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3. Many new physics (NP) models predict a CP-odd scalar by extending the scalar sector: 
      MSSM, 2HDM, Peccei–Quinn axion model, Georgi Machacek model ……

CP-odd scalar component: new physics beyond the SM

A sophisticated mechanism of electroweak symmetry breaking exists  
if a CP-odd scalar or CP-odd component is discovered. 

In the SM: After EWSB:

CP-even

Goldstone

2. Higgs boson in the Standard Model (SM) is CP-even:

1. CP symmetry (C-charge conjugation & P-parity) is important and widely discussed in HEP: 

1. B violation 
2. C & CP violation 
3. Out of thermal equilibrium

Matter-antimatter imbalance: Sakharov conditions

CP phase in CKM: not enough

Additional CPV source is needed: CP-odd component is a must. 
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Searching for a CP-odd scalar

Heavy  
CP-odd resonance

To find CP-odd scalars 
(components)

Energy 
Frontier

Precision  
Frontier

 GeV  
MSSM  

(PDG, 2022)

𝑀𝐴 > 377

A purely CP-odd scalar excluded 
(ATLAS, 2004.04545, 2002.05315)

3

CP property of  
the 125 GeV Higgs boson

CP-even or CP-mixture

Null result

h125 = h cos δ + A sin δ

Heavy or  
feeble  
interaction
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New scalars — Where are they?
• CP property of the 125GeV Higgs boson


• HVV

ATLAS collaboration, arXiv:2304.09612[hep-ex];  
CMS collaboration, Phys. Rev. D 104 (2021) 052004. 



5

New scalars — Where are they?
• CP property of the 125GeV Higgs boson


• Hff

CMS collaboration, arXiv:2208.02686[hep-ex]; 
ATLAS collaboration, arXiv:2212.05833[hep-ex]. 



Searching for a CP-odd scalar

Heavy  
CP-odd resonance

To find CP-odd scalars 
(components)

Energy 
Frontier

Precision  
Frontier

 GeV  
MSSM  

(PDG, 2022)

𝑀𝐴 > 377

A purely CP-odd scalar excluded 
(ATLAS, 2004.04545, 2002.05315)

Origin of the CP phases

None-zero 
CP phase
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CP property of  
the 125 GeV Higgs boson

CP-even or CP-mixture

Null result

h125 = h cos δ + A cos δ

Example: 2HDMExplicit CPV:  Yukawa, CKM, Scalar potential 
Spontaneously CPV 

Heavy or  
feeble  
interaction



Searching for a CP-odd scalar

Heavy  
CP-odd resonance

To find CP-odd components 
 (scalars)

Energy 
Frontier

Precision  
Frontier

 GeV  
MSSM  

(PDG, 2022)

𝑀𝐴 > 377

Origin of the CP phase

None-zero CP phase
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CP property of  
the 125 GeV Higgs boson

CP-even or CP-mixture

One or Two d.o.f in  
the 125GeV Higgs boson?

One?

How to identify  
the second d.o.f?

1. CP-even+CP-even 
2. CP-even+CP-odd 
3. CP-even+mixture 
4. CP-mixture+mixture 
5. CP-mixture+CP-odd

Di-Higgs production

More than one?Null result



Searching for the hidden scalar

Z Z

H

A

H1

H2

ℒ ⊃ igZH1H2 (H1∂μH2 − H2∂μH1) Zμ

mH1
= mH2

= 125GeV
8

• The smoking gun of the shadow Higgs boson



Hadron collider

ZHH as a probe for CP-odd component

Di-Higgs production can be used to identify the CP-odd component in Higgs boson

collider

      Upper limit from LHC 
                  (CMS, 2207.00043)

QHC, Cheng, Liu, Wen, Xu and Zhang, 2212.05390
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ℒ ⊃ igZH1H2 (H1∂μH2 − H2∂μH1) Zμ

mH1
= mH2

= 125GeV

H1

H2

Z

σH1H2
= 956 g2

ZH1H2
fb

s = 13TeV s = 350GeV

σH1H2
= 282.82 g2

ZH1H2
fb



Collider simulation at the HL-LHC
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final state
bb̄γγ

(ATLAS, ATL-PHYS-PUB-2014-019)

Process # of Events (L= 3000         )

QCD background         47

       8.4

Significance

14 TeV

3000 fb−1

signal events and 47 background events based on the bb̄γγ
signal for the SM di-Higgs boson process at the HL-LHC.
The significance is expected to be around 1.3σ [16] and
can be improved by benefiting from machine learning
technique [17,18]. However, constructing a machine-
learning algorithm is beyond the scope of this work. We
still follow the traditional cut-based analysis.
We generate the leading-order parton-level signal events

using MadGraph5_aMC@NLO [4] with CT18NLO PDF [19], pass
the events to PYTHIA 8 [20] for parton showering and
hadronization, and then simulate the detector effects with
DELPHES 3 [21]. We choose the same selection criteria with
Ref. [16], and the preselection cuts are

2 ≤ nj < 6; pj
T > 25 GeV; jηjj < 2.5;

nγ ≥ 2; pγ
T > 30 GeV; jηγj < 2.37;

ΔRγγ > 0.4; ΔRγj > 0.4; ΔRjj > 0.4; ð9Þ

where j denotes jet reconstructed using the anti-kT algo-
rithm with jet radius parameter R ¼ 0.4, and

ΔRmn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðηm − ηnÞ2 þ ðϕm − ϕnÞ2

q
: ð10Þ

As there are two bottom quarks from the Higgs boson
decay in the signal events, it is demanded that the first two
leading jets must be tagged as b jets with a mean tagging
efficiency of 70%, and

pb1
T > 40 GeV; pb2

T > 25 GeV;

100 GeV < mb1b2 < 150 GeV; ð11Þ

where b1 and b2 denote the leading and the subleading
b-tagged jet, respectively. Similarly, the two photons
decaying from the other Higgs boson in the signal events
and the invariant mass of the leading (γ1) and the subleading
photon (γ2) must satisfy

123 GeV < mγ1γ2 < 128 GeV: ð12Þ

In addition, the transverse momenta of the b1b2 system and
the diphoton system are both required to satisfy

pγ1γ2
T ; pb1b2

T > 110 GeV ð13Þ

to suppress the QCD backgrounds. The efficiency of the
pp → Z% → h1h2 process is almost the same as the ggf
process, and the ratio is κselect ¼ 0.94. The NLO QCD
corrected production cross section is

σZh1h2 ¼ 992.1 × g2Zh1h2 fb

at the HL-LHC. So the observed bb̄γγ event number from
h1h2 pair production is

185 × g2Zh1h2κ
h1h2
bb̄γγ; ð14Þ

where κh1h2bb̄γγ is defined in Eq. (7) to describe the di-Higgs

boson decay branching ratio to bb̄γγ in contrast to SM
value. The background event number is 47, the same as
in Ref. [16].
Equipped with signal and background event numbers,

the significance of HL-LHC potential on the di-Higgs
boson production could be estimated as

z ¼ nsffiffiffiffiffi
nb

p ¼ ð1.23þ 27.0g2Zh1h2κ
h1h2
bb̄γγÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L

3000 fb−1

r
; ð15Þ

where ns and nb denote the signal and background event
numbers, respectively. Figure 1 displays the significance
contour in the plane of g2Zh1h2 and the integrated luminosity

with the assumption of κh1h2bb̄γγ ¼ 1. The black curve denotes
the 5σ discovery potential. The horizontal blue line presents
the constraint from 13 TeV LHC, and the region above the
blue line is excluded. The current limit of gZh1h2 ¼ 0.53
(single channel) and gZh1h2 ¼ 0.30 (combined analysis) can
be discovered with an integrated luminosity of 1 ab−1 and
5.6 ab−1 at 5σ C.L., respectively. The red dashed curve
represents the exclusion limit at 2σ C.L. It shows that if no
deviation was observed in the di-Higgs production, one
could obtain a tighter constraint of gZh1h2 ≤ 0.15 when an
integrated luminosity of 3 ab−1 is achieved.

FIG. 1. The contours of discovery potential of pp → Z% →
h1h2 events at the HL-LHC in the plane of g2Zh1h2 and the
integrated luminosity, where the branch ratios of h1;2 decays are
chosen as the same as those of the SM-like Higgs boson. The
region above the blue line is excluded by the LHC data.
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Search for the hidden Higgs at FCC-hh
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III. FUTURE HADRON COLLIDERS

In this section, we consider a future 100 TeV pp collider,
named FCC-hh, which is supposed to measure the di-Higgs
boson production precisely. Also, We calculated Eq. (4)
using MadGraph5_aMC@NLO [4] with CT18NLO PDF [5], and
the result at 100 TeV pp collider is

σZh1h2 ¼ 12010.0 × g2Zh1h2 fb: ð16Þ

The parameters for the collider simulation are adopted as
proposed in Refs. [22,23]. The jets are reconstructed using
the anti-kT algorithm with jet radius parameter R ¼ 0.5 and
the b-tagging efficiency is chosen to be 75%. It is required
that there are at least two photons and two b-tagged jets in
signal events, and

pb1;γ1
T > 60GeV; pb2;γ2

T > 35GeV; jηγ;bj< 4.5; ð17Þ

where b1ðγ1Þ denotes the leading transverse momentum
b-jet (photon) and b2ðγ2Þ the subleading one. The invariant
mass cuts are chosen to be

100 GeV < mb1b2 < 150 GeV; ð18Þ

123 GeV < mγ1γ2 < 127 GeV ð19Þ

as the bottom-quark pair and photon pair are either from
the Higgs boson or the hidden scalar in signal events. For
the same reason, we required that the separation ΔR of two
b-jets and two photons is not too large, namely

ΔRb1b2 ; ΔRγ1γ2 < 3.5; ð20Þ

and the transverse momentum of the b1b2 system and the
diphoton system is required to be larger than 100 GeV,
namely

pb1b2
T ; pγ1γ2

T > 100 GeV: ð21Þ

With these cuts, we have κselect ¼ 0.90.
With an integrated luminosity of 30 ab−1, the number of

signal events is

75544 × g2Zh1h2κ
h1h2
bb̄γγ; ð22Þ

while the total background event number is 39179, includ-
ing 12061 events from the ggf channel and 27118 events
from the QCD backgrounds [22].
With an expected confidence level of z and an integrated

luminosity of L, the bound of gZh1h2 is

g2Zh1h2 ¼ 0.0718 ×
1

κh1h2bb̄γγ

!
z
5

" ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 ab−1

L

r
: ð23Þ

Under the assumption of κh1h2bb̄γγ ¼ 1, the significance of the
measurement of gZh1h2 is displayed in Fig. 2. The result is
greatly improved due to the large collision energy of the
FCC-hh. For example, the effective coupling gZh1h2 of
0.114 can be discovered at 5σ C.L. with an integrated
luminosity of 30 ab−1.

IV. FUTURE LEPTON COLLIDERS

In this section, we study phenomenology at future
electron-position colliders, such as circular electron-positron
collider [24], FCC-ee [25], and ILC[26]. Figure 3displays the
cross section of eþe− → Z% → h1h2 as a function of the
collision energy (

ffiffiffi
s

p
) in the center of momentum frame,

which exhibits a maximum at around
ffiffiffi
s

p
¼ 350 GeV. It is a

result of the competition between the s-channel propagator
suppression and the p-wave enhancement; see Eq. (3). We
choose

ffiffiffi
s

p
¼ 350 GeV as a benchmark point, and the LO

production cross section from Eq. (3) is

σZh1h2 ¼ g2Zh1h2 × 282.82 fb: ð24Þ

Since the QCD background at lepton colliders are much
less than hadron colliders, we focus on the 4b decay mode
of h1h2.
The irreducible background arises from the loop-induced

di-Higgs boson production in the SM, and its cross section
is around 0.01 fb, which is negligible. The reducible
backgrounds are eþe− → Zh1ðh2Þ → bb̄bb̄ and eþe− →
ZZ → bb̄bb̄ with LO cross section of 11.5 and 15.8 fb,

FIG. 2. The contours of the discovery potential of pp → Z% →
h1h2 at the FCC-hh in the plane of g2Zh1h2 and the integrated

luminosity, with the assumption of κh1h2bb̄γγ ¼ 1. The region above
the blue line is excluded by the LHC data.
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100 TeV, 30 ab-1

 modebb̄γγ

σZh1h2
= 12010 × g2

Zh1h2
fb
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Phenomenology at the CEPC/ILC/FCC-ee

                final state
    350 GeV 
   1000

Significance

12

s = 350 GeV



Search for the “shadow” Higgs at future colliders
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III. FUTURE HADRON COLLIDERS

In this section, we consider a future 100 TeV pp collider,
named FCC-hh, which is supposed to measure the di-Higgs
boson production precisely. Also, We calculated Eq. (4)
using MadGraph5_aMC@NLO [4] with CT18NLO PDF [5], and
the result at 100 TeV pp collider is

σZh1h2 ¼ 12010.0 × g2Zh1h2 fb: ð16Þ

The parameters for the collider simulation are adopted as
proposed in Refs. [22,23]. The jets are reconstructed using
the anti-kT algorithm with jet radius parameter R ¼ 0.5 and
the b-tagging efficiency is chosen to be 75%. It is required
that there are at least two photons and two b-tagged jets in
signal events, and

pb1;γ1
T > 60GeV; pb2;γ2

T > 35GeV; jηγ;bj< 4.5; ð17Þ

where b1ðγ1Þ denotes the leading transverse momentum
b-jet (photon) and b2ðγ2Þ the subleading one. The invariant
mass cuts are chosen to be

100 GeV < mb1b2 < 150 GeV; ð18Þ

123 GeV < mγ1γ2 < 127 GeV ð19Þ

as the bottom-quark pair and photon pair are either from
the Higgs boson or the hidden scalar in signal events. For
the same reason, we required that the separation ΔR of two
b-jets and two photons is not too large, namely

ΔRb1b2 ; ΔRγ1γ2 < 3.5; ð20Þ

and the transverse momentum of the b1b2 system and the
diphoton system is required to be larger than 100 GeV,
namely

pb1b2
T ; pγ1γ2

T > 100 GeV: ð21Þ

With these cuts, we have κselect ¼ 0.90.
With an integrated luminosity of 30 ab−1, the number of

signal events is

75544 × g2Zh1h2κ
h1h2
bb̄γγ; ð22Þ

while the total background event number is 39179, includ-
ing 12061 events from the ggf channel and 27118 events
from the QCD backgrounds [22].
With an expected confidence level of z and an integrated

luminosity of L, the bound of gZh1h2 is

g2Zh1h2 ¼ 0.0718 ×
1

κh1h2bb̄γγ

!
z
5

" ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 ab−1

L

r
: ð23Þ

Under the assumption of κh1h2bb̄γγ ¼ 1, the significance of the
measurement of gZh1h2 is displayed in Fig. 2. The result is
greatly improved due to the large collision energy of the
FCC-hh. For example, the effective coupling gZh1h2 of
0.114 can be discovered at 5σ C.L. with an integrated
luminosity of 30 ab−1.

IV. FUTURE LEPTON COLLIDERS

In this section, we study phenomenology at future
electron-position colliders, such as circular electron-positron
collider [24], FCC-ee [25], and ILC[26]. Figure 3displays the
cross section of eþe− → Z% → h1h2 as a function of the
collision energy (

ffiffiffi
s

p
) in the center of momentum frame,

which exhibits a maximum at around
ffiffiffi
s

p
¼ 350 GeV. It is a

result of the competition between the s-channel propagator
suppression and the p-wave enhancement; see Eq. (3). We
choose

ffiffiffi
s

p
¼ 350 GeV as a benchmark point, and the LO

production cross section from Eq. (3) is

σZh1h2 ¼ g2Zh1h2 × 282.82 fb: ð24Þ

Since the QCD background at lepton colliders are much
less than hadron colliders, we focus on the 4b decay mode
of h1h2.
The irreducible background arises from the loop-induced

di-Higgs boson production in the SM, and its cross section
is around 0.01 fb, which is negligible. The reducible
backgrounds are eþe− → Zh1ðh2Þ → bb̄bb̄ and eþe− →
ZZ → bb̄bb̄ with LO cross section of 11.5 and 15.8 fb,

FIG. 2. The contours of the discovery potential of pp → Z% →
h1h2 at the FCC-hh in the plane of g2Zh1h2 and the integrated

luminosity, with the assumption of κh1h2bb̄γγ ¼ 1. The region above
the blue line is excluded by the LHC data.
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respectively,2 calculated with MadGraph5_aMC@NLO [4].
The W-pair background is negligible for a low mistagging
rate. There are also continuum QCD backgrounds eþe− →
bb̄bb̄=bb̄cc̄=bb̄jj, where j denotes light jets. To avoid the
soft and the collinear divergences, we require

pb;j
T > 20 GeV; jηb;jj< 5.0; ΔRbb;bj;jj > 0.2; ð25Þ

when we calculate the cross section and generate the parton-
level events of the QCD backgrounds. The Durham algo-
rithm with dcut ¼ ð20 GeVÞ2 ðycut ¼ 0.00327Þ is chosen to
reconstruct jets [27,28]. The b-jet (mis)tagging efficiencies
at circular electron-positron collider are given as [24]

ϵb→b ¼ 0.80; ϵc→b ¼ 0.1; ϵj→b ¼ 0.01: ð26Þ

We require the events to contain at least four jets, and the
leading four jets must be b-tagged hard jets that satisfy

pb
T > 25 GeV; jηbj < 2.5; ΔRbb > 0.5: ð27Þ

As the four bottom quarks originating from two Higgs
bosons in the signal events, we demand that there are two
reconstructed Higgs bosons with reconstructed invariant
mass in the range from 110 to 140 GeV. To reconstruct two
Higgs bosons, the χ2 method is utilized, namely

χ2 ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmij −mHÞ2 þ ðmkl −mHÞ2

q
ð28Þ

is required to be minimal, where mijðklÞ is the invariant mass
of the iðkÞth and the jðlÞth b jet. After going through the cuts

above, the cross section of the signal is g2Zh1h2κ
h1h2
bb̄bb̄ × 8.2 fb,

and the production cross section for the EW and QCD
backgrounds are 0.42 and 0.03 fb, respectively.
In Fig. 3, we show the potential of discovery and

exclusion of the effective coupling gZh1h2 , with an
assumption that the scalars decay branching ratio to bb̄
is the same as the SM Higgs boson. For convenience, the
effective coupling, which can be measured to a specific
confidence level with an integrated luminosity of L,
reads as

g2Zh1h2 ¼ 0.0130 ×
1

κh1h2bb̄γγ

"
z
5

# ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 ab−1

L

r
; ð29Þ

under the same assumption of scalars decay branching
ratio. To obtain the same measurement accuracy, the
integrated luminosity required by 350 GeV eþe− colliders
is about one-seventh of that of the FCC-hh; see Eqs. (23)
and (29).

V. CONCLUSION

Ten years after the Higgs boson discovery, many proper-
ties of the Higgs boson, e.g., its mass, spin, CP property,
and interaction with other SM particles, have been mea-
sured precisely. However, most of the time, people assume
that there is only one Higgs particle with a mass of
125 GeV. In this work, we examine the possibility of
another scalar hidden behind the known Higgs boson. The
hidden scalar has a mass degenerate with or very close to
the Higgs boson such that one cannot recognize it. Suppose
the hidden scalar exhibits a CP property different from the
known Higgs boson. We propose to utilize the Zh1h2
interaction to reveal the CP-odd component at the mea-
sured Higgs boson mass of 125 GeV as the vertex

(a) (b)

FIG. 3. (a) the cross-section of di-Higgs boson production through the process of eþe− → Z% → h1h2 as a function of the collision
energy dependence for gZh1h2 ¼ 1; (b) the potential of a 350 GeV eþe− collider on measuring gZh1h2 for κh1h2bb̄γγ ¼ 1.

2The hVV coupling is highly constrained by current data. We
assume that the total production cross section of eþe− → Zh1 and
eþe− → Zh2 is the same as that of eþe− → Zh in the SM.
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FCC-HH (100 TeV) CEPC/ILC/FCC-ee (350 GeV)
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We focus on the CP-conserving scalar potential with a soft broken  symmetry to prevent FCNC.Z2

Degenerate h and A in 2HDM

Three neutral mass eigenstate are

14

(                                is the alignment limit)

 couplings：ZhA

125GeV and

The case of h and H degeneracy discussed by Chen, 1712.01299.



Allowed parameter space by single Higgs Measurement at the LHC

(0.5,3)

Type II

(0.5,3)

Type I
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Type-I:
Type-II:

κ ≡
gBSM

gSM



350 GeV,    1000fb-1

Di-Higgs production at CEPC/ILC/FCC-ee
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The blue regions can be probed at the CEPC.



Di-Higgs production at the Fcc-hh

Type I Type II

17

100 TeV 
30 ab-1  final statebb̄γγ



Conclusion

It is very promising to discover the hidden scalar at CEPC.

Heavy  
CP-odd resonance

To find CP-odd components 
 (scalars)

Energy 
Frontier

Precision  
Frontier

 GeV  
MSSM  

(PDG, 2022)

𝑀𝐴 > 377

Origin of the CP phase

None-zero CP phase

CP property of  
the 125 GeV Higgs boson

CP-even or CP-mixture

One or Two d.o.f in  
the 125GeV Higgs boson?

One?

How to identify  
the second d.o.f?

1. CP-even+CP-even 
2. CP-even+CP-odd 
3. CP-even+mixture 
4. CP-mixture+mixture 
5. CP-mixture+CP-odd

Di-Higgs production

More than one?Null result

Z

H1

H2



Thank You!


