
Eur. Phys. J. C (2020) 80:229
https://doi.org/10.1140/epjc/s10052-020-7740-1

Regular Article - Theoretical Physics

CP-violating Higgs-gauge boson couplings in Hνν̄ production
at three energy stages of CLIC

O. Karadeniza, A. Senolb , K. Y. Oyulmazc, H. Denizlid

Department of Physics, Bolu Abant Izzet Baysal University, 14280 Bolu, Turkey

Received: 26 September 2019 / Accepted: 10 February 2020 / Published online: 11 March 2020
© The Author(s) 2020

Abstract A phenomenological study of CP-violating
dimension-six operators via the e+e− → νν̄H process is
performed in a model-independent Standard Model effec-
tive field theory framework at all energy stages of CLIC
using the updated baseline integrated luminosities. All sig-
nal and relevant background events are generated in Mad-
Graph and passed through PYTHIA for parton showering
and hadronization at parton level. Detector effects are con-
sidered via tuned CLIC detector cards in Delphes. Since
we reconstruct the Higgs boson from a pair of b-jets, lim-
its on CP-violating dimension-six couplings are obtained
at three b-tagging working points: tight, medium and loose
defined in the CLIC Delphes card for all three energy stages
of CLIC. Our best 95 % C.L. limits at the loose work-
ing point (90 % b-tagging efficiency) on c̃HW and c̃H B are
[−7.0 × 10−3; 7.0 × 10−3] and [−3.0 × 10−2; 3.0 × 10−2],
respectively at the 3 TeV energy stage of CLIC with an inte-
grated luminosity of 5.0 ab−1. Considering a 0.3 % system-
atic uncertainty from possible experimental sources worsens
the limits on these couplings by a factor of two.

1 Introduction

Although the observation of a scalar particle with mass about
125 GeV compatible with the Standard Model (SM) Higgs
boson at the Large Hadron Collider (LHC) [1,2] marked
a milestone in particle physics, evidence for new physics
beyond the SM has not been observed yet in the analysis of
combined ATLAS and CMS data to probe the couplings of
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the Higgs boson. Therefore, one of the main topics of the
High-Luminosity LHC (HL-LHC) program and envisaged
future high-energy collider projects will be the precise mea-
surement of the Higgs-boson couplings to the SM particles.

In the SM framework, the experimental data is cur-
rently consistent with a CP-even hypothesis and the charge
conjugation-parity (CP) violation is described by Cabibbo–
Kobayashi–Maskawa (CKM) matrix [3,4] with a single com-
plex phase in the Yukawa sector. However, the origin of the
baryon asymmetry of the universe can not be explained by
the CP violation in the SM [5]. An extended Higgs sector
together with CP-violation beyond the Standard Model (SM)
is one of the conceivable options to explain the baryon asym-
metry of the Universe. Especially, the couplings of Higgs to
SM gauge bosons and/or fermions are interesting possibil-
ities which contain new sources of CP-violation. A well-
known approach of searching for new physics in a model-
independent way is the SM Effective Field Theory (EFT).
The basic principle of this approach is that all new physics
contributions to the SM are included with higher-dimensional
operators conforming to SU (3)C × SU (2)L × U (1)Y SM
gauge symmetry [6,7]. The possibility of CP-violating cou-
plings involving higher-dimensional interaction terms con-
taining the Higgs and gauge boson pairs cannot be discarded
in the investigation of new physics. Searches for CP-violating
Higgs-gauge boson couplings via higher-dimensional oper-
ators were previously performed in many rewarding studies
at experimental LHC data [8–11] and phenomenologically at
LHC [12–23], at HE-LHC and HL-LHC [24–26], at future
e+e− [27–42] and ep colliders [43].

The precision measurements of the Higgs boson cou-
plings with the other SM particles at the LHC and planned
future colliders will give us detailed information about its
true nature. Among the proposed future collider projects,
the Compact Linear Collider (CLIC) is a mature option for
a future linear electron–positron collider [44,45], which is
currently under development as a possible large-scale instal-
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lation at CERN. Additionally, CLIC comes to the fore with
features such as (1) allowing the precise determination of
the properties of the Higgs boson well beyond the precision
of the HL-LHC [46,47], (2) being a unique and innovative
two-beam acceleration technique that can reach accelerating
gradients of 100 MV/m, (3) providing high-luminosity e+e−
collisions at a series of center-of-mass energy stages from a
few hundred GeV up to 3 TeV, (4) benefiting from the clean
experimental environment and good knowledge of the initial
state to allow precise measurements of many reactions. To
diversify the physics opportunities, CLIC will be operated in
several center-of-mass energy stages. A first stage at 380 GeV
center of mass energy gives a suitable platform not only to
the Higgsstrahlung process in which e+e− collisions enable a
unique Higgs physics programme, but also to perform a scan
over the t t̄ production threshold [48,49]. The higher-energy
stages, currently assumed to be at 1.5 TeV (second stage)
and 3 TeV (third stage), provide a unique sensitivity for a
large number of new physics scenarios. Updated integrated
luminosities for these three energy stages, based on acceler-
ator ramp-up and up-time scenarios, are 1.0 ab−1, 2.5 ab−1

and 5.0 ab−1, respectively [47]. Each stage is planned to run
7 or 8 years with a 2-year commissioning between so that
the physics program will be completed within approximately
25–30 years.

Since dimension-6 CP-even operators have been studied
in CLIC [45,50], we investigate the effect of CP-violating
dimension-6 operators of the HWW , Hγ γ and HZZ ver-
tices defined by an SM EFT Lagrangian in the e+e− → νν̄H
production process at the three energy stages of CLIC in
this study. The rest of the paper is organized as follows:
in the next section we give details of the Effective Field
Theory approach and operators of the dimension-6 CP-
violating interactions of the Higgs boson and electroweak
gauge boson in the Strongly-Interacting Light Higgs (SILH)
basis. In Sect. 3, the event selection criteria and cut opti-
mization of the signal and relevant background processes are
discussed for each stage of CLIC. The sensitivity estima-
tions of CP-violating dimension-6 Higgs-Gauge boson cou-
plings are given in Sect. 4. Finally, we conclude and com-
pare our obtained limits with current experimental results in
Sect. 5.

2 Effective operators

It is well known that all operators which define quark and
lepton fields along with a single Higgs doublet field inter-
acting via an SU (3)C × SU (2)L × U (1)Y SM gauge sym-
metry are restricted to have mass dimension of four or less
in the SM Lagrangian (LSM ). In the Effective Field Theory
(EFT) approach, the SM Lagrangian is extended with higher-
dimensional operators having coefficients of inverse powers

of mass (�), and hence are suppressed if this mass is large
compared to the reachable experimentally energies;

L = LSM +
∑

i

ci
�2 Oi , (1)

where � is the new physics scale, Oi are the dimension-six
operators, and the coefficients ci are dimensionless parame-
ters of the new physics coupling to the SM particles. It is also
noted that we ignore the dimension-5 operators responsible
for generating Majorana neutrinos and are only concerned
with the extended Lagrangian with dimension-6 operators.
The most general gauge-invariant dimension-6 Lagrangian
L can be expressed in a convenient basis of indepen-
dent operators Oi using normalized Wilson coefficients as
c̄i = ci/�2 that are free parameters [51–53]. In this work,
we consider the dimension-6 CP-violating interactions of the
Higgs boson and electroweak gauge boson in the SILH basis
as [53]:

LCPV = ig c̃HW
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fabcG
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ρ G̃
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where the dual field strength tensors are defined by

B̃μν = 1

2
εμνρσ B

ρσ ,

W̃ k
μν = 1

2
εμνρσW

ρσk,

G̃a
μν = 1

2
εμνρσG

ρσa . (3)

and � is the Higgs field containing a single SU (2)L dou-
blet of fields; Bμν = ∂μBν − ∂νBμ and Wμν = ∂μWk

ν −
∂νWk

μ + gεi jkW i
μW

j
ν are the electroweak field strength ten-

sor and Gμν is the strong field strength tensors; g′, g and
gs denote coupling constant of U (1)Y , SU (2)L and SU (3)C
gauge fields, respectively; the generators of SU (2)L in the
fundamental representation are given by T2k = σk/2 and
σk are the Pauli matrices. The SM EFT Lagrangian (Eq.
2) containing the Wilson coefficients in the SILH basis of
dimension-6 CP-violating operators can be defined in terms
of the mass eigenstates after electroweak symmetry breaking
(Higgs boson, W, Z, photon, etc.) as follows:
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Table 1 The relations between Lagrangian parameters in the mass basis
(Eq.2) and in the gauge basis (Eq. 4). (cW ≡ cos θW , sW ≡ sin θW )

g̃hgg = − 4c̃g g2
s v

m2
W

g̃hγ γ = − 8gc̃γ s2
W

mW

g̃hzz = 2g
c2
WmW

[
c̃H Bs2

W − 4c̃γ s4
W

+ c2
W c̃HW

]
g̃hγ z = gsW

cWmW

[
c̃HW − c̃H B

+ 8c̃γ s2
W

]

g̃hww = 2g
mW

c̃HW

LCPV = −1

4
g̃hggG

a
μν G̃

μνh − 1

4
g̃hγ γ Fμν F̃

μνh

−1

4
g̃hzz Zμν Z̃

μνh

−1

2
g̃hγ z Zμν F̃

μνh − 1

2
g̃hwwW

μνW̃ †
μνh, (4)

where Wμν , Zμν and Fμν are the field strength tensors of
W -boson, Z -boson and photon, respectively. The effective
couplings in gauge basis defined as dimension-6 operators
are given in Table 1.

The parametrization of Ref. [53] which is based on the
formulation given in Ref. [52] is considered in our anal-
ysis. Since it chooses to remove two fermionic invariants
while retaining all the bosonic operators, the parametriza-
tion is not complete as explained in Refs. [54,55]. The
main purpose of this paper is to estimate the direct sen-
sitivity to c̃HW , c̃H B and c̃γ couplings without consider-
ing higher-order electroweak effects. For this purpose, the
effects of the dimension-6 CP-violating operators on Hνν̄

production mechanism in e+e− collisions are investigated
using the Monte Carlo simulations with leading order in
MadGraph5_aMC_v2.6.3.2@NLO [56]. The described
CP-violating operators in the effective Lagrangian of Eq. (2)
are implemented into the MadGraph5_aMC@NLO based on
FeynRules [57] and the UFO [58] framework. The cross
sections of e+e− → νν̄H process at generator level as
a function of c̃HW , c̃H B and c̃γ couplings for three cen-
ter of mass energy stages of CLIC; 380 GeV, 1.5 and
3 TeV are given in Fig. 1. The quoted cross sections do

not include the effects of initial state radiation (ISR) and
beamstrahlung. In this figure, we vary dimension-6 CP-
violating operators individually and calculate the contribu-
tions to the corrections from new physics. Since one coef-
ficient at a time is varied in the calculation of cross sec-
tion, only quartic contributions are taken into account. It
can be easily seen that the contribution of the c̃HW cou-
pling to the SM increases with center of mass energy
even in a small value region for the e+e− → νν̄H pro-
cess.

3 Signal and background analysis

In this section, we investigate the sensitivity of CLIC at three
center of mass energy stages for CP-violating c̃HW , c̃H B , c̃γ

effective couplings through the e+e− → νν̄H process and
relevant backgrounds assuming Higgs boson decays to a pair
of b-quarks. The effective CP-violating dimension-6 cou-
plings and SM contribution (S + BH ) in the e+e− → νν̄H
process are taken into account. The values of CP-violating
dimension-6 couplings considered in this study are very small
so the total decay width under influence of these operators
are close to the SM expectations. Therefore, the influence of
CP-violating dimension-6 couplings on the branching ratio
of H → bb̄ is neglected in the analysis. The following rele-
vant backgrounds are included in the analysis. (1) The same
final state as the considered signal process including only SM
contribution is the e+e− → νν̄H process, which is labelled
BH . (2) The production of two Z bosons is labeled as BZZ ,
considering one Z decaying to bb̄ while the other decays to
νν̄. (3) The W boson pair production is labeled as BWW ,
considering one W decaying to bb̄ while the other decays
to lν. (4) Btt is the pair production of the top quark pro-
cess i.e. , e+e− → t t̄ in which one of the top quark (anti-
top quark) decays to W+b(W−b̄), where the leptonic decay
channel of W± is considered. (5) The hadronic decay chan-
nel of the Z boson in the e+e− → νν̄Z process is taken
into account and labelled BZνν . As shown in Ref. [46], one
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Fig. 1 The total cross section as a function of CP-violating c̃HW , c̃H B and c̃γ couplings for the e+e− → νν̄H process at the CLIC with√
s=380 GeV,

√
s = 1.5 TeV and

√
s = 3 TeV
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Table 2 The cross sections of the relevant backgrounds in pb before
applying any cuts
√
s BH BZZ BWW Btt BZνν

380 GeV 0.059 0.597 10.229 0.618 0.419

1.5 TeV 0.310 0.079 1.437 0.079 1.339

3 TeV 0.497 0.026 0.47 0.020 2.16

can expect to see significant contribution to the background
due to eγ and γ γ collisions. In our analysis framework, we
generate events via Madgraph which does not include pho-
tons from Beamstrahlung. Therefore, we neglect these back-
grounds in our analysis. The cross section of the considered
backgrounds in our analysis are given in Table 2. All sig-
nal and background events (500k for each) are generated in
MadGraph5_aMC@NLO and passed through PYTHIA 8.2
for parton showering, hadronization and decay of unstable
particles [59]. We use the Delphes 3.4.1 [60] for a fast sim-
ulation of detector response with tuned CLIC detector cards
[61,62]. There are three cards, designed for each center-of-
mass energy stage of CLIC:

√
s =380 GeV, 1.5 TeV and

3 TeV. Some properties of the cards are as follows. Jets
are clustered with the Valencia Linear Collider (VLC) algo-
rithm [63,64] in exclusive mode with a fixed number of jet
(N = 2, 3, 4, 5, 6 where N corresponds to the number of
partons expected in the tree level final state) and five dif-
ferent cone size parameters (R = 0.5, 0.7, 1.0, 1.2, 1.5)
with γ =β=1 using FastJet [65]. The b-tagging efficiency
and misidentification rates implemented in these cards are
discussed in Refs. [66,67] where the three working points
(WP) are defined; the tight WP (50% b-tagging efficiency),
medium WP (70% b-tagging efficiency), and loose WP (90%
b-tagging efficiency). Misidentification rates for three work-
ing points are given as a function of energy and pseudo-

rapidity. For example; In a bin where E � 500 GeV and
1.53 < |η| � 2.09, misidentification rates are 3 × 10−3,
9 × 10−3 and 5 × 10−2 for the tight, the medium and the
loose WP, respectively. In our analysis, we picked N jets = 2
and R = 1.0 for three energy stages with the three b-tagging
working points, tight, medium and loose. Then, all events
are analyzed by using the ExRootAnalysis utility [68] with
ROOT 6.16 [69].

√
s = 380 GeV

In addition to initial jet clustering (i.e, N jets = 2 and R =
1.0), events having no charged leptons are selected for further
analysis (Cut-0). In order to separate signal and background
events we use the following kinematical cuts: (1) In exclusive
mode, we have two jets which are obtained from subsequent
decay of Higgs boson, tagged as b-tagged jets. The b-tagged
jet with the highest transverse momentum (pT ) is labeled as
b1 and the one with lower pT as b2 (Cut-1). The phase space
of b-tag jets for the SM background process with the same
final state as signal at b-tagging efficiency working points
(90%) defined in the CLIC Delphes card are shown in Fig. 2.
The transverse momentum and pseudo-rapidity of b1 and b2
for signal (for c̃HW = 0.1 benchmark point) and all relevant
background processes taking the loose b-tagging working
point are shown in Fig. 3. (2) We select a region in phase space
where the transverse momentum of b1 is pb1

T > 50 GeV and
b2 has pb2

T > 30 GeV, and the pseudo-rapidity of the b-
tagged jets is |ηb1,b2| ≤ 2.0. This cut suppresses BZZ and
BZνν̄ backgrounds. For signal and background processes,
distributions of the missing energy transverse ( �ET ), scalar
sum of the transverse energy (HT ), the invariant mass and
the transverse momentum of the reconstructed Higgs-boson
from two b-jets are depicted in Fig. 4. Subsequent cuts can

Fig. 2 The pseudo-rapidity versus transverse momentum distribution of leading (b1) and sub-leading (b2) b-tagged jets for SM e+e− → νν̄H
process with defined WP (90% b-tagging efficiency) in CLIC Delphes card at

√
s = 380 GeV
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Fig. 3 Normalized distributions of transverse momentum and pseudo-rapidity of tagged b-jets at
√
s = 380 GeV; b1 (first row) and b2 (second

row) for signal with c̃HW = 0.1 and relevant background processes

be determine from these figures: The missing energy trans-
verse �ET > 30 GeV provides a way of reducing the BZZ

and Btt backgrounds at the region with low missing energy
transverse (Cut-2). (3) Requiring scalar sum of the transverse
energy (HT ) to be 100 GeV < HT < 200 GeV drastically
reduces Btt background (Cut-3). (4) The invariant mass of
the reconstructed Higgs-boson from two b-jets is required
to be 96 GeV < M(bb̄) < 136 GeV (Cut-4). (5) Finally, the
transverse momentum of reconstructed Higgs-boson from
two b-jets pbbT > 75 GeV is used to obtain limits on the
c̃HW ,c̃H B and c̃γ couplings (Cut-5). The selection criteria
and cut flows are summarized in Table 3. The numbers of
events after each cut are shown in Table 4 for three work-
ing points of b-tagging efficiency. As seen from this table,
BZZ , Btt , BZνν backgrounds are reduced more than signal
(S+BH ) and background BH . Quantitatively, the final effect
of all the cuts at the loose WP (90%) is approximately 14%
and 12% for S+BH (c̃HW = 0.1) and BH while it is 0.1%,

0.4% and 0.1% for the BZZ , BWW , Btt , BZνν backgrounds,
respectively.

After Cut-4, the transverse momentum distributions of
the Higgs boson of the signal for c̃HW = 0.05, 0.08 and
0.1; c̃H B = 0.08, 0.1 and 0.3; c̃γ = 0.05, 0.08 and 0.1 cou-
plings and relevant total SM background processes (Btot =
BH+BZZ+BWW+Btt+BZνν) are given in Fig. 5. The kine-
matic distributions shown in Figs. 3, 4 and 5 are considered
at the loose WP (90%) of b-tagging efficiency. All figures
(Figs. 2, 3, 4, 5) and number of events in Table 4 are normal-
ized to the cross section of each process times the integrated
luminosity, Lint = 1.0 ab−1.

√
s = 1.5 TeV and 3 TeV

The analysis of
√
s = 380 GeV is repeated for a 1.5 and 3

TeV center of mass energy of CLIC with Lint = 2.5 ab−1 and
Lint = 5.0 ab−1, respectively. For the signal (c̃HW = 0.1) and

123
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Fig. 4 Normalized distributions of Missing Energy Transverse ( �ET ), scalar sum of the transverse energy (HT ) (in the first row), and invariant
mass and transverse momentum of reconstructed Higgs boson at

√
s = 380 GeV for signal with c̃HW = 0.1 and relevant background processes.

Table 3 Event selection criteria
and applied kinematic cuts used
for the analysis at three energy
stages of CLIC

Cuts
√
s = 380 GeV

√
s = 1.5 TeV

√
s = 3 TeV

Cut-0 Jet clustering: VLC with β = γ = 1.0 R = 1.0

Exclusive clustering with N j = 2 Jets

Energy scale is assumed to be 1.0

Lepton vetos

Cut-1 Requiring two b-tagged jets

Cut-2 pb1
T > 50 GeV, pb2

T > 30 GeV

ηb1, b2 � 2.0, �ET > 30 GeV

Cut-3 100 GeV < HT < 200 GeV HT > 100 GeV

Cut-4 96 GeV < M(bb̄) < 136 GeV

Cut-5 pbb̄T > 75 GeV

all relevant background processes taking the loose b-tagging
working point at

√
s = 1.5 TeV, the distributions of transverse

momentum and pseudo-rapidity of b1 and b2 are shown in
Fig. 6 while the missing energy transverse (�ET ) and scalar

sum of the transverse energy (HT ) are given in Fig. 7. Both
of these figures are normalized to the cross section of each
process times the integrated luminosity, Lint = 2.5 ab−1. We
only modified Cut-3 to HT > 100 GeV as shown in Table 3

123
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Table 4 Number of signal for
c̃HW = 0.1 and relevant
backgrounds events after
applied kinematic cuts used for
the analysis at

√
s = 380 GeV

with Lint = 1 ab−1 for the three
working point of b-tagging
efficiency

Cuts b-tagging eff. S + BH BH BZZ BWW Btt BZνν

Cut-0 – 69134 51743 288932 3059160 314891 298485

50% 10206 7664 10565 143 14861 13763

Cut-1 70% 20007 15036 20669 307 29643 27411

90% 33523 25086 39704 28764 62056 49403

50% 5376 3912 3004 82 6286 3963

Cut-2 70% 10570 7637 5950 82 12271 7883

90% 17679 12669 10534 1657 24136 14007

50% 5130 3716 2603 61 2027 3360

Cut-3 70% 10074 7253 5115 82 3797 6613

90% 16858 12025 8891 1350 7351 11736

50% 4322 3162 131 – 776 144

Cut-4 70% 8470 6171 225 – 1464 268

90% 14169 10207 432 123 2963 522

50% 2971 1959 122 – 393 116

Cut-5 70% 5815 3842 195 – 768 207

90% 9691 6352 381 20 1427 417

Fig. 5 The transverse momentum distributions of the reconstructed
Higgs boson of the signal for c̃HW = 0.05, 0.08 and 0.1; c̃H B =
0.08, 0.1 and 0.3; c̃γ = 0.05, 0.08 and 0.1 couplings and relevant

total SM background processes at
√
s = 380 GeV. These distributions

are normalized to Lint = 1.0 ab−1

at
√
s = 1.5 TeV. Since similar distributions to Figs. 6 and 7

have been observed at
√
s = 3 TeV, we implemented the same

cuts used in the
√
s = 1.5 TeV analysis.

Finally, the transverse momentum distributions of the
Higgs boson of the signal for c̃HW = 0.05, 0.08 and 0.1;
c̃H B = 0.08, 0.1 and 0.3; c̃γ = 0.05, 0.08 and 0.1 couplings
(left to right) and relevant total SM background processes
(Btot ) after Cut-4 are shown in Figs. 8 and 9 corresponding
to 1.5 and 3 TeV center of mass energies, respectively. After
applying the final cut, which requires the transverse momen-
tum of bb̄ system to be greater than 75 GeV, we obtained
the normalized number of events for signals and relevant SM
backgrounds. The total normalized number of events in the
existence of effective couplings (c̃HW = 0.1, c̃H B = 0.3 and
c̃γ = 0.3) and all relevant backgrounds are given in Table 5.

4 Sensitivity of Higgs-gauge boson couplings

The sensitivities to CP-violating dimension-6 Higgs cou-
plings are obtained by a χ2 criterion method with systematic
error, defined by

χ2(c̃) =
nbins∑

i

(
NNP
i (c̃) − N Btot

i

N Btot
i �i

)2

, (5)

where NNP is the total number of events in the presence
of effective couplings (S) and total SM backgrounds (Btot ),
N Btot is the total number of events only coming from SM
backgrounds, defined as Btot = BH + BZZ + BWW + Btt +
BZνν , and �i =

√
δ2
sys + 1

N B
i

is the combined systematic

(δsys) and statistical error in each bin. In this study, we con-
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Fig. 6 Normalized distributions of transverse momentum and pseudo-rapidity of tagged b-jets at
√
s = 1.5 TeV; b1 (first row) and b2 (second row)

for signal with c̃HW = 0.1, and relevant background processes

Fig. 7 Normalized distributions of Missing Energy Transverse ( �ET ), scalar sum of the transverse energy (HT ) at
√
s = 1.5 TeV for signal with

c̃HW = 0.1, and relevant background processes
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Fig. 8 The transverse momentum distributions of the reconstructed
Higgs boson of the signal for c̃HW = 0.05, 0.08 and 0.1; c̃H B
= 0.08, 0.1 and 0.3; c̃γ = 0.05, 0.08 and 0.1 couplings and

relevant total SM background processes at
√
s = 1.5 TeV. These distri-

butions are normalized to Lint = 2.5 ab−1

Fig. 9 The transverse momentum distributions of the reconstructed Higgs boson of the signal for c̃HW = 0.05, 0.08 and 0.1; c̃H B = 0.08, 0.1 and 0.3;
c̃γ = 0.05, 0.08 and 0.1 couplings and relevant total SM background processes at

√
s = 3 TeV. These distributions are normalized to Lint = 5 ab−1

Table 5 Number of events for signal (c̃HW = 0.1, c̃H B = 0.3 and c̃γ = 0.3 couplings) and relevant backgrounds after Cut-4 for the analysis at
√
s

= 1.5 and 3 TeV with Lint = 2.5 and 5.0 ab−1 for the 90% working point of b-tagging efficiency
√
s (TeV) S + BH (c̃HW = 0.1) S + BH (c̃H B = 0.3) S + BH (c̃γ = 0.3) BH BZZ BWW Btt BZνν

1.5 157328 152037 241080 100982 176 – 69 5943

3 535113 429096 623424 309473 115 – 9 20565

centrate on obtaining 95% confidence level (CL) limits of
the c̃HW , c̃H B , c̃γ couplings via the e+e− → νν̄H signal
process at CLIC with the center of mass energies at three
stages

√
s = 380 GeV, 1.5 TeV, 3 TeV, and the integrated

luminosities Lint = 1.0 ab−1, 2.5 ab−1, 5.0 ab−1, respec-
tively. Since we study the H → bb decay channel, b-tagging
plays an important role in our analysis. To see the effect, we
present the comparison of b-tagging efficiencies with three
working points of 50%, 70%, 90% for the first stage cen-
ter of mass energy of CLIC (CLIC-380) in the left panel of
the Fig. 10. This figure emphasizes that the sensitivity of
CLIC increases with the increase of b-tagging efficiencies,

resulting in a better limit with the loose working point (90%
b-tagging efficiency). We measure the Hνν cross section in
the channel H → bb̄ after b-tagging with statistical uncer-
tainty of 1.67% in the first stage of CLIC for an integrated
luminosity of 1 ab−1 at

√
s = 380 GeV, assuming unpo-

larised beam and loose WP (90%) of b-tagging efficiency.
In the higher energy CLIC stages for integrated luminosity
2.5 ab−1 at

√
s = 1.5 TeV and 5 ab−1 at

√
s = 3 TeV, the

statistical uncertainties are 0.26% and 0.15%, respectively.
In the right panel of Fig. 10, we plot obtained 95% C.L.
limits at 90% working point of b-tagging efficiency for all
three stages of CLIC and the recent High-Luminosity (HL-
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LHC √⎯s = 14 TeV L int = 3.0 ab-1

Fig. 10 Comparison of obtained 95% C.L. allowed range (1) at the
three working points of b-tagging efficiency for CLIC-380 with Lint =
1.0 ab−1 (on the left) (2) at 90% working point of b-tagging efficiency
for all energy stages of CLIC compared with HL-LHC projection lim-

its at 14 TeV center of mass energy for the integrated luminosity of
3000 fb−1 [24] (on the right), neglecting the effects of systematic uncer-
tainties from both theoretical and experimental sources

LHC) projections on these limits [24]. The HL-LHC projec-
tion limit on c̃γ = [−0.6 × 10−3; 0.6 × 10−3] is reported via
pp → h → γ γ process which is sensitive to this coupling.
However, we obtain better limits on c̃HW , c̃H B than HL-LHC
projection limits. At 3 TeV energy stage of CLIC, the sensitiv-
ities of c̃HW and c̃H B couplings are [−7.0×10−3; 7.0×10−3]
and [−3.0 × 10−2; 3.0 × 10−2] with integrated luminos-
ity of 5.0 ab−1, respectively. Our limits on c̃HW , c̃H B at√
s = 3 TeV with Lint = 5 ab−1 are one order of mag-

nitude better than HL-LHC projected limits and also better
than observed current experimental limit on c̃HW (assuming
c̃HW = c̃H B) measured in the two-photon final state using
36.1 fb−1 of proton-proton collisions at

√
s = 13 TeV by

the ATLAS experiment at the Large Hadron Collider [8]. We
also recomputed the bounds including systematic uncertain-
ties at 95% C.L.. In the case of 0.3% systematic uncertainty
from possible experimental sources as in Ref. [46], the con-
straint on c̃HW and c̃H B at the highest energy stage of CLIC
with Lint = 5.0 ab−1 are [−9.97 × 10−3; 9.97 × 10−3] and
[−4.18 × 10−2; 4.18 × 10−2]. These bounds are lower than
the experimental current limits and HL-LHC projected limits
even at the first stage of CLIC. We should note that we neglect
the theoretical uncertainties and only show the potential sen-
sitivity of experimental reach. However, including theoretical
systematic uncertainty is very likely to worsen our results.

The validity of the EFT can be tested with the relation
between the new physics scale and the Wilson coefficients of
the dimension-six operators as follows

c̄ ∼ g2∗v2

�2 (6)

where g∗ is the coupling constant of the heavy degrees of
freedom with the SM particles. An upper bound on the new
physics scale using g∗ = 4π and obtained limits on c̃HW and
c̃H B are 36.94 TeV and 17.84 TeV, respectively. This upper
bounds are within the range of EFT.

5 Conclusions

For a better understanding of the new physics beyond the
SM in the Higgs sector, among the proposed future colliders,
CLIC is an attractive option that has a clean environment. In
this paper, we have emphasized the effects of CP-violating
dimension-6 operators defined by an SM EFT Lagrangian
approach via the e+e− → νν̄H process for three energy
stages of CLIC (

√
s = 380 GeV, 1.5 TeV, 3 TeV) and inte-

grated luminosities (Lint = 1.0 ab−1, 2.5 ab−1, 5.0 ab−1).
We have presented the kinematical distributions of signal and
relevant backgrounds; transverse momentum and rapidity of
b-tagged quarks, missing energy transverse, scalar sum of
the transverse energy and the invariant mass and transverse
momentum of the Higgs boson, reconstructed from a pair of
b-quarks (with 90% b-tagging efficiency). In order to obtain
limits on the CP-violating dimension-6 couplings at each
energy stage of CLIC, we focused on the transverse momen-
tum of the reconstructed Higgs boson at three working points
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of b-tagging efficiency considering realistic detector effects
with tuned CLIC detector cards designed for each center of
mass energy stage in a cut-based analysis. The e+e− → ννH
process is more sensitive to c̃HW and c̃H B couplings than the
other CP-violating dimension-six couplings at three energy
stages of CLIC. The obtained sensitivity of couplings at 95%
C.L. of the c̃HW and c̃H B in all energy stages of CLIC are bet-
ter than both HL-LHC projected and observed current experi-
mental limits. As a conclusion, CLIC with three energy stages
will offer advantages to probing the couplings of Higgs with
SM particles that appear in the new physics beyond the SM
scenarios.
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