rβ
) +

g
α
β

(p
ρ

+
qρ

+
rρ

)]}
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SM Non-SM

(FR.20)

Ga
α(p) Gb

β(q)

Gc
ρ(r) h(s)

4
v
fabcg3s âG̃ (pµ + qµ + rµ) εαβµρ

(FR.21)

Aα(p) Aβ(q)

h(r) h(s)

8i
v2
e2
[
2
(
− 1

4
b̂B̃ + b̂8 + b̂1

)
− 1

4
b̂W̃

]
pµqνε

αβµν

(FR.22)

Zα(p) Zβ(q)

h(r) h(s)

− 4i
v2
e2
[
4
(
− 1

4
b̂B̃ + b̂8 + b̂1

)
− 2

(
− 1

2
b̂B̃ + b̂2

)
sec2 θW

+ csc2 θW
(

1
2
b̂W̃ − 4 b̂8 + 2 b̂9 + b̂3

)
− 1

2
b̂W̃

]
pµqνε

αβµν

(FR.23)

Aα(p) Zβ(q)

h(r) h(s)

− 4i
v2
e2
[
− b̂B̃ tan θW − 2 cot θW

(
− 1

4
b̂W̃ + 2 b̂8

)
+
(

2 b̂9 + 2 b̂2 + b̂3
)

csc (2θW )− 4 b̂1 cot (2θW )

]
pµqνε

αβµν

SM Non-SM

(FR.24)

W+
α (p) W−

β (q)

h(r) h(s)

2
v2
e2 csc2 θW

{
b̂7
[
gαβ(q · r − p · r) + pβrα − qαrβ

]
+b̂12

(
qβrα − pαrβ

)}
− 2i

v2
e2
(
b̂3 + b̂W̃

)
csc2 θW pµqν ε

αβµν

(FR.25)

Ga
α(p) Ga

β(q)

h(r) h(s)

− 4 i
v2

g2s δ
ab b̂G̃ pµqνε

αβµν

(FR.26)

Zα(p) h(q)

h(r) h(s)

2
v3
e csc (2θW )

{
8 pα (r · q + q · s+ r · s)

(
â14 b

′
14 + b̂14 a

′
14

)
+v2

[
â2D p

α + 4
v2
â13

(
q2 qα + r2 rα + s2 sα

)]}
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