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In this article, the prospects for studying the tensor structure of the HZZ vertex with the LHC
experiments are presented. The structure of tensor couplings in Higgs di-boson decays is investigated by
measuring the asymmetries and by studying the shapes of the final state angular distributions. The expected
background contributions, detector resolution, and trigger and selection efficiencies are taken into account.
The potential of the LHC experiments to discover sizeable non-Standard Model contributions to the HZZ
vertex with 300 and 3000 fb−1 is demonstrated.

DOI: 10.1103/PhysRevD.91.115014 PACS numbers: 12.60.Fr, 14.80.Ec

I. INTRODUCTION

In the summer of 2012, the CMS and ATLAS
Collaborations at the LHC reported the discovery of a
new neutral resonance in searches for the Standard Model
Higgs boson. This discovery was later confirmed by
analyses of the full LHC Run-I data set by both collabo-
rations [1,2]. It was demonstrated that the new particle with a
mass around 125.5 GeV was dominantly produced via the
gluon fusion process and decays into pairs of gauge bosons:
γγ, ZZ andWW. The observed production and decay modes
identified the discovered particle as a neutral boson. The
subsequent measurement of its couplings to fermions and
bosons demonstrated the compatibility of the discovered
resonance with the expectations for the Standard Model
Higgs boson within available statistics [3–5].
In the Standard Model, electroweak symmetry breaking

via the Higgs mechanism requires the presence of a single
neutral Higgs boson with spin 0 and even CP parity.
Theories beyond the Standard Model often require an
extended Higgs sector featuring several neutral Higgs
bosons of both even- and odd-CP parity. In such a case,
mixing between Higgs boson CP eigenstates is possible.

The Higgs boson mass eigenstates observed in experiment
may, thus, have mixed CP parity. Such an extension of the
Higgs sector is important because effects of CP violation in
the SM are too small and, in particular, cannot explain the
baryon asymmetry of the Universe.
Dedicated studies of spin and parity of the Higgs

candidate discovered by ATLAS and CMS showed that
its dominant spin and parity are compatible with JCP ¼
0þþ [4–6]. The data set of about 25 fb−1 currently collected
by each of the major LHC experiments allows us to set an
upper limit on the possible CP-odd contribution. The
sensitivity is expected to improve with larger data sets to
be collected at the LHC.
There have been many works on direct measurement of

CP violation in the Higgs sector [7–32]. In this paper the
sensitivity of LHC experiments to observe CP-mixing
effects with 300 and 3000 fb−1 is evaluated using the
method of angular asymmetries.
This paper is organized as follows. In Sec. II observables

sensitive to CP violation in the HZZ vertex are discussed.
The spin-0 model, a Monte Carlo production of signal and
background, and a Lagrangian parametrization for CP-
mixing measurements are discussed in Sec. III. In Sec. IV
the expected sensitivity of the LHC experiments to the CP-
violation effects based on angular asymmetries is pre-
sented. Constraits are set on the contribution of anomalous
couplings to the HZZ vertex. Section V introduces the
measurement technique based on observables fit. Exclusion
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regions for the mixing angle are presented. Section VI gives
the overall summary of obtained results.

II. OBSERVABLES

In this paper we study the sensitivity of final state
observables to the CP violating HZZ vertex in the process:

gg → H → ZZ → 4l: ð1Þ

Following the notation introduced in [21], the general
scattering amplitude describing interactions of a spin-zero
boson with the gauge bosons is given by

AðX → VVÞ ¼ 1

v
ðg1m2

Vϵ
�
1ϵ

�
2 þ g2f

�ð1Þ
μν f�ð2Þμν

þ g4f
�ð1Þ
μν ~f�ð2ÞμνÞ: ð2Þ

Here the fðiÞμν ¼ ϵμi q
ν
i − ϵνi q

μ
i is the field strength tensor of

a gauge boson with momentum qi and polarization vector
ϵi; ~fðiÞμν ¼ 1=2ϵμναβfαβ is the conjugate field strength
tensor. The symbols v and mV denote the SM vacuum
expectation value of the Higgs field and the mass of the
gauge boson, respectively.
In the Standard Model, the only nonvanishing coupling

of the Higgs to ZZ or WW boson pairs at tree-level is
g1 ¼ 2i, while g2 is generated through radiative corrections.
For final states with at least one massless gauge boson, such
as γγ, gg or Zγ, the SM interactions with the Higgs boson
are loop-induced. These interactions are described by the
coupling g2. The coupling g4 is associated with the
interaction of CP-odd Higgs boson with a pair of gauge
bosons. The simultaneous presence of CP-even terms g1
and/or g2 and the CP-odd term g4 leads to CP violation.
In general, gi couplings can be complex and momentum

dependent. However imaginary parts of these couplings are
generated by absorptive parts of the corresponding dia-
grams and expected to be small: approximately less than
1%. We further assume that the energy scale of new physics
is around 1 TeV or higher, so that the momentum depend-
ence of the couplings can be neglected. Thus, in the
following we will consider gi couplings as real and
momentum-independent.
These assumptions are entirely consistent with the

framework of an effective field theory (EFT) of the SM.
If the energy scale of the new physics is much higher than
the electroweak scale new effects can be described by an
EFT with the SM Lagrangian supplemented by higher
dimension operators of d ¼ 6. Such an approach was
worked out in detail in [33,34].
One of possibilities to study CP violation in the process

of Eq. (1) is to analyze the shapes of angular and mass
distributions of the final state [35,36]. The common choice
of angular observables for this type of analysis is show
in Fig. 1.

A complimentary approach is based on studies of
angular-function asymmetries arising in the case of CP
violation. There are six observable functions proposed in
[16]. The first angular observable function is defined as
follows:

O1 ¼
ð~p2Z − ~p1ZÞ · ð~p3H þ ~p4HÞ
j~p2Z − ~p1Zjj~p3H þ ~p4Hj

:

Here ~pi, i ¼ 1;…4 are the 3-momenta of the final state
leptons in the order l1l̄1l2 l̄2. The subscripts Z and H denote
that the corresponding 3-vector is taken in the Z or in the
Higgs boson rest frames. Using these definitions, the
second observable function reads

O2 ¼
ð~p2Z − ~p1ZÞ · ð~p4H × ~p3HÞ
j~p2Z − ~p1Zjj~p4H × ~p3Hj

:

The third observable function O3 is constructed using O1,

O3 ¼ O1O3aO3b;

where

O3a ¼
ð~p4Z − ~p3ZÞ · ð~p1H × ~p2HÞ
j~p4Z − ~p3Zjj~p1H × ~p2Hj

and

O3b ¼
ð~p3Z − ~p4ZÞ · ð~p1H þ ~p2HÞ
j~p3Z − ~p4Zjj~p1H þ ~p2Hj

:

FIG. 1 (color online). Definitions of the CP-sensitive final state
angular observables in gg → H → ZZ → 4l decay.
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The remaining three observable functions are given by

O4 ¼
½ð~p3H × ~p4HÞ · ~p1H�½ð~p3H × ~p4HÞ · ð~p1H × ~p2HÞ�

j~p3H þ ~p4Hj2j~p1H þ ~p2Hjj~p3Z − ~p4Zj2j~p1Z − ~p2Zj2=16
;

O5 ¼
½ð~p4H × ~p3HÞ · ~p1H�½ð~p1Z − ~p2ZÞ · ~p3Z�
j~p3H þ ~p4Hjj~p3Z − ~p4Zj2j~p1Z − ~p2Zj2=8

;

and

O6 ¼
½ð~p1Z − ~p2ZÞ · ð~p3H þ ~p4HÞ�½ð~p3H × ~p4HÞ · ~p1H�

j~p1Z − ~p2Zj2j~p3H þ ~p4Hj2j~p3Z − ~p4Zj=4
:

These observables are related to the final state angular variables defined in [35] and illustrated in Fig. 1. For instance, a
trivial calculation yeilds O1 ¼ cos θ1 and O2 ¼ −sinϕ sin θ1.
Note that the total cross section is CP even (no interference between CP-even and CP-odd terms) and cannot be used to

detect the presence of CP-violating terms in the HZZ vertex.

III. SPIN-0 MODEL AND MONTE CARLO PRODUCTION

The dominant Higgs boson production mechanism at the LHC is gluon fusion. To simulate the production of a Higgs-like
boson and its consequent decay into ZZ and 4l, the MADGRAPH5 Monte Carlo generator [37] was used. This generator
implements the Higgs Characterization model [38]. The corresponding effective Lagrangian describing the interaction of
the spin-0 Higgs-like boson with vector bosons is given by

LV
0 ¼

�
cακSM

�
1

2
gHZZZμZμ þ gHWWWþ

μ W−μ
�
−
1

4
½cακHγγgHγγAμνAμν þ sακAγγgAγγAμν

~Aμν�

−
1

2
½cακHZγgHZγZμνAμν þ sακAZγgAZγZμν

~Aμν� − 1

4
½cακHgggHggGa

μνGa;μν þ sακAgggAggGa
μν
~Ga;μν�

−
1

4

1

Λ
½cακHZZZμνZμν þ sακAZZZμν

~Zμν� − 1

2

1

Λ
½cακHWWWþ

μνW−μν þ sακAWWWþ
μν

~W−μν�

−
1

Λ
cα½κH∂γZν∂μAμν þ κH∂ZZν∂μZμν þ ðκH∂WWþ

ν ∂μW−μν þ H:c:Þ�
�
X; ð3Þ

where Λ is the new physics energy scale and the field
strength tensors are defined as follows:

Vμν ¼ ∂μVν − ∂νVμ ðV ¼ A; Z;W�Þ;
Ga

μν ¼ ∂μGa
ν − ∂νGa

μ þ gsfabcGb
μGc

ν:

The dual tensor ~Vμν is defined as

~Vμν ¼
1

2
ϵμνρσVρσ:

The mixing angle α allows the production and decay ofCP-
mixed states and implies CP violation when α ≠ 0 or
α ≠ π=2. The definitions of effective tensor couplings gXVV 0

are shown in Table I.
The Lagrangian in Eq. (3) is an effective Lagrangian with

Uð1ÞEM symmetry. It parametrizes all possible Lorentz

structures, is not SUð2Þ ×Uð1Þ invariant and does not
assume that the Higgs boson belongs to a doublet of the
weak SUð2Þ group. Interaction terms corresponding to a
Lagrangian of this type do not necessarily form a complete
basis. However, this form is convenient for analysis of
experimental data, as it relates in a simple way effective
couplings and quantities observed in experiments. Note that
there is a different and very popular EFT approach [34] to

TABLE I. Definitions of effective tensor couplings gXVV 0

introduced in Eq. (3) in units of the Higgs vacuum expectation

v. The symbol C is defined as: C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αEMGFm2

Z

8
ffiffi
2

p
π

q
.

ZZ=WW γγ Zγ gg

v · gHVV 0 2m2
Z=W

47αEM
18π C 94 cos2 θW−13

9π
− αs

3π

v · gAVV 0 0 4αEM
3π 2C 8cos2θW−5

3π

αs
2π
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studies of the Higgs boson sector based on a complete set of
operators of dimension six (the so-called Warsaw basis).
The relations between parameters of the Lagrangian of

Eq. (3) and tensor couplings of the effective amplitude of
Eq. (2) can be derived from Feynman rules. The corre-
sponding conversion coefficients are shown in Table II.
In this table the following definitions are used:

~KXVV 0 ¼ 1

4

v
Λ
~gXVV 0kXVV 0 ;

~KH∂V ¼ 1

2

v
Λ

�
Λ1

mV

�
2

kH∂V;

cα ¼ cos α; and sα ¼ sin α:

Here X denotes eitherH or A and the index VV 0 denotes the
final state gauge boson pair. The effective couplings ~gXVV 0

are defined as follows:
(i) In the case of ZZ or WW interactions, ~gXVV 0 ¼ 1;
(ii) For γγ, Zγ and gg interactions, couplings ~gXVV 0 are

equivalent to the couplings gXVV 0 defined in Table I.
The couplings ~KH∂V , where V ¼ W;Z; γ, correspond to the
so-called contact terms of the Higgs Characterization
Lagrangian of Eq. (3). These contact terms can be repro-
duced in the amplitude of Eq. (2) by reparametrizing the g1
coupling in the following form [39]:

g1ðq21; q22Þ ¼ gSM1 þ g021
jq21j þ jq22j

Λ2
1

þ g031
jq21j − jq22j

Λ2
1

:

This equation represents the leading terms of the form
factor expansion. In the case of complex kH∂W , the
momenta of the W bosons should be assigned as follows:
q1 for W− and q2 for Wþ. In the case of HZγ interaction
with a real photon, the term proportional to kH∂γ vanishes.
In the following we will consider a model based on the

Lagrangian of Eq. (3) in which the mixing is provided by
the simultaneous presence of the Standard model CP-even
term and a non-Standard Model CP-odd term in the HZZ
decay vertex. The signal Monte Carlo samples used in this
analysis are produced using the Higgs Characterization
model parameters presented in Table III.

The coefficient kAZZ was chosen such that it provided equal
cross sections for decays of CP-odd and CP-even Higgs
states: σðcα ¼ 0Þ ¼ σðcα ¼ 1Þ. The tensor couplings for
the decay vertex corresponding to the amplitude of Eq. (2)
can be restored using the following relations: g2 ¼ 2icα and
g4 ¼ 2isα ~KAZZ, where ~KAZZ ¼ 1.76. It is noted that the
factor 2i is not important in the study of asymmetries
because it defines the overall cross section normalization.
The signal samples were produced using the

MADGRAPH5 Monte Carlo generator [37]. These samples
were created in the range of mixing angles −1 ≤ cos α ≤ 1
in steps of 0.05. The dominant background processes
qq̄ → ZZ; Zγ were also simulated with MADGRAPH5.
After simulation of signal and background events atffiffiffi
s

p ¼ 14 TeV, the parton showering was performed using
the PYTHIA6 Monte Carlo generator [40]. Generic detec-
tor effects were included by using the PGS package [37].
The main detector parameters used for this simulation are
presented in Table IV. For comparison, the expected
acceptance, efficiencies and resolutions of the ATLAS
and CMS detectors of the LHC can be found in [41,42].
Finally a kinematic selection was applied. It was required
that candidates decayed to two same flavor oppositely
charged lepton pairs. If several of such candidates could
be reconstructed in an event, the leptons pairs with
invariant masses closest to the on-shell Z mass where
chosen. Each individual lepton had a pseudorapidity jηj <
2.5 and transverse momentum pT > 7 GeV. The most
energetic lepton should satisfy pT > 20 GeV whereas
the second (third) similarly had pT > 15 GeV
(pT > 10 GeV). The invariant mass of the on-shell Z
boson was in the mass window (50,106) GeV while the
off-shell Z boson mZ� > 20 GeV. Only Higgs candidates
in the signal region 115 GeV < mH < 130 GeV where

TABLE II. Conversion coefficients between parameters of the
Lagrangian of Eq. (3) and tensor couplings of the effective
amplitude of Eq. (2).

Coupling ZZ WW γγ Zγ gg

g1=2ica kSM kSM � � � � � � � � �
g2=2ica ~KHZZ

~KHWW
~KHγγ

~KHZγ
~KHgg

g4=2isa ~KAZZ
~KAWW

~KAγγ
~KAZγ

~KAgg

g001=2ica ~KH∂Z Reð ~KH∂WÞ � � � � � � � � �
g0001 =2ica � � � iImð ~KH∂WÞ � � � � � � � � �

TABLE III. Parameters of Higgs Characterization model used
for Monte Carlo simulation of signal samples.

kSM kHZZ kAZZ kHgg kAgg Λ;GeV

1 0 28.6 1 1 103

TABLE IV. Tuning parameters used to simulate detector effects
with PGS package.

Parameter Value

Electromagnetic calorimeter resolution ·
ffiffiffiffi
E

p
0.1

Hadronic calolrimeter resolution·
ffiffiffiffi
E

p
0.8

MET resolution 0.2
Outer radius of tracker (m) 1.0
Magnetic field (T) 2.0
Track finding efficiency 0.98
Tracking η coverage 2.5
e=γη coverage 2.8
Muon η coverage 2.8
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considered. The selection is a simplified version of the one
presented in [2].

IV. ASYMMETRIES

For each observable Oi sensitive to CP violation, the
corresponding asymmetry can be defined as

Ai ¼
NðOi > 0Þ − NðOi < 0Þ
NðOi > 0Þ þ NðOi < 0Þ ; ð4Þ

where N is the number of events with the observable less or
greater than zero. Integrating the corresponding decay
probabilities, it can be shown that these asymmetries
directly probe the tensor couplings defined in the amplitude
of Eq. (2) [16]. The value of A1 is proportional to Imðg4Þ,
while A2; A3; A4; A5 and A6 probe the values of Reðg4Þ and
Imðg2Þ, respectively.
Analysis of asymmetries sensitive to CP violation for the

process of Eq. (1) was performed in [16]. In this section we
extend this analysis by including effects of parton shower-
ing, hadronization, generic detector effects and contribu-
tions from the irreducible qq̄ → ZZ=Zγ → 4l background.
Lepton interference in the final state and the contribution of
two off-shell Z bosons are also taken into account.
The distributions of observables O2; O3; O4 and O5 for

two values of the mixing angle cos α ¼ 1 and cos α ¼ 0.5
are shown in Fig. 2. Signal H → ZZ → 4l events are
generated using the production and decay model defined
in Table III. The contributions from the signal and

qq̄ → ZZ → 4l background are normalized to their respec-
tive expectations at 300 fb−1. It is noted that the presence of
CP-mixing leads to distortions of distributions of selected
observables. The distributions of O2 through O5 become
asymmetric in the presence of a real component of g4. This
asymmetry is especially pronounced for O4 and O5. As
suggested in [16], the background is CP conserving and the
corresponding distributions of observables are symmetric.
The shapes of asymmetries Ai for the model presented in
Table III are shown in Fig. 3. The pure CP-even and CP-
odd cases are given by cos α ¼ 1 and cos α ¼ 0,
respectively.
Note, that according to the structure of Lagrangian

[Eq. (3)] the CP-violating contribution is defined by the
parameter p ¼ ~KAZZ tan α. This parameter, thus, determines
the corresponding asymmetries of angular observables.

2O
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FIG. 2 (color online). Distributions of observables O2; O3; O4 and O5 for two values of the mixing angle α.
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FIG. 3 (color online). Asymmetries generated for observ-
ables Oi.
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Knowing the distribution of asymmetries for given ~KAZZ it is
possible to obtain the corresponding distributions for any
~KAZZ by using the condition p ¼ const.
It is noted, that for the physics model used in this study,

the observables O1 and O6 do not generate asymmetries
visible with the current Monte Carlo sample. The consis-
tency of these asymmetries with zero confirms that addi-
tional effects that are taken into account in our work such as
lepton interference, off-shell ZZ production, ZZ back-
ground, experimental cuts and detector acceptance do
not produce an artificial asymmetry not related with the
presence of CP-odd terms.The asymmetric behavior is
clearly visible for O2 through O5. The asymmetries for O4

and O5 calculated using Eq. (4) may exceed 10% .
In Fig. 3 asymmetry plots are given for cosα in the range

from 0 to 1. For negative cos α the asymmetries change sign
but keep the same shape. This property allows using the
asymmetry approach to measure the relative phase in the
amplitude of Eq. (2).
The significance of the expected asymmetry can be

estimated as

S ¼ ΔN=
ffiffiffiffi
N

p
¼ AiNS=

ffiffiffiffi
N

p
;

where N ¼ NS þ NB is the total number of signal and
background events and ΔN is the difference in the number
of events with Oi < 0 and Oi > 0. It is also noted that
ΔN ≈ ΔNS, because the ZZ background does not contrib-
ute to asymmetries at leading order. Following the results of
the simulation presented in [43], the number of signal and
background events at

ffiffiffi
s

p ¼ 14 TeV can be estimated as:
NS ¼ 1.32L and NB ¼ 0.71L, respectively. Here L repre-
sents the integrated luminosity in fb−1. A data set with the
integrated luminosity of 300 fb−1 is expected to be col-
lected during the Run III of the LHC.
Using the above expressions, one can estimate an

expected asymmetry of about 9.5% to be measured with
this data sample. The corresponding significance will be
around two standard deviations. The region 0.340 <
cos α < 0.789 will then be excluded at 95% C.L.
This exclusion range can be expressed in terms of fg4

fraction of events [4] arising from the anomalous coupling g4,

fg4 ¼
σ4jg4j2

σ1jg1j2 þ σ4jg4j2
; ð5Þ

where gi are couplings of the decay vertex, and σi is the cross
section of the processes H → ZZ → 4l corresponding to
gi ¼ 1; gi≠j ¼ 0. Eq. (5) can be rewritten in terms of the
mixing angle α as

fg4 ¼
1

1þ σ1
σ4
ð kSM
~KAZZ

Þ2cot2α ;

where the ratio of cross sections σ4=σ1 ¼ 0.139 is obtained
from the Monte Carlo generator.
The range of the fraction of events of Eq. (5) close to 1

has been already excluded by CMS [4]. Taking this into
account, the exclusion limit obtained in the presented
analysis becomes fg4 < 0.207 at 300 fb−1 for the model

TABLE V. Upper limit on fg4 and cos α range excluded at the
95% C.L.

L; fb−1 300 3000

~KAZZ=1.76 Δcα fg4 Δcα fg4

0.6 � � � � � � 0.122–0.921 0.026
0.8 0.431–0.650 0.274 0.100–0.953 0.027
1.0 0.340–0.789 0.207 0.089–0.968 0.028
1.2 0.307–0.852 0.191 0.087–0.975 0.031
1.4 0.297–0.886 0.188 0.086–0.981 0.032

FIG. 4 (color online). The 95% C.L. exclusion limits for model
parameters cα, ~KAZZ at 300 fb−1. Regions of rejected model
parameters are shown.

FIG. 5 (color online). The 95% C.L. exclusion limits for model
parameters cα, ~KAZZ at 3000 fb−1. Regions of rejected model
parameters are shown.
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described by the Lagrangian of Eq. (3) and parameters
given in Table III.
For the high luminosity LHC, assuming the same signal

and background yields per fb as above, the following
exclusion range can be established: 0.089 < cos α < 0.968

at 95% C.L. This corresponds to an upper limit fg4 ¼ 0.028
at 3000 fb−1.
In the same way as above, we performed estimates for

four more values of the model parameter ~KAZZ.
Monte Carlo samples were generated for each point of
two dimensional model space ðcos α; ~KAZZÞ. The number
of signal events was calculated as NS ¼ NSM

S σ=σSM assum-
ing constant K factors. The results are presented in Table V.
These limits on fg4 are close to the ones expected in
ATLAS [43] and CMS [4] experiments.
The region of ~KAZZ=1.76 above 1.4 is not considered. In

this region the cross sections exceed the SM cross section
by more than a factor of two.
In Figs. 4 and 5 the regions of model parameter space

(cα, ~KAZZ) excluded by the current analysis are shown. The
shadowed areas are excluded at the 95% C.L. Lines in
Figs. 4 and 5 represent a polynomial fit to the results of the
method of asymmetries.
Note that CP-odd observables were studied also in [44].

According to this article the detection of CP-violating
effects is out of reach of the LHC. However, as was
mentioned in [44], these effects might in principle attain
large values because of numerical enhancements.
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FIG. 7 (color online). Results of the mixing angle α scan produced with the mixing angle observable fit corresponding to the integrated
luminosity of 300 fb−1.
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V. MIXING ANGLE OBSERVABLE FIT

The asymmetries Ai discussed in the Sec. IV are
integrated quantities of angular observables Oi and, thus,
provide limited information about the anomalous contri-
butions to the HZZ vertex. The optimal sensitivity to these
contributions can be obtained by studying the shapes of
distributions of observables Oi and their correlations.
The sensitivity of individual observables to the presence

of anomalous contributions to the HZZ vertex is studied
by fitting the shape of these observables as a function of

the mixing angle. The likelihood function of the fit is
defined as

Lðcos α; μ; θÞ

¼
YNchan

j

YNbin

i

PðNi;jjμj · Si;jðcos α; θÞ þ Bi;jðθÞÞ:

Here, besides the parameter of interest cos α, two nuisance
parameters have been introduced: the best-fitting signal
strength μ and a systematic normalization uncertainty θ.
The likelihood function is a product over the different final
states and bins of the specific observable that is being fitted.
In each bin, the observed number of events from pseudo-
dataN, is compared to the expected number of events of the
model Sþ B assuming a Poissonian distribution of entries
P. By varying the mixing parameter cos α of the likelihood
for a given data set we can construct the standard log-
likelihood test statistic,

−2 lnΛðcos αÞ ¼ −2 ln
Lðcos αÞ
Lðcos α̂Þ ;

where α̂ denotes the mixing angle that maximizes the
likelihood function over the scan. The other likelihood
parameters are profiled at the corresponding cos α value.

TABLE VI. Upper limit on fg4 and cos α range excluded at the
95% C.L. with the mixing angle observable fit. The Standard
Model signal is assumed. The BSM templates are generated
according to the model defined in Table III with ~KAZZ ¼ 1.76.

L; fb−1 300 3000

Observable Δcα fg4 Δcα fg4

O1 0–0.695 0.315 0–0.903 0.089
O2 � � � � � � 0–0.604 0.428
O3 0–0.719 0.287 0–0.911 0.081
O4 0–0.708 0.300 0–0.908 0.084
O5 0–0.631 0.394 0–0.883 0.108
O6 0–0.533 0.520 0–0.852 0.104
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FIG. 8 (color online). Results of the mixing angle α scan produced with the mixing angle observable fit corresponding to the integrated
luminosity of 3000 fb−1.
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The 95% exclusion is reached when −2 lnΛðcos αÞ > 3.84.
The definitions of the 64% C.L. and 95% C.L. exclusion
regions are demonstrated in Fig. 6.
Results of the scan of the mixing angle α produced

with the mixing angle observable fit corresponding to the
integrated luminosity of 300 fb−1 are presented in Fig. 7.
The results are reported for themodelwith ~KAZZ ¼ 1.76 and
remaining parameters as defined in Table III. The values of
the mixing angle cos α used to generate the input pseudo-
data are marked on the x axis. Every bin of the injected cosα
on represents the null-hypothesis likelihood curve similar to
Fig. 6. The y axis shows the cos α̂ values reconstructed in the
fit. The dark (blue) and grey dashed areas represent the
64% C.L. and 95% C.L. limits, respectively. The white area
in each bin of injected cos α is excluded at 95% C.L. As
expected, the sensitivity to the mixing angle varies for
different observables, resulting in significantly different
exclusion regions. The weakest exclusion is reached with
the O2, while the strongest is reached with the O4.
The results corresponding to the integrated luminosity of

3000 fb−1 are presented in Fig. 8. Compared to 300 fb−1,
the 95% C.L. exclusion regions around the fitted cos α̂
values are significantly reduced. Assuming the pure
Standard Model signal, the following exclusion limits
can be set using the O4 observable alone: 0 < cos α̂ <
0.708 at the 95% C.L. for 300 fb−1 and 0 < cos α̂ < 0.908
at the 95% C.L. for 3000 fb−1. The exclusion limits
obtained from other observables assuming the Standard
Model signal are reported in Table VI.
The exclusion limits obtained for hypothetical BSM

signals can be read from Fig. 7 and 8. It is noted that by
fitting the shape of the O4 observable alone, the exclusion
limits similar to those reported in Sec. IV can be obtained.
Further improvements can be obtained by combining
several observables in the same fit.

VI. CONCLUSION

In this article, studies of tensor structure of the HZZ
vertex are presented. The investigation is performed using
the pp → H → ZZ → 4l process assuming the gluon
fusion production of the spin-0 resonance. The background
contributions, detector resolution, trigger and selection
efficiencies expected for the LHC are taken into account.
Two different approaches to detect CP-violation effects in
the HZZ vertex were used. The first approach is based on a

simple counting experiment for angular asymmetries of
CP-sensitive observables. It was shown that the presence of
CP violating terms may result in angular asymmetries
exceeding 10%. The 95% C.L. exclusion ranges for the
mixing angle at different parameters of spin-0 Higgs boson
model including the Standard Model CP-even term and
anomalousCP-odd term g4 are calculated. These results are
also presented in terms of the effective cross section
fraction fg4 . The obtained limits are comparable with the
ATLAS and CMS projections for Run III at the LHC and
the high-luminosity LHC presented in [4,43].
The sensitivity of individual observables to the presence

of anomalous contributions to the HZZ vertex was studied
by fitting the shape of these observables as a function of the
mixing angle. It is demonstrated that using a single most
sensitive observable, this approach gives fg4 limits com-
parable with asymmetries method and with the ATLAS and
CMS projections. Compared to the method of angular
asymmetries, this approach has an advantage of using
the complete shape information of CP-odd observables.
It is demonstrated that some of the observables, that do not
generate significant angular asymmetry in presence of
significant CP-mixing, can still provide restrictive fg4
limits when their complete shape is analyzed.
Combining several CP-odd observables in the same fit
or combining several angular asymmetries would likely
further improve sensitivity to the CP violating coupling. It
is noted that careful experimental investigation of all
observables, even not the leading ones, is important, since
they probe different terms of the HZZ vertex.
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