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CP-violating H(125) couplings

— potential baryogengesis connected to the Higgs sector  

— may be part of the bigger EFT (Effective Field Theory) studies

— well-defined stand-alone reference measurement

— tiny in the SM, excellent null-test 
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Run-1: Quantum Numbers of H(125)0
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?

— competition with the legacy of LHC and HL-LHC

but can take advantage of LHC development 

but simpler to deal with, no global fit
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The search for CP violation in interactions of the Higgs boson with either fermions or bosons
provides attractive reference measurements in the Particle Physics Community Planning Exercise
(a.k.a. “Snowmass”). Benchmark measurements of CP violation provide a limited and well-defined
set of parameters that could be tested at the proton, electron-positron, photon, and muon colliders,
and compared to those achieved through study of virtual e↵ects in electric dipole moment measure-
ments. We review the current status of these CP -sensitive studies and provide projections to future
measurements.
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TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such
a measurement could be considered. The e

+
e
� ! ZH projections are performed with Z ! `` in Appendix B but

scaled to a ten times larger luminosity to account for Z ! qq̄.

Collider pp pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

e
�
p �� µ

+
µ
�

µ
+
µ
� target

E (GeV) 14,000 14,000 100,000 250 350 500 1,000 1,300 125 125 3,000 (theory)

L (fb�1) 300 3,000 30,000 250 350 500 1,000 1,000 250 20 1,000

HZZ/HWW 4.0·10�5 2.5·10�6 � 3.9·10�5 2.9·10�5 1.3·10�5 3.0·10�6 � � � � < 10�5

H�� – 0.50 � – – – – – 0.06 – – < 10�2

HZ� – ⇠1 � – – – ⇠1 – – – – < 10�2

Hgg 0.12 0.011 � – – – – – – – – < 10�2

Htt̄ 0.24 0.05 � – – 0.29 0.08 � – – � < 10�2

H⌧⌧ 0.07 0.008 � 0.01 0.01 0.02 0.06 – � � � < 10�2

Hµµ – – – – – – – – – � – < 10�2

III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �

⇤
�
⇤ ! 4f process in Section V.

(update 29 Nov 2022)

September 25, 2023

https://arxiv.org/abs/2205.07715
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Start from Snowmass-2013, several developments in 10 years:

Starting Point: Snowmass-2013

fHX
CP ≡

ΓCP odd
H→X

ΓCP odd
H→X + ΓCP even

H→X

as in Snowmass-2013
         arXiv:1310.8361

1.4 Study of CP -mixture and spin 33

than 10�6. This study is based on assumption of 250 fb�1 at 250 GeV and 20 fb�1 at each of three energy
points below.

Table 1-26. List of expected precision of spin and CP -mixture measurements. Spin significance is quoted

for one representative model of minimal coupling KK graviton J
P

= 2
+
m. For various e↵ective couplings,

precision is quoted on CP -odd cross-section fraction, such as fa3 defined for H ! ZZ
⇤
. Target precision

is estimated to be < 10
�5

for the modes with pseudoscalar coupling expected to be suppressed by a loop

(ZZH and WWH), while it is estimated to be < 10
�2

for fermion couplings and vector boson couplings

suppressed by a loop for both scalar and pseudoscalar (ggH, ��H, Z�H). Numerical values are given where

reliable estimates are provided, � mark indicates that some studies are done and measurement is in principle

possible or feasibility of such a measurement could be considered.

Collider pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

�� µ
+
µ
� target

E (GeV) 14,000 14,000 250 350 500 1,000 126 126 (theory)

L (fb�1) 300 3,000 250 350 500 1,000 250

spin-2+
m

⇠10� �10� >10� >10� >10� >10� >5�

V VH
† 0.07 0.02 � � � � � � < 10�5

V VH
‡ 4·10�4 1.2·10�4 7·10�4 1.1·10�4 4·10�5 8·10�6 – – < 10�5

V VH
3 7·10�4 1.3·10�4 � � � � – – < 10�5

ggH 0.50 0.16 – – – – – – < 10�2

��H – – – – – – 0.06 – < 10�2

Z�H – � – – – – – – < 10�2

⌧⌧H � � 0.01 0.01 0.02 0.06 � � < 10�2

ttH � � – – 0.29 0.08 – – < 10�2

µµH – – – – – – – � < 10�2

† estimated in H ! ZZ
⇤ decay mode

‡ estimated in V
⇤
! HV production mode

3 estimated in V
⇤
V

⇤
! H (VBF) production mode

The CP mixture study at an e
+
e
� collider was shown based on 500 fb�1 at a centre-of-mass energy of

350 GeV and mH = 120 GeV [67]. Recent studies [123–125] compare expected performance of an e
+
e
�

collider and LHC. Precision on CP -odd cross-section fraction of 0.036 (0.044) is obtained at 250 GeV (500
GeV) scenarios. However, these fractions correspond to di↵erent fCP values in the H ! ZZ decay, due to
di↵erent relative strength of CP -odd and CP -even couplings. The corresponding precision on fCP is 0.0007
(0.00004) [123–125], assuming that no strong momentum dependence of couplings occurs at these energies.

A promising channel to study CP violation is the decay H ! ⌧
+
⌧
�. Spin correlations are possible to use in

the ⌧ decay. For example, the pion is preferably emitted in the direction of the ⌧ spin in the ⌧ rest frame.
These studies are performed in the clean e

+
e
� environment, while it is extremely di�cult in proton collisions.

Several studies have been performed, in the decays ⌧ ! ⇡⇡⌫ [127, 128], and all final states [129–131]. All
studies agree on a similar precision of about 5� for the typical scenarios in Table 1-26. The above estimate
translates to approximately 0.01 precision on fCP . The precision becomes somewhat worse with increased
collider energy due to reduced ZH production cross-section, and this technique relies on the knowledge of
the Z vertex. A recent study [128] indicates that with 3000 fb�1 at LHC, the CP phase could be measurable
to an accuracy of about 11�.

Community Planning Study: Snowmass 2013

Same parameters of interest

Snowmass-2013

— reliable LHC results on most measurements  
— more studies supporting future proposals (including White Papers)
— phenomenological development, EFT… 

Focus on:  in CP HZZ/HWW, HZγ, Hγγ, Hgg, Htt, Hττ, Hμμ

not enough studies 

September 25, 2023

kept lumi 
from 2013 

https://arxiv.org/abs/1310.8361
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TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such
a measurement could be considered. The e

+
e
� ! ZH projections are performed with Z ! `` in Appendix B but

scaled to a ten times larger luminosity to account for Z ! qq̄.

Collider pp pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

e
�
p �� µ

+
µ
�

µ
+
µ
� target

E (GeV) 14,000 14,000 100,000 250 350 500 1,000 1,300 125 125 3,000 (theory)

L (fb�1) 300 3,000 30,000 250 350 500 1,000 1,000 250 20 1,000

HZZ/HWW 4.0·10�5 2.5·10�6 � 3.9·10�5 2.9·10�5 1.3·10�5 3.0·10�6 � � � � < 10�5

H�� – 0.50 � – – – – – 0.06 – – < 10�2

HZ� – ⇠1 � – – – ⇠1 – – – – < 10�2

Hgg 0.12 0.011 � – – – – – – – – < 10�2

Htt̄ 0.24 0.05 � – – 0.29 0.08 � – – � < 10�2

H⌧⌧ 0.07 0.008 � 0.01 0.01 0.02 0.06 – � � � < 10�2

Hµµ – – – – – – – – – � – < 10�2

III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �

⇤
�
⇤ ! 4f process in Section V.
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Unique features of Facilities:  productionγγ
Photon collider is unique with focus on  couplingHγγ

34 Higgs working group report

-1

pp 14 TeV,  300 fb -1

pp 14 TeV,  3000 fb -1

ee 250 GeV, 250 fb -1

ee 350 GeV, 350 fb -1

ee 500 GeV, 500 fb -1

ee 1 TeV, 1000 fb

C
P

f
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1

Figure 1-5. Summary of precision in fCP for HV V couplings (V = Z,W ) at the moment of 3�

measurement [125]. Points indicate central values and error bars indicate 1� deviations in the generated

experiments modeling di↵erent luminosity scenarios at proton (solid red) or e
+
e
�

(open blue) colliders.

Measurements in three topologies V H (triangles), VBF (squares), and decay H ! V V (circles) are shown.

Di↵erent energy and luminosity scenarios are indicated on the x-axis.

A study of CP -odd contribution in the ttH coupling has been studied in the context of ILC [132]. Cross-
section dependence on the coupling has been employed and an uncertainty of 0.08 (0.29) at 1000 (500) GeV
center-of-mass energy has been estimated. A beam polarization of (+0.2,�0.8) and (+0.3,�0.8) is assumed
at 1000 and 500 GeV, respectively. These estimates further improve to 0.05 (0.16) for the luminosity upgrade
of the ILC. Interpretation of a cross-section deviation as an indication of CP -odd coupling contribution is
strongly model-dependent, but allows access to anomalous ttH couplings.

Beam polarization in the photon and muon colliders would be essential for CP measurements in the ��H

and µµH couplings. Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context
of the photon collider [133–135]. The A1 parameter can be measured as an asymmetry in the Higgs boson
production cross-section between the A++ and A�� circular polarizations of the beams. This asymmetry
is the easiest to measure, but it is proportional to Im (a2a⇤3) and is zero when in Eq. (1.15) a2 and a3 are
real, as expected for the two loop-induced couplings with heavier particles in the loops. A more interesting
parameter:

A3 =
|Ak|

2
� |A?|

2

|Ak|2 + |A?|2
=

2Re (A⇤
��A++)

|A++|
2 + |A��|2

=
|a2|

2
� |a3|

2

|a2|
2 + |a3|

2
= (1� 2fCP ) (1.18)

can be measured as an asymmetry between two configurations with the linear polarization of the photon
beams, one with parallel and the other with orthogonal polarizations. In Ref. [5] careful simulation of the
process has been performed. The degree of linear polarization at the maximum energies is 60% for an
electron beam of energy E0 ⇡ 110 GeV and a laser wavelength � ⇡ 1µm. The expected uncertainty on A3

is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity. This translates to a fCP uncertainty of 0.06.
The CP mixture study at a photon collider was also shown based on a sample of 50,000 raw �� ! h events
assuming 80% circular polarization of both electron beams [86]. This study corresponds to a A1 asymmetry

Community Planning Study: Snowmass 2013

— photon beam polarization is critical for CP
— most interesting parameter: 

Detecting and Studying Higgs Bosons at a Photon-Photon Collider:  

— measure as asymmetry between  and  linear polarizations∥ ⊥

for  and :  E0 = 110 GeV λ = 1 μm fCP = sin2(αγγ) ∼ ± 0.06

at 2.5 ⋅ 1034 × 107 = 250 fb−1

arXiv:hep-ph/0110320 
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TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such
a measurement could be considered. The e

+
e
� ! ZH projections are performed with Z ! `` in Appendix B but

scaled to a ten times larger luminosity to account for Z ! qq̄.

Collider pp pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

e
�
p �� µ

+
µ
�

µ
+
µ
� target

E (GeV) 14,000 14,000 100,000 250 350 500 1,000 1,300 125 125 3,000 (theory)

L (fb�1) 300 3,000 30,000 250 350 500 1,000 1,000 250 20 1,000

HZZ/HWW 4.0·10�5 2.5·10�6 � 3.9·10�5 2.9·10�5 1.3·10�5 3.0·10�6 � � � � < 10�5

H�� – 0.50 � – – – – – 0.06 – – < 10�2

HZ� – ⇠1 � – – – ⇠1 – – – – < 10�2

Hgg 0.12 0.011 � – – – – – – – – < 10�2

Htt̄ 0.24 0.05 � – – 0.29 0.08 � – – � < 10�2

H⌧⌧ 0.07 0.008 � 0.01 0.01 0.02 0.06 – � � � < 10�2

Hµµ – – – – – – – – – � – < 10�2

III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �

⇤
�
⇤ ! 4f process in Section V.
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Unique features of Facilities:  productionμ+μ−

Muon collider is unique with focus on  couplingHμμ
— muon beam transverse polarization is critical for CP
— not many fermion couplings can be tested with polarization and CP

later we will discuss  and  (both 3rd family)Hττ Htt

How Valuable is Polarization at a Muon Collider? A Test Case: Determining the CP Nature of a Higgs Boson:
      arXiv:hep-ph/0003091 

— same transverse polarization  CP-even⇒
— opposite polarization  CP-odd⇒

Unique feature of the muon collider (CP in coupling to 2nd family) 
— though comes with a price of lumi, likely not a priority at first stage

High energy : associated production , VBFμ+μ− tt̄H
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TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such
a measurement could be considered. The e

+
e
� ! ZH projections are performed with Z ! `` in Appendix B but

scaled to a ten times larger luminosity to account for Z ! qq̄.

Collider pp pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

e
�
p �� µ

+
µ
�

µ
+
µ
� target

E (GeV) 14,000 14,000 100,000 250 350 500 1,000 1,300 125 125 3,000 (theory)

L (fb�1) 300 3,000 30,000 250 350 500 1,000 1,000 250 20 1,000

HZZ/HWW 4.0·10�5 2.5·10�6 � 3.9·10�5 2.9·10�5 1.3·10�5 3.0·10�6 � � � � < 10�5

H�� – 0.50 � – – – – – 0.06 – – < 10�2

HZ� – ⇠1 � – – – ⇠1 – – – – < 10�2

Hgg 0.12 0.011 � – – – – – – – – < 10�2

Htt̄ 0.24 0.05 � – – 0.29 0.08 � – – � < 10�2

H⌧⌧ 0.07 0.008 � 0.01 0.01 0.02 0.06 – � � � < 10�2

Hµµ – – – – – – – – – � – < 10�2

III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �

⇤
�
⇤ ! 4f process in Section V.
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TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such
a measurement could be considered. The e

+
e
� ! ZH projections are performed with Z ! `` in Appendix B but

scaled to a ten times larger luminosity to account for Z ! qq̄.
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L (fb�1) 300 3,000 30,000 250 350 500 1,000 1,000 250 20 1,000

HZZ/HWW 4.0·10�5 2.5·10�6 � 3.9·10�5 2.9·10�5 1.3·10�5 3.0·10�6 � � � � < 10�5

H�� – 0.50 � – – – – – 0.06 – – < 10�2

HZ� – ⇠1 � – – – ⇠1 – – – – < 10�2

Hgg 0.12 0.011 � – – – – – – – – < 10�2

Htt̄ 0.24 0.05 � – – 0.29 0.08 � – – � < 10�2

H⌧⌧ 0.07 0.008 � 0.01 0.01 0.02 0.06 – � � � < 10�2

Hµµ – – – – – – – – – � – < 10�2

III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �

⇤
�
⇤ ! 4f process in Section V.
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FIG. 16: Higgs production and decay at the e+e− or pp collider with e+e−(qq̄) → Z∗ → ZH → !+!−bb̄ as shown in the parton
collision frame.
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FIG. 17: Cross section of e+e− → Z∗ → ZX process as a function of
√
s for several representative models: SM Higgs

boson (0+, solid red), vector (1−, dot-long-dashed blue), axial vector (1+, dot-short-dashed blue), Kaluza-Klein graviton with
minimal couplings (2+m, long-dashed green), spin-2 with higher-dimension operators (2+h , short-dashed green). All cross sections
are normalized to SM value at

√
s = 250 GeV.

To compute the differential cross section for e+e− → ZH → µ+µ−H , we modify dΓ/d!Ω in Eq. (A1) of Ref. [8] to
account for changes in kinematics. In particular, s′ = q1q2 in Eq. (13) of Ref. [8]4 is defined for two outgoing momenta
of Z-bosons. If instead we use the four-momentum P1 of the initial e+e− state, we must write q1 = −P1 and, as a
result, s′ = −P1q2 = −(m2

H
−m2

1 −m2
2)/2 , where m2

1 = P 2
1 and m2

2 = m2
Z . This leads to the following differential

angular distributions for a spin-zero particle production

dΓJ=0(s, !Ω)

d!Ω
∝ 4 |A00|2 sin2 θ1 sin

2 θ2

+ |A+0|2
(

1− 2R1 cos θ1 + cos2 θ1
) (

1 + 2Af2 cos θ2 + cos2 θ2
)

+ |A−0|2
(

1 + 2R1 cos θ1 + cos2 θ1
) (

1− 2Af2 cos θ2 + cos2 θ2
)

− 4|A00||A+0|(R1 − cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(Φ+ φ+0)

− 4|A00||A−0|(R1 + cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(Φ− φ−0)

+ 2|A+0||A−0| sin2 θ1 sin2 θ2 cos(2Φ− φ−0 + φ+0) . (A2)

In Eq. (A2), R1 = (Af1 +P−)/(1+Af1P
−), where Afi = 2ḡfV ḡ

f
A/(ḡ

f2
V + ḡf2A ) is the parameter characterizing the decay

Zi → fif̄i [53] with Af1 $ 0.15 for the Zee coupling, Af2 is for the coupling to fermions in the Z decay, and P− is the

4 We add prime to s′ to avoid confusion with
√
s = m1 in this case.
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Unique features of Facilities:   productionpp
  couplingspp → V* → VH ⇒ HWW, HZZ, HZγ, Hγγ, Hgg

 [GeV]VHm
200 400 600 800 1000

 

0

0.05

0.1

0.15

2
θcos

-1 -0.5 0 0.5 1

 

0

0.02

0.04

0.06

1
θcos

-1 -0.5 0 0.5 1

 

0

0.02

0.04

0.06

Φ

-2 0 2

 

0

0.02

0.04

0.06 0+

0−f VH
CP = 0.5 f VH

CP = 0.5, ϕ =
π
2

H→VV

V*V*→H

V*→VH

also VBF     and decay V*V* → H H → VV
 unique pp gg → H

benefit from LHC experience 

— scan of -dependence  q2

— polarization measurement

SNOW13-00159

September 25, 2023

https://arxiv.org/abs/1309.4819


40− 30− 20− 10− 0 10 20 30 40
6−10×

a3f
0

2

4

6

8

10

12

14

16

18

20

 ln
 L

∆
 2

 
−

ττU(1) symmetry, ×Interpretation with SU(2)

Expected

68% CL

95% CL

CMS Supplementary  (14 TeV)-1Projection, 3 ab

Andrei Gritsan, JHU 9

  in  productionHZZ, HWW pp
Update Snowmass-2013 (pheno) with recent LHC (mutual benefit):

CMS-HIG-20-007

benefit from multiple H decay modes

∼ 10−8 (?)

mostly VBF topology (  similar)VH

V

V

H

q

q

tree-level in SM

BSM relative 
contribution
suppressed  

 not as sensitive due to low H → VV q2

5

TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such
a measurement could be considered. The e

+
e
� ! ZH projections are performed with Z ! `` in Appendix B but

scaled to a ten times larger luminosity to account for Z ! qq̄.

Collider pp pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

e
�
p �� µ

+
µ
�

µ
+
µ
� target

E (GeV) 14,000 14,000 100,000 250 350 500 1,000 1,300 125 125 3,000 (theory)

L (fb�1) 300 3,000 30,000 250 350 500 1,000 1,000 250 20 1,000

HZZ/HWW 4.0·10�5 2.5·10�6 � 3.9·10�5 2.9·10�5 1.3·10�5 3.0·10�6 � � � � < 10�5

H�� – 0.50 � – – – – – 0.06 – – < 10�2

HZ� – ⇠1 � – – – ⇠1 – – – – < 10�2

Hgg 0.12 0.011 � – – – – – – – – < 10�2

Htt̄ 0.24 0.05 � – – 0.29 0.08 � – – � < 10�2

H⌧⌧ 0.07 0.008 � 0.01 0.01 0.02 0.06 – � � � < 10�2

Hµµ – – – – – – – – – � – < 10�2

III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �

⇤
�
⇤ ! 4f process in Section V.
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FIG. 3: Distributions of the observables in the e+e− → ZH → (!+!−)H analysis at
√
s = 250 GeV, from left to right: cos θ1,

cos θ2, and Φ. Points show simulated events and lines show projections of analytical distributions. Four scenarios are shown:
SM scalar (0+, red open circles), pseudoscalar (0−, blue diamonds), and two mixed states corresponding to fa3 = 0.5 with
φa3 = 0 (green squares) and π/2 (magenta points). In all cases we choose fa2 = 0.

IV. MEASUREMENTS OF HV V ANOMALOUS COUPLINGS

In this section we describe prospects for measuring the anomalous HV V couplings both at the LHC and at a
future e+e− collider. We consider all types of processes that allow such measurements, including gluon fusion at LHC
(SBF), weak boson fusion (WBF), and V H production. For the analysis of the Higgs boson decay H → V V , all
production mechanisms can be combined. The cleanest and most significant SM Higgs boson decay mode at the LHC
is H → ZZ∗ → 4! and we consider this mode in the following analysis [5, 6]. The decay H → WW ∗ → 2!2ν can also
be used for anomalous coupling measurements, as demonstrated in Ref. [8], but precision of spin-zero measurements
is lower. Inclusion of other decay modes will only improve estimated precision and we examine such examples as
well (H → γγ in VBF and H → bb̄ in V H production). At an e+e− collider, we consider the dominant decay mode
H → bb̄, but other final states could be considered as well.
We now discuss details of event simulation and selection. In this paper, signal events were simulated with the JHU

generator. Background events were generated with POWHEG [39] (qq̄ → ZZ(∗)/Zγ(∗) + jets) and MadGraph [40]
(qq̄ → ZZ(∗)/Zγ(∗)/γγ + 0 or 2 jets, e+e− → ZZ). When backgrounds from other processes are expected, their
effective contribution is included by rescaling the expected event yields of the aforementioned processes. The vector
boson fusion (VBF) and V H topology of the SM Higgs boson production has been tested against POWHEG, see Fig. 4,
as well as against VBF@NLO [41–43] and MadGraph simulation, respectively.
To properly simulate recoil of the final state particles caused by QCD radiation, we interface the JHU generator

with parton shower in Pythia [44], or, alternatively, simulate the decay of the Higgs boson with the JHU generator and
production of the Higgs boson through NLO QCD accuracy with POWHEG. We point out that this way of interfacing
POWHEG and JHU generator is exact for spin-zero particle production since no spin correlations connect initial and
final states. We note that quality of the approximation with Pythia parton showering is surprisingly high as can be
seen in Fig. 4 where we compare the transverse momentum distribution of a Standard Model Higgs boson obtained
within this framework with the NLO QCD computation of the same distribution as implemented in POWHEG. Effects
of beyond-the-standard-model (BSM) couplings in gluon fusion production on recoil of the final state particles caused
by the QCD radiation have been tested explicitly in the pp → H+2 jets process; we found that their impact on recoil
kinematics is negligible for the analysis of Higgs boson decays. We conclude that parton shower description of QCD
effects is sufficient at the current level of analysis but further refinements of such an approach, for example by means
of dedicated NLO QCD computations, are certainly possible, see e.g. Ref. [32].
In this paper, we employ a simplified detector simulation similar to our earlier studies [7, 8]. Lepton momenta are

smeared with an rms ∆p/p = 0.014 for 90% of events and a broader smearing for the remaining 10%. Hadronic jets
are smeared with an rms ∆p/p = 0.1. Events are selected in which leptons have |η| < 2.4, and transverse momentum
pT > 5GeV; jets, defined with anti-k⊥ algorithm, have ∆Rjj > 0.5, pT > 30GeV, and |ηj | < 4.7. The jet pT threshold
is raised to 50 GeV to study the effects of pileup when we consider the high luminosity LHC scenario. The invariant
mass of the di-lepton pairs from a Z(∗) decay is required to exceed 12 GeV. These selection criteria are chosen to be
as close as possible to existing LHC analyses [5, 6] and we assume that similar selection criteria will be also adopted
for a future e+e− collider. The estimated number of reconstructed events in Table I is scaled down from the number

arXiv:1309.4819
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FIG. 3: Distributions of the observables in the e+e− → ZH → (!+!−)H analysis at
√
s = 250 GeV, from left to right: cos θ1,

cos θ2, and Φ. Points show simulated events and lines show projections of analytical distributions. Four scenarios are shown:
SM scalar (0+, red open circles), pseudoscalar (0−, blue diamonds), and two mixed states corresponding to fa3 = 0.5 with
φa3 = 0 (green squares) and π/2 (magenta points). In all cases we choose fa2 = 0.

IV. MEASUREMENTS OF HV V ANOMALOUS COUPLINGS

In this section we describe prospects for measuring the anomalous HV V couplings both at the LHC and at a
future e+e− collider. We consider all types of processes that allow such measurements, including gluon fusion at LHC
(SBF), weak boson fusion (WBF), and V H production. For the analysis of the Higgs boson decay H → V V , all
production mechanisms can be combined. The cleanest and most significant SM Higgs boson decay mode at the LHC
is H → ZZ∗ → 4! and we consider this mode in the following analysis [5, 6]. The decay H → WW ∗ → 2!2ν can also
be used for anomalous coupling measurements, as demonstrated in Ref. [8], but precision of spin-zero measurements
is lower. Inclusion of other decay modes will only improve estimated precision and we examine such examples as
well (H → γγ in VBF and H → bb̄ in V H production). At an e+e− collider, we consider the dominant decay mode
H → bb̄, but other final states could be considered as well.
We now discuss details of event simulation and selection. In this paper, signal events were simulated with the JHU

generator. Background events were generated with POWHEG [39] (qq̄ → ZZ(∗)/Zγ(∗) + jets) and MadGraph [40]
(qq̄ → ZZ(∗)/Zγ(∗)/γγ + 0 or 2 jets, e+e− → ZZ). When backgrounds from other processes are expected, their
effective contribution is included by rescaling the expected event yields of the aforementioned processes. The vector
boson fusion (VBF) and V H topology of the SM Higgs boson production has been tested against POWHEG, see Fig. 4,
as well as against VBF@NLO [41–43] and MadGraph simulation, respectively.
To properly simulate recoil of the final state particles caused by QCD radiation, we interface the JHU generator

with parton shower in Pythia [44], or, alternatively, simulate the decay of the Higgs boson with the JHU generator and
production of the Higgs boson through NLO QCD accuracy with POWHEG. We point out that this way of interfacing
POWHEG and JHU generator is exact for spin-zero particle production since no spin correlations connect initial and
final states. We note that quality of the approximation with Pythia parton showering is surprisingly high as can be
seen in Fig. 4 where we compare the transverse momentum distribution of a Standard Model Higgs boson obtained
within this framework with the NLO QCD computation of the same distribution as implemented in POWHEG. Effects
of beyond-the-standard-model (BSM) couplings in gluon fusion production on recoil of the final state particles caused
by the QCD radiation have been tested explicitly in the pp → H+2 jets process; we found that their impact on recoil
kinematics is negligible for the analysis of Higgs boson decays. We conclude that parton shower description of QCD
effects is sufficient at the current level of analysis but further refinements of such an approach, for example by means
of dedicated NLO QCD computations, are certainly possible, see e.g. Ref. [32].
In this paper, we employ a simplified detector simulation similar to our earlier studies [7, 8]. Lepton momenta are

smeared with an rms ∆p/p = 0.014 for 90% of events and a broader smearing for the remaining 10%. Hadronic jets
are smeared with an rms ∆p/p = 0.1. Events are selected in which leptons have |η| < 2.4, and transverse momentum
pT > 5GeV; jets, defined with anti-k⊥ algorithm, have ∆Rjj > 0.5, pT > 30GeV, and |ηj | < 4.7. The jet pT threshold
is raised to 50 GeV to study the effects of pileup when we consider the high luminosity LHC scenario. The invariant
mass of the di-lepton pairs from a Z(∗) decay is required to exceed 12 GeV. These selection criteria are chosen to be
as close as possible to existing LHC analyses [5, 6] and we assume that similar selection criteria will be also adopted
for a future e+e− collider. The estimated number of reconstructed events in Table I is scaled down from the number
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FIG. 16: Higgs production and decay at the e+e− or pp collider with e+e−(qq̄) → Z∗ → ZH → !+!−bb̄ as shown in the parton
collision frame.
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FIG. 17: Cross section of e+e− → Z∗ → ZX process as a function of
√
s for several representative models: SM Higgs

boson (0+, solid red), vector (1−, dot-long-dashed blue), axial vector (1+, dot-short-dashed blue), Kaluza-Klein graviton with
minimal couplings (2+m, long-dashed green), spin-2 with higher-dimension operators (2+h , short-dashed green). All cross sections
are normalized to SM value at

√
s = 250 GeV.

To compute the differential cross section for e+e− → ZH → µ+µ−H , we modify dΓ/d!Ω in Eq. (A1) of Ref. [8] to
account for changes in kinematics. In particular, s′ = q1q2 in Eq. (13) of Ref. [8]4 is defined for two outgoing momenta
of Z-bosons. If instead we use the four-momentum P1 of the initial e+e− state, we must write q1 = −P1 and, as a
result, s′ = −P1q2 = −(m2

H
−m2

1 −m2
2)/2 , where m2

1 = P 2
1 and m2

2 = m2
Z . This leads to the following differential

angular distributions for a spin-zero particle production

dΓJ=0(s, !Ω)

d!Ω
∝ 4 |A00|2 sin2 θ1 sin

2 θ2

+ |A+0|2
(

1− 2R1 cos θ1 + cos2 θ1
) (

1 + 2Af2 cos θ2 + cos2 θ2
)

+ |A−0|2
(

1 + 2R1 cos θ1 + cos2 θ1
) (

1− 2Af2 cos θ2 + cos2 θ2
)

− 4|A00||A+0|(R1 − cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(Φ+ φ+0)

− 4|A00||A−0|(R1 + cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(Φ− φ−0)

+ 2|A+0||A−0| sin2 θ1 sin2 θ2 cos(2Φ− φ−0 + φ+0) . (A2)

In Eq. (A2), R1 = (Af1 +P−)/(1+Af1P
−), where Afi = 2ḡfV ḡ

f
A/(ḡ

f2
V + ḡf2A ) is the parameter characterizing the decay

Zi → fif̄i [53] with Af1 $ 0.15 for the Zee coupling, Af2 is for the coupling to fermions in the Z decay, and P− is the

4 We add prime to s′ to avoid confusion with
√
s = m1 in this case.
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FIG. 5: Cross sections for e+e− → Z∗ → ZX process as a function of
√
s for three models: SM Higgs boson (0+, solid), scalar

with higher-dimension operators (0+h , short-dashed), and pseudoscalar (0−, long-dashed). All cross sections are normalized
to SM value at

√
s = 250 GeV. Different high-energy behavior of cross sections related to point-like interactions (solid) and

higher-dimensional non-renormalizable operators (dashed) is apparent from the right panel.

In order to measure or set a limit on fa3, it is important to employ all types of observables described above and
not limit oneself to CP -specific ones, such as interferences. In particular, if only a limit is set on fa3, the phase of
CP -odd contribution φa3 is generally unknown and one cannot predict the forward-backward asymmetry in cos θ1
nor the non-trivial phase in Φ, as shown in Figs. 3 and 14. For example, even under the assumption of real coupling
constants, φa3 ambiguity between 0 and π needs to be resolved. In principle, model-dependent assumptions can
be made about such phases and tighter constraints on fa3 can be obtained, but it is important to pursue coupling
measurements that are as model-independent as possible. On the other hand, once a non-zero value of fa3 is observed,
its phase φa3 can be measured directly from the data, as we illustrate below. While we focus on the measurement of
the CP -odd contribution fa3, we also illustrate measurements of fa2 and fΛ1, which can be performed with a similar
precision. Here fΛ1 is defined as in Eq. (4); it provides the cross section fraction that is induced by −g′′1 × (q21+q22)/Λ

2
1

anomalous coupling.

A. The e+e− → ZH process

To illustrate the above points, we considered e+e− → ZH process, with Z → $+$− and H → bb̄. The number of
signal events is estimated in Table I for four energies

√
s = 250, 350, 500, 1000 GeV, that are under discussion for

an electron-positron collider, and are rounded to 2000, 1500, 1000, 500 events, respectively. The effective number of
background events is estimated to be 10% of the number of signal events and is modeled with the e+e− → ZZ →
$+$−bb̄ process. Cross sections for several simulated signal samples are displayed in Table II. We assume that the
signal can be reconstructed inclusively by tagging Z → $+$− decay and using energy-momentum constraints, but
further improvements can be achieved through the analysis of the Higgs boson decay products and by considering
other Z decay final states. In view of this, our estimates of expected sensitivities are conservative.
Our analysis techniques are identical to what has been used earlier to study Higgs spin and parity in the pp →

H → ZZ process at the LHC [7, 8]. For this channel and the channels in the following subsections, the details of the
analyses are explained in Appendix B. We employ either the dedicated discriminants D0− and DCP , or the multi-
dimensional probability distribution. Several thousand statistically-independent experiments are generated and fitted
using different approaches. Detector effects and backgrounds are included either with direct parameterization of one-
or two-dimensional distributions or by exploiting certain approximations of a multidimensional model, as explained
in Appendix B.
For the e+e− case discussed in this section, we first obtained results for the sensitivity to the fractions fa2,a3 at fixed

collider energy and then expressed these constraints in terms of the parameters fdec
a2,a3. Figure 6 shows precision on fa3

and fa2 obtained with generated experiments that include background. Expected precisions of fa2,a3 measurements
are shown in Table II. As can be seen there, the expected precision on fa3 is in the range 0.03− 0.04, independent of
the e+e− collision energy. This translates to very different constraints on fdec

a3 that range from 7× 10−4 to 8× 10−6;
as we already explained, measuring a similar fraction of events caused by the pseudoscalar anomalous couplings at
higher energy means a sensitivity to a smaller value of g4. The expected precision is therefore similar to what can
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FIG. 3: Distributions of the observables in the e+e− → ZH → (!+!−)H analysis at
√
s = 250 GeV, from left to right: cos θ1,

cos θ2, and Φ. Points show simulated events and lines show projections of analytical distributions. Four scenarios are shown:
SM scalar (0+, red open circles), pseudoscalar (0−, blue diamonds), and two mixed states corresponding to fa3 = 0.5 with
φa3 = 0 (green squares) and π/2 (magenta points). In all cases we choose fa2 = 0.

IV. MEASUREMENTS OF HV V ANOMALOUS COUPLINGS

In this section we describe prospects for measuring the anomalous HV V couplings both at the LHC and at a
future e+e− collider. We consider all types of processes that allow such measurements, including gluon fusion at LHC
(SBF), weak boson fusion (WBF), and V H production. For the analysis of the Higgs boson decay H → V V , all
production mechanisms can be combined. The cleanest and most significant SM Higgs boson decay mode at the LHC
is H → ZZ∗ → 4! and we consider this mode in the following analysis [5, 6]. The decay H → WW ∗ → 2!2ν can also
be used for anomalous coupling measurements, as demonstrated in Ref. [8], but precision of spin-zero measurements
is lower. Inclusion of other decay modes will only improve estimated precision and we examine such examples as
well (H → γγ in VBF and H → bb̄ in V H production). At an e+e− collider, we consider the dominant decay mode
H → bb̄, but other final states could be considered as well.
We now discuss details of event simulation and selection. In this paper, signal events were simulated with the JHU

generator. Background events were generated with POWHEG [39] (qq̄ → ZZ(∗)/Zγ(∗) + jets) and MadGraph [40]
(qq̄ → ZZ(∗)/Zγ(∗)/γγ + 0 or 2 jets, e+e− → ZZ). When backgrounds from other processes are expected, their
effective contribution is included by rescaling the expected event yields of the aforementioned processes. The vector
boson fusion (VBF) and V H topology of the SM Higgs boson production has been tested against POWHEG, see Fig. 4,
as well as against VBF@NLO [41–43] and MadGraph simulation, respectively.
To properly simulate recoil of the final state particles caused by QCD radiation, we interface the JHU generator

with parton shower in Pythia [44], or, alternatively, simulate the decay of the Higgs boson with the JHU generator and
production of the Higgs boson through NLO QCD accuracy with POWHEG. We point out that this way of interfacing
POWHEG and JHU generator is exact for spin-zero particle production since no spin correlations connect initial and
final states. We note that quality of the approximation with Pythia parton showering is surprisingly high as can be
seen in Fig. 4 where we compare the transverse momentum distribution of a Standard Model Higgs boson obtained
within this framework with the NLO QCD computation of the same distribution as implemented in POWHEG. Effects
of beyond-the-standard-model (BSM) couplings in gluon fusion production on recoil of the final state particles caused
by the QCD radiation have been tested explicitly in the pp → H+2 jets process; we found that their impact on recoil
kinematics is negligible for the analysis of Higgs boson decays. We conclude that parton shower description of QCD
effects is sufficient at the current level of analysis but further refinements of such an approach, for example by means
of dedicated NLO QCD computations, are certainly possible, see e.g. Ref. [32].
In this paper, we employ a simplified detector simulation similar to our earlier studies [7, 8]. Lepton momenta are

smeared with an rms ∆p/p = 0.014 for 90% of events and a broader smearing for the remaining 10%. Hadronic jets
are smeared with an rms ∆p/p = 0.1. Events are selected in which leptons have |η| < 2.4, and transverse momentum
pT > 5GeV; jets, defined with anti-k⊥ algorithm, have ∆Rjj > 0.5, pT > 30GeV, and |ηj | < 4.7. The jet pT threshold
is raised to 50 GeV to study the effects of pileup when we consider the high luminosity LHC scenario. The invariant
mass of the di-lepton pairs from a Z(∗) decay is required to exceed 12 GeV. These selection criteria are chosen to be
as close as possible to existing LHC analyses [5, 6] and we assume that similar selection criteria will be also adopted
for a future e+e− collider. The estimated number of reconstructed events in Table I is scaled down from the number
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FIG. 16: Higgs production and decay at the e+e− or pp collider with e+e−(qq̄) → Z∗ → ZH → !+!−bb̄ as shown in the parton
collision frame.
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FIG. 17: Cross section of e+e− → Z∗ → ZX process as a function of
√
s for several representative models: SM Higgs

boson (0+, solid red), vector (1−, dot-long-dashed blue), axial vector (1+, dot-short-dashed blue), Kaluza-Klein graviton with
minimal couplings (2+m, long-dashed green), spin-2 with higher-dimension operators (2+h , short-dashed green). All cross sections
are normalized to SM value at

√
s = 250 GeV.

To compute the differential cross section for e+e− → ZH → µ+µ−H , we modify dΓ/d!Ω in Eq. (A1) of Ref. [8] to
account for changes in kinematics. In particular, s′ = q1q2 in Eq. (13) of Ref. [8]4 is defined for two outgoing momenta
of Z-bosons. If instead we use the four-momentum P1 of the initial e+e− state, we must write q1 = −P1 and, as a
result, s′ = −P1q2 = −(m2

H
−m2

1 −m2
2)/2 , where m2

1 = P 2
1 and m2

2 = m2
Z . This leads to the following differential

angular distributions for a spin-zero particle production

dΓJ=0(s, !Ω)

d!Ω
∝ 4 |A00|2 sin2 θ1 sin

2 θ2

+ |A+0|2
(

1− 2R1 cos θ1 + cos2 θ1
) (

1 + 2Af2 cos θ2 + cos2 θ2
)

+ |A−0|2
(

1 + 2R1 cos θ1 + cos2 θ1
) (

1− 2Af2 cos θ2 + cos2 θ2
)

− 4|A00||A+0|(R1 − cos θ1) sin θ1(Af2 + cos θ2) sin θ2 cos(Φ+ φ+0)

− 4|A00||A−0|(R1 + cos θ1) sin θ1(Af2 − cos θ2) sin θ2 cos(Φ− φ−0)

+ 2|A+0||A−0| sin2 θ1 sin2 θ2 cos(2Φ− φ−0 + φ+0) . (A2)

In Eq. (A2), R1 = (Af1 +P−)/(1+Af1P
−), where Afi = 2ḡfV ḡ

f
A/(ḡ

f2
V + ḡf2A ) is the parameter characterizing the decay

Zi → fif̄i [53] with Af1 $ 0.15 for the Zee coupling, Af2 is for the coupling to fermions in the Z decay, and P− is the

4 We add prime to s′ to avoid confusion with
√
s = m1 in this case.
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FIG. 5: Cross sections for e+e− → Z∗ → ZX process as a function of
√
s for three models: SM Higgs boson (0+, solid), scalar

with higher-dimension operators (0+h , short-dashed), and pseudoscalar (0−, long-dashed). All cross sections are normalized
to SM value at

√
s = 250 GeV. Different high-energy behavior of cross sections related to point-like interactions (solid) and

higher-dimensional non-renormalizable operators (dashed) is apparent from the right panel.

In order to measure or set a limit on fa3, it is important to employ all types of observables described above and
not limit oneself to CP -specific ones, such as interferences. In particular, if only a limit is set on fa3, the phase of
CP -odd contribution φa3 is generally unknown and one cannot predict the forward-backward asymmetry in cos θ1
nor the non-trivial phase in Φ, as shown in Figs. 3 and 14. For example, even under the assumption of real coupling
constants, φa3 ambiguity between 0 and π needs to be resolved. In principle, model-dependent assumptions can
be made about such phases and tighter constraints on fa3 can be obtained, but it is important to pursue coupling
measurements that are as model-independent as possible. On the other hand, once a non-zero value of fa3 is observed,
its phase φa3 can be measured directly from the data, as we illustrate below. While we focus on the measurement of
the CP -odd contribution fa3, we also illustrate measurements of fa2 and fΛ1, which can be performed with a similar
precision. Here fΛ1 is defined as in Eq. (4); it provides the cross section fraction that is induced by −g′′1 × (q21+q22)/Λ

2
1

anomalous coupling.

A. The e+e− → ZH process

To illustrate the above points, we considered e+e− → ZH process, with Z → $+$− and H → bb̄. The number of
signal events is estimated in Table I for four energies

√
s = 250, 350, 500, 1000 GeV, that are under discussion for

an electron-positron collider, and are rounded to 2000, 1500, 1000, 500 events, respectively. The effective number of
background events is estimated to be 10% of the number of signal events and is modeled with the e+e− → ZZ →
$+$−bb̄ process. Cross sections for several simulated signal samples are displayed in Table II. We assume that the
signal can be reconstructed inclusively by tagging Z → $+$− decay and using energy-momentum constraints, but
further improvements can be achieved through the analysis of the Higgs boson decay products and by considering
other Z decay final states. In view of this, our estimates of expected sensitivities are conservative.
Our analysis techniques are identical to what has been used earlier to study Higgs spin and parity in the pp →

H → ZZ process at the LHC [7, 8]. For this channel and the channels in the following subsections, the details of the
analyses are explained in Appendix B. We employ either the dedicated discriminants D0− and DCP , or the multi-
dimensional probability distribution. Several thousand statistically-independent experiments are generated and fitted
using different approaches. Detector effects and backgrounds are included either with direct parameterization of one-
or two-dimensional distributions or by exploiting certain approximations of a multidimensional model, as explained
in Appendix B.
For the e+e− case discussed in this section, we first obtained results for the sensitivity to the fractions fa2,a3 at fixed

collider energy and then expressed these constraints in terms of the parameters fdec
a2,a3. Figure 6 shows precision on fa3

and fa2 obtained with generated experiments that include background. Expected precisions of fa2,a3 measurements
are shown in Table II. As can be seen there, the expected precision on fa3 is in the range 0.03− 0.04, independent of
the e+e− collision energy. This translates to very different constraints on fdec

a3 that range from 7× 10−4 to 8× 10−6;
as we already explained, measuring a similar fraction of events caused by the pseudoscalar anomalous couplings at
higher energy means a sensitivity to a smaller value of g4. The expected precision is therefore similar to what can
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Appendix B: Recent updates of the studies at an electron-positron collider

Contributed by Lucas S. Mandacarú Guerra and Savvas Kyriacou.

In this Section, we present a feasibility study of the CP -odd H�� and HZ� interactions at an e
+
e
� machine and

revise the study of the CP -odd HZZ interactions documented in Snowmass-2013 writeup [76] and Ref. [52]. We start
with the study of the e

+
e
� ! V H production at

p
s = 250GeV and 250 fb�1, with H ! bb̄ and V ! ``. We note

that with the H�� and HZ� couplings, both V = Z and �
⇤ are possible. The dominant contribution comes from the

SM HZZ couplings, and in Ref. [52] it is estimated that about 1870 events would be reconstructed. The dominant
background is modeled with the process e+e� ! ZZ/Z�

⇤ ! bb̄``. The analysis is based on the 4D parameterization
of the mass-angular distributions (m``, cos ✓1, cos ✓2,�) and otherwise follows a similar technique to that employed in
HL-LHC studies in Appendix A.

First, we reproduce the feasibility study of the f
HZZ

CP
parameter and find results consistent with those reported in

Ref. [52]. The expected constraints at four energy and luminosity scenarios are shown in Table III and the likelihood
scans are shown in Fig. 4. In addition, we present expected constraints with luminosity ten times larger than that

TABLE III: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameter fHV V

CP
defined in

Eq. (6) in the process e+e� ! Z
⇤ ! ZH ! ``bb̄ in several energy and luminosity scenarios. Also shown are expected

constraints (at 68% C.L.) on the f
V � parameters in the same process, which are expressed as fractions of the a

V �

2

and a
V �

3 contributions combined in the H ! 2e2µ decay cross sections, where the most likely values of f�� = 0.0016
and f

Z� = 0.0050 were generated, corresponding to a
��,SM
2 and a

Z�,SM
2 . Only the f

Z�

CP
parameter in the last energy

and luminosity scenario allows a non-trivial constraint at 68% C.L., as indicated in the last column.

E (GeV) L (fb�1) f
HV V

CP f
��

f
Z�

f
��

CP
f
Z�

CP

250 250 ±3.4·10�4
< 0.144 < 0.234 – –

250 2,500 ±3.9·10�5
< 0.037 < 0.079 – –

350 350 ±1.2·10�4
< 0.058 < 0.088 – –

350 3,500 ±2.9·10�5
< 0.016 < 0.032 – –

500 500 ±4.3·10�5
< 0.028 < 0.039 – –

500 5,000 ±1.3·10�5
< 0.009 < 0.016 – –

1,000 1,000 ±1.0·10�5
< 0.009 < 0.014 – –

1,000 10,000 ±3.0·10�6
< 0.004 0.0050+0.0026

�0.0028 – ±0.96

considered in Snowmass-2013 studies, which is consistent within a factor of two with the more recent collider scenarios
considered in Snowmass-2022 studies, as outlined in Ref. [80]. This indicates that the scaling with luminosity is close
to linear at the lower energy scenario, while it is in between the linear and square root at higher energies. This
luminosity dependence can also be seen in Fig. 4. The new expectation at 250GeV is about a factor of 2 tighter
than that obtained for Snowmass-2013 [52, 76]. However, the previous expected constrains at 68% C.L. were obtained
the assumption of a non-zero CP violation near the threshold of discovery. The new constraints are obtained under
the assumption of null CP violation, to be consistent with other studies performed since then. The di↵erences at
other energies are even smaller. We also take our study one step further and obtained constraints in two ways: with
all other CP -even couplings (with the exception of the tree-level SM coupling, which is always left unconstrained)
either constrained to zero, as expected in the SM, or left unconstrained in the fit. The list of CP -even couplings
can be found in Eq. (5) and includes a

HZZ

1 , aHZZ

2 , and two other couplings 
HZZ

1 and 
HZ�

2 , which correspond to
the higher-order q

2 terms in expansion of aHV V

1 . The expected constraints in Table III do not di↵er within quoted
precision either with or without the CP -even anomalous couplings floated in the fit.

Then, we turn to the prospect of the (a��2 , a
��

3 ) and (aZ�

2 , a
Z�

3 ) measurements in the e
+
e
� ! V H production. We

can already point out that using the a
��,SM
2 and a

Z�,SM
2 values, quoted in Appendix A, one can expect only about

0.1 and 2 events, respectively, if these are the only contributions to the HV V production amplitude in the process
e
+
e
� ! Z

⇤ ! ZH ! ``bb̄ at
p
s = 250GeV and 250 fb�1. With such a small contribution, it is not feasible to expect

strong constraints on the photon couplings. Nonetheless, the full study with the 4D likelihood fit is essential to take
into account the e↵ects of interference of the photon couplings with the dominant SM tree-level HZZ contribution.
This interference is not very strong in the case of theH�� couplings due to very di↵erentm`` spectra. We parameterize
the a

��

2 , a
��

3 , a
Z�

2 , a
Z�

3 contributions in terms of four parameters: two fractions f
�� and f

Z� , expressed as the a
V �

2

5

TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such
a measurement could be considered. The e

+
e
� ! ZH projections are performed with Z ! `` in Appendix B but

scaled to a ten times larger luminosity to account for Z ! qq̄.

Collider pp pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

e
�
p �� µ

+
µ
�

µ
+
µ
� target

E (GeV) 14,000 14,000 100,000 250 350 500 1,000 1,300 125 125 3,000 (theory)

L (fb�1) 300 3,000 30,000 250 350 500 1,000 1,000 250 20 1,000

HZZ/HWW 4.0·10�5 2.5·10�6 � 3.9·10�5 2.9·10�5 1.3·10�5 3.0·10�6 � � � � < 10�5

H�� – 0.50 � – – – – – 0.06 – – < 10�2

HZ� – ⇠1 � – – – ⇠1 – – – – < 10�2

Hgg 0.12 0.011 � – – – – – – – – < 10�2

Htt̄ 0.24 0.05 � – – 0.29 0.08 � – – � < 10�2

H⌧⌧ 0.07 0.008 � 0.01 0.01 0.02 0.06 – � � � < 10�2

Hµµ – – – – – – – – – � – < 10�2

III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �

⇤
�
⇤ ! 4f process in Section V.
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Appendix B: Recent updates of the studies at an electron-positron collider

Contributed by Lucas S. Mandacarú Guerra and Savvas Kyriacou.

In this Section, we present a feasibility study of the CP -odd H�� and HZ� interactions at an e
+
e
� machine and

revise the study of the CP -odd HZZ interactions documented in Snowmass-2013 writeup [76] and Ref. [52]. We start
with the study of the e

+
e
� ! V H production at

p
s = 250GeV and 250 fb�1, with H ! bb̄ and V ! ``. We note

that with the H�� and HZ� couplings, both V = Z and �
⇤ are possible. The dominant contribution comes from the

SM HZZ couplings, and in Ref. [52] it is estimated that about 1870 events would be reconstructed. The dominant
background is modeled with the process e+e� ! ZZ/Z�

⇤ ! bb̄``. The analysis is based on the 4D parameterization
of the mass-angular distributions (m``, cos ✓1, cos ✓2,�) and otherwise follows a similar technique to that employed in
HL-LHC studies in Appendix A.

First, we reproduce the feasibility study of the f
HZZ

CP
parameter and find results consistent with those reported in

Ref. [52]. The expected constraints at four energy and luminosity scenarios are shown in Table III and the likelihood
scans are shown in Fig. 4. In addition, we present expected constraints with luminosity ten time larger than that

TABLE III: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameter fHV V

CP
defined

in Eq. (6) in the process e+e� ! Z
⇤ ! ZH ! ``bb̄ in several energy and luminosity scenarios.

E (GeV) L (fb�1) f
HV V

CP

250 250 3.4·10�4

250 2,500 3.9·10�5

350 350 1.2·10�4

350 3,500 2.9·10�5

500 500 4.3·10�5

500 5,000 1.3·10�5

1,000 1,000 1.0·10�5

1,000 10,000 3.0·10�6

considered in Snowmass-2013 studies, which indicate that scaling with luminosity is close to linear at the lower energy
scenario, while it is in between the linear and square root at higher energies. This luminosity dependence can also
be seen in Fig. 4. The new expectation at 250GeV is about a factor of 2 tighter than that obtained for Snowmass-
2013 [52, 76]. However, the previous expected constrains at 68% C.L. were obtained the assumption of a non-zero
CP violation near the threshold of discovery. The new constraints are obtained under the assumption of null CP

violation, to be consistent with other studies performed since then. The di↵erences at other energies are even smaller.
We also take our study one step further and obtained constraints in two ways: with all other CP -even couplings
(with the exception of the tree-level SM coupling, which is always left unconstrained) either constrained to zero, as
expected in the SM, or left unconstrained in the fit. The list of CP -even couplings can be found in Eq. (5) and
includes a

HZZ

1 , aHZZ

2 , and two other couplings 
HZZ

1 and 
HZ�

2 , which correspond to the higher-order q
2 terms in

expansion of aHV V

1 . The expected constraints in Table III do not di↵er within quoted precision either with or without
the CP -even anomalous couplings floated in the fit.

Then, we turn to the prospect of the (a��2 , a
��

3 ) and (aZ�

2 , a
Z�

3 ) measurements in the e
+
e
� ! V H production. We

can already point out that using the a
��,SM
2 and a

Z�,SM
2 values, quoted in Appendix A, one can expect only about

0.1 and 2 events, respectively, if these are the only contributions to the HV V production amplitude in the process
e
+
e
� ! Z

⇤ ! ZH ! ``bb̄ at
p
s = 250GeV and 250 fb�1. With such a small contribution, it is not feasible to expect

strong constraints on the photon couplings. Nonetheless, the full study with the 4D likelihood fit is essential to take
into account the e↵ects of interference of the photon couplings with the dominant SM tree-level HZZ contribution.
This interference is not very strong in the case of the H�� couplings due to very di↵erent m`` spectra. The results of
the fits for the a

V �

2 contributions are shown in Fig. 5. We conclude that there is not enough sensitivity to isolate the
H�� and HZ� contributions with the rates generated by the a��,SM2 and a

Z�,SM
2 couplings. Therefore, constraints on

f
HZ�

CP
and f

H��

CP
are not feasible. We expect the same outcome at the other scenarios of the e

+
e
� colliders listed in

Table I.
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see also arXiv:2203.11707 
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TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such
a measurement could be considered. The e

+
e
� ! ZH projections are performed with Z ! `` in Appendix B but

scaled to a ten times larger luminosity to account for Z ! qq̄.

Collider pp pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

e
�
p �� µ

+
µ
�

µ
+
µ
� target

E (GeV) 14,000 14,000 100,000 250 350 500 1,000 1,300 125 125 3,000 (theory)

L (fb�1) 300 3,000 30,000 250 350 500 1,000 1,000 250 20 1,000

HZZ/HWW 4.0·10�5 2.5·10�6 � 3.9·10�5 2.9·10�5 1.3·10�5 3.0·10�6 � � � � < 10�5

H�� – 0.50 � – – – – – 0.06 – – < 10�2

HZ� – ⇠1 � – – – ⇠1 – – – – < 10�2

Hgg 0.12 0.011 � – – – – – – – – < 10�2

Htt̄ 0.24 0.05 � – – 0.29 0.08 � – – � < 10�2

H⌧⌧ 0.07 0.008 � 0.01 0.01 0.02 0.06 – � � � < 10�2

Hµµ – – – – – – – – – � – < 10�2

III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �

⇤
�
⇤ ! 4f process in Section V.
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Room for improvement:

— target 7.2  for 4 IPs in 3 years at FCC 240 GeVab−1

— target all main  and  final statesZ H
— include full detector simulation & all backgrounds 

—  interplay between 240 GeV and 350 GeVq2

~1  at FCC 350 GeV, ~2  at 365 GeVab−1 ab−1
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Summary on Higgs CP
As part of Snowmass several conclusions:

—   HL reach full spectrum of Higgs , except pp CP Hμμ

—   at 125 GeV + polarize unique  in   (2nd family) μ+μ− CP Hμμ
—   at 125 GeV + polarize unique  in  γγ CP Hγγ

—   comparable to HL-LHC in Higgs , except e+e− CP Hgg

—   allow  in VBF, ttHe−p CP
—   at 100 TeV  the furthest reach, including  in pp CP HVγ

HWW, HZZ
HZγ, Hγγ, Hgg
Htt, Hττ, Hμμ

Framework for FCC studies
— benefit from detailed simulation of signal & background 

e+e− → Z*/γ* → Z/γ*H
— explore    and  Z /γ* → ℓ+ℓ−/qq̄/νν̄ H → any
— can start from SM simulation and re-weight for BSM (but lack of , )γ*H γH
— need to agree on lumi scenarios (e.g. Snowmass and FCC differ)

September 25, 2023
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Fermion couplings at an  collidere+e−

Linear collider  e+e− → tt̄H
cross section dependence studied

need dedicated -sensitive study  CP

of  0+ vs. 0−

(see LHC studies)  

—   the only CP in    at    H → ττ Hff e+e− s < 500 GeV

— reach      at    ref. lumifCP ∼ 0.008 (α ∼ 5∘) e+e−

 pheno studies at Snowmass-2013: arXiv:1308.2674 e+e−

note: worse at higher  : no vertex in   s e+e− → νν̄H

from Snowmass-2013

at Snowmass-2013
recent similar study in arXiv:1807.02441
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TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such
a measurement could be considered. The e

+
e
� ! ZH projections are performed with Z ! `` in Appendix B but

scaled to a ten times larger luminosity to account for Z ! qq̄.

Collider pp pp pp e
+
e
�

e
+
e
�

e
+
e
�

e
+
e
�

e
�
p �� µ

+
µ
�

µ
+
µ
� target

E (GeV) 14,000 14,000 100,000 250 350 500 1,000 1,300 125 125 3,000 (theory)

L (fb�1) 300 3,000 30,000 250 350 500 1,000 1,000 250 20 1,000

HZZ/HWW 4.0·10�5 2.5·10�6 � 3.9·10�5 2.9·10�5 1.3·10�5 3.0·10�6 � � � � < 10�5

H�� – 0.50 � – – – – – 0.06 – – < 10�2

HZ� – ⇠1 � – – – ⇠1 – – – – < 10�2

Hgg 0.12 0.011 � – – – – – – – – < 10�2

Htt̄ 0.24 0.05 � – – 0.29 0.08 � – – � < 10�2

H⌧⌧ 0.07 0.008 � 0.01 0.01 0.02 0.06 – � � � < 10�2

Hµµ – – – – – – – – – � – < 10�2

III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �

⇤
�
⇤ ! 4f process in Section V.
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TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such
a measurement could be considered. The e

+
e
� ! ZH projections are performed with Z ! `` in Appendix B but

scaled to a ten times larger luminosity to account for Z ! qq̄.
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�
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+
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E (GeV) 14,000 14,000 100,000 250 350 500 1,000 1,300 125 125 3,000 (theory)

L (fb�1) 300 3,000 30,000 250 350 500 1,000 1,000 250 20 1,000

HZZ/HWW 4.0·10�5 2.5·10�6 � 3.9·10�5 2.9·10�5 1.3·10�5 3.0·10�6 � � � � < 10�5

H�� – 0.50 � – – – – – 0.06 – – < 10�2

HZ� – ⇠1 � – – – ⇠1 – – – – < 10�2

Hgg 0.12 0.011 � – – – – – – – – < 10�2

Htt̄ 0.24 0.05 � – – 0.29 0.08 � – – � < 10�2

H⌧⌧ 0.07 0.008 � 0.01 0.01 0.02 0.06 – � � � < 10�2

Hµµ – – – – – – – – – � – < 10�2

III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �

⇤
�
⇤ ! 4f process in Section V.
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TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX
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Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such a
measurement could be considered.
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III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [84–
86]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
|Ak|2 � |A?|2

|Ak|2 + |A?|2
=

2<e(A⇤
��A++)

|A++|2 + |A��|2
=

|aH��

2 |2 � |aH��

3 |2

|aH��

2 |2 + |aH��

3 |2
= (1� 2fH��

CP
), (7)

can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [87], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1
An attempt to measure photon polarization in its conversion is possible [83], but it su↵ers from a significant loss of statistical precision.

We will discuss the photon polarization measurements in the H ! �
⇤
�
⇤ ! 4f process in Section V.
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However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
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Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [84–
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In Ref. [87], a careful simulation of the process has been performed. The degree of linear polarization at the
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translates to a f
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can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f
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uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �

⇤
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Appendix A: Recent updates of the studies at a hadron collider

Contributed by Je↵rey Davis, Savvas Kyriacou, and Je↵rey Roskes.

In this Section, we update the feasibility study of the CP -odd H�� and HZ� interactions at the HL-LHC, which
is documented in Ref. [71], in order to adopt the f

HV �

CP
benchmark parameters introduced in Eq. (2). As discussed

in Sections III and VB, it is not possible to study the CP structure of the H�� and HZ� couplings in the H ! ��

and H ! Z� decays. The rates of these decays put constraints on the quadrature sum of the CP -odd and CP -even
couplings, which can be parameterized, following the notation in Eq. (1) and in Ref. [71], as

ge↵ 2
HV �

⌘ �H!V �

�SM
H!V �

' 1
⇣
a
V �,SM
2

⌘2

⇣
a
V �,SM
2 + a

V �

2

⌘2
+

⇣
a
V �

3

⌘2
�
, (A1)

where V = Z or � and a
��,SM
2 = 0.00423 and a

Z�,SM
2 = 0.00675 are the e↵ective values of the point-like CP -

even couplings generated by SM loops with the W boson and charged fermions. In this parameterization, the SM
corresponds to (a��2 , a

��

3 ) = (0, 0) and (aZ�

2 , a
Z�

3 ) = (0, 0).
The constraints on (a��2 , a

��

3 ) and (aZ�

2 , a
Z�

3 ) from the HL-LHC measurements of the H ! �� and H ! Z� decay
rates, assuming that production rates can be constrained in the global analysis of the H boson data to a good enough
precision, appear as circles on the 2D planes, as indicated in Fig. 3. These circles correspond to the fixed values of
ge↵
HV �

in Eq. (A1). The centers of the circles are at (�a
V �,SM
2 , 0). All points on a circle of a given radius have equal

probability, and rotation around the circle can be parameterized with the f
HV �

CP
value, as indicated on the graphs in

Fig. 3. With the H ! �� and H ! Z� decay rates only, the f
HV �

CP
values are not constrained.

It has been demonstrated in Ref. [71] that the data from H ! 4`, VBF, and V H can resolve the points along the
circles on the (aV �

2 , a
V �

3 ) plane. While the VBF and V H channels do provide information to di↵erentiate the CP -odd
and CP -even couplings, the dominant precision comes from the H ! ZZ/Z�

⇤
/�

⇤
�
⇤ ! 4` process, and we refer to

Ref. [71] for an explanation of this e↵ect. A 68% C.L. exclusion of fH��

CP
= 0.5 can be achieved with 3,000 fb�1 (left

plot in Fig. 3), while f
HZ�

CP
= 1.0 can be excluded with 5,000 fb�1 (right plot in Fig. 3). We take these as estimates

of the HL-LHC precision on f
H��

CP
and f

HZ�

CP
, but note that a more detailed study and incorporation of multiple

production channels may improve this further.

0.01− 0.008− 0.006− 0.004− 0.002− 0 0.002
γγ

2
g

0.006−

0.004−

0.002−

0

0.002

0.004

0.006

γγ 4g

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

Δ
-2

 

SM

1D 68% CL

SM

1D 68% CL

-1LHC,L=3000 fb
 γγ→4l + H→H

fH��
CP = 0

fH
��

CP
=1

fH
��

CP
= 0.5

a��
2

a�� 3

�2
ln(

�/
� m

ax)

0.02− 0.015− 0.01− 0.005− 0 0.005
γZ

2
g

0.01−

0.005−

0

0.005

0.01
γZ 4g

0

2

4

6

8

10

12

14

16

18

20

 ln
 L

Δ
-2

 

SM

1D 68% CL

SM

1D 68% CL

-1LHC,L=5000 fb
γZ→4l + H→H

fHZ�
CP = 0

fH
Z�

CP
=1

aZ� 3

aZ�
2

�2
ln(

�/
� m

ax)

FIG. 3: Expected two-dimensional constraints on (a��2 , a��3 ) (left), and (aZ�

2 , a
Z�

3 ) (right) using Eq. (A1) and the
HL-LHC projection of analysis of the H ! ��, H ! Z�, H ! 4`, VBF, and V H channels with 3,000 fb�1 (left) and

5,000 fb�1 (right) following the study from Ref. [71].
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TABLE I: List of expected precision (at 68% C.L.) of CP -sensitive measurements of the parameters fHX

CP
defined in

Eq. (2). Numerical values are given where reliable estimates are provided, � mark indicates that feasibility of such
a measurement could be considered. The e

+
e
� ! ZH projections are performed with Z ! `` in Appendix B but

scaled to a ten times larger luminosity to account for Z ! qq̄.
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The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��

2 a
H�� ⇤
3 ) and is zero when a

H��

2 and a
H��

3 are real, as expected for the two loop-induced couplings with
heavier particles in the loops. A more interesting parameter,

A3 =
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=
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can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �
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III. PROSPECTS OF HIGGS CP MEASUREMENTS AT A PHOTON COLLIDER

The photon collider has a unique feature in that it can be used to study the H boson couplings to photons in
direct production �� ! H. It is also possible to study the H boson couplings in decay, such as CP structure in
H ! ⌧

+
⌧
� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a

H��

2 and CP -odd a
H��

3 contributions in Eq. (5) with the ratio �
H��

2 /�
H��

3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
to =m(aH��
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H�� ⇤
3 ) and is zero when a

H��

2 and a
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can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �

⇤
�
⇤ ! 4f process in Section V.
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with parallel and the other with orthogonal polarizations.
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� or H ! 4f . However, the decay measurements critically depend on the number of produced H bosons,

and a Higgs factory in either lepton or proton collisions is better positioned to make those measurements. In this
Section, therefore, we focus on the H�� measurements, which are unique to the photon collider.

The coupling of the H boson to two photons cannot happen at tree level, but can be generated by loops of any
charged particles. In the SM, those are the charged fermions and W boson. In the SM, CP violation is tiny, as
it can be generated only at three-loop level. In BSM theories, new heavy states can contribute to the loop, and
could generate sizable CP violation. Alternatively, CP violation in the H boson couplings to SM particles could also
generate CP -odd contributions to the H�� loop. Both H ! �� decay and �� ! H production can be parameterized
with the CP -even a
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2 and CP -odd a
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3 contributions in Eq. (5) with the ratio �
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3 = 1 in Eq. (6).
However, without access to the photon polarization, it is not possible to distinguish between the two contributions in
the H ! �� decay.1 Therefore, variation of the photon polarization in the photon collider becomes a unique approach
to study the CP structure of the H�� vertex.

Three parameters A1,A2,A3 sensitive to CP violation have been defined in the context of the photon collider [82–
84]. The A1 parameter can be measured as an asymmetry in the H boson production cross-section between the
A++ and A�� circular polarizations of the beams. This asymmetry is the easiest to measure, but it is proportional
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3 ) and is zero when a
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can be measured as an asymmetry between two configurations with the linear polarization of the photon beams, one
with parallel and the other with orthogonal polarizations.

In Ref. [85], a careful simulation of the process has been performed. The degree of linear polarization at the
maximum energies is 60% for an electron beam of energy E0 ⇡ 110GeV and a laser wavelength � ⇡ 1µm. The
expected uncertainty on A3 is 0.11 for 2.5 · 1034 ⇥ 107 = 250 fb�1 integrated luminosity and mH = 120GeV. This
translates to a f

H��

CP
uncertainty of 0.06, which we enter as an estimate in Table I.

1 An attempt to measure photon polarization in its conversion is possible [81], but it su↵ers from a significant loss of statistical precision.
We will discuss the photon polarization measurements in the H ! �
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⇤ ! 4f process in Section V.
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Overview of Higgs CP at Colliders 

new entries (since 2013)
new numerical estimates for the first time (since 2013)

revised numerical estimates 
new dedicated studies show not enough precision 
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Higgs  from EDMCP

γ, Z, g
γ, g dn < 1.8 × 10−26 e cm

dSM
e ∼ 10−38 e cm

ℓ, q
17

Appendix C: EDM constraints

Contributed by Wouter Dekens.

The CP -odd Higgs couplings not only appear in processes directly involving the Higgs boson, but also a↵ect low-
energy precision experiments through loop diagrams. Measurements of the EDMs of the neutron [125], mercury [126],
and the ThO molecule [124] set particularly stringent constraints on CP -violating interactions beyond the SM. The
loop contributions to these observables have been widely considered in the context of the SMEFT, see e.g. Refs.
[122, 128–132]. In these analyses, the CP -violating SMEFT interactions are first matched onto a low-energy theory
in which the heavy SM degrees of freedom have been integrated out and subsequently evolved to the QCD scale. At
this scale the quark-level theory can be matched to Chiral perturbation theory, giving rise to a description in terms
of CP -odd interactions between hadrons, photons, and electrons, which can then be used to compute the EDMs of
nucleons, atoms, and molecules.

The couplings of the Higgs to gauge bosons induce the (chromo) electric dipole moments of fermions through one-
loop diagrams [131–133], while the couplings to t, ⌧ , and µ contribute through two-loop Barr-Zee graphs [134]. For
almost all of the couplings the most relevant contributions are those to the electron EDM, which is very stringently
constrained by the ThO measurement. The exception is fHgg

CP
, which does not induce the electron EDM and gives rise

to the EDMs of the neutron and mercury instead. These di↵erent contributions have been evaluated in the SMEFT in
Refs. [122] and [129] for the Higgs-gauge (fHV V

CP
) and Higgs-fermion (fHff

CP
) couplings, respectively. In this language,

the f
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CP
and f
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CP
couplings correspond to the Wilson coe�cients of dimension-six operators in the Warsaw basis
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where rX = f
X

CP

1�f
X

CP

, yf =
p
2mf/v, v is the Higgs vacuum expectation value v ' 246 GeV, and we used the tree-level

results of Ref. [137] to evaluate �CP odd
H!V V 0 . Note that since the f

HX

CP
are defined through the decay rates, there is a

sign ambiguity for each of the
q

f
HX

CH
.

Using the above relations, the analyses of Refs. [122] and [129] can be rephrased in terms of fHV V

CP
and f

Hff

CP
,

respectively. The resulting limits, assuming only one of of the couplings is nonzero at a time, are shown in Table II.
The limits are dominated by the ThO measurement for all couplings apart from f

Hgg
CP

, fHuu

CP
, and f

Hdd

CP
, which do

not induce an electron EDM and only contribute to the neutron and mercury EDMs. Although the theoretical
uncertainties related to the interpretation of the ThO measurement are small, there are significant uncertainties
related to the hadronic and nuclear matrix elements that appear in the expressions for the neutron and mercury
EDMs, see Refs. [138, 139] for an overview. The table shows the constraints on the Huu, Hdd, and Hgg couplings
that results from varying these matrix elements within their allowed ranges, corresponding to the ‘Rfit’ approach of
Ref. [122]. In this case the dominant constraint arises from the neutron EDM. If one instead sets the matrix elements
to their central values, the limits on f

Hgg
CP

and f
Huu

CP
(fHdd

CP
) improve by a factor of ⇠ 103 (102). The most stringent

limits on the Yukawa couplings are then set by the mercury EDM, while the constraints on f
Hgg
CP

from the neutron
and mercury EDMs are comparable. The bounds in Table II are more stringent than those in Table I by several
orders of magnitude for the couplings of the Higgs boson to electroweak gauge bosons and the top quark. In contrast,
for fHgg

CP
and f

H⌧⌧

CP
, the sensitivity of the 14 TeV LHC is comparable to the EDM constraints.

Although some of the limits in Table II are more stringent than the projections in Table I, they do assume that
only one of the couplings is turned on at a time. However, most beyond-the-SM scenarios induce multiple operator
coe�cients, motivating analyses of scenarios in which several operators nonzero. As an example, we consider the
case in which the three Higgs couplings to electroweak gauge bosons, fH��

CP
f
HZ�

CP
, and f

HZZ

CP
, are present, with the

remaining couplings set to zero. Although we in principle have measurements of the EDMs of three di↵erent systems,
it turns out that they do not give enough information to constrain all three couplings, see Ref. [122] for details.
As a result, there is one unconstrained linear combination of the three couplings, corresponding to a tuning of the
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As a result, there is one unconstrained linear combination of the three couplings, corresponding to a tuning of the

12

increased collider energy due to the reduced ZH production cross-section, and this technique relies on the knowledge
of the Z vertex. A recent full simulation study of the ILC physics reach with 1,000 fb�1 at 250GeV indicates a very
similar f

H⌧⌧

CP
precision of about 0.01 with ⌧

± ! ⇡
±
⌫ and ⌧

± ! ⇡
±
⇡
0
⌫[109, 117], but additional ⌧ lepton decays

may bring an increase in sensitivity. We therefore leave the estimates in Table I the same as in the Snowmass-
2013 projection. Further improvements could be achieved using the lessons learned from the realistic analysis of the
H ! ⌧

+
⌧
� channel at LHC, as discussed in Section VE.

Analysis of the other decay channels, most notably H ! 4f , could be performed at an e
+
e
� collider. The clean

collider environment would allow exploration of multiple final states, beyond just the golden channels with charged
leptons used at LHC. However, as noted in Appendix B, the number of produced H ! ZZ ! 4f events at an e

+
e
�

collider would be significantly smaller than the number of H bosons produced in the golden clean channel H ! 4` at
a proton collider.

VII. COMPARISON TO EDM MEASUREMENTS

A dedicated Snowmass-2022 study of EDM measurements can be found in Ref. [118]. Asymmetry in the charge
distribution along the particle’s spin requires T violation, which is equivalent to CP violation when invoking the CPT

theorem. The EDMs of atoms and molecules are sensitive to CP violation in interactions of the H boson through loop
e↵ects. The SM values of these EDMs are beyond the current or planned experimental reach, which allows excellent
null tests in the SM. The EDM constraints on CP -odd H boson couplings are typically stronger than those from direct
H boson measurements [119–123]. However, these constraints are set under an assumption that only one modification
of the H boson coupling is present in the loop, and therefore no cancellation e↵ect is allowed. With multiple CP -odd
EFT operators, the EDM measurements set constraints on certain linear combinations of these operators, and direct
constraints on the CP -odd operators in the H boson measurements provide complementary information.

For example, the H��, HZ�, HZZ, as Hgg induce EDMs through one-loop diagrams. Replacing the HV V vertex
with a fermion loop in these diagrams leads to two-loop graphs, through which the Hff couplings can contribute.
One can also analyze these interactions with simultaneous contributions of loops of SM particles together with BSM
interactions and point-like HV V interactions generated by heavy BSM states. At the same time, the second vertex
of the H boson involves Huū, Hdd̄, or Hee interactions, where CP violation could be introduced as well. Therefore,
in general, EDMs receive contributions from a large number of CP -odd interactions, allowing for the possibility of
cancellations. While this brings complications, the EDM measurements may also allow the only access to CP violation
in the Hee, Huū, and Hdd̄ interactions. Resolving all constraints simultaneously will require direct measurements of
the H boson couplings in combination with EDM measurements. Moreover, it has not been experimentally established
if the H boson couples to the first-family fermions. In case these couplings are absent or significantly suppressed,
EDM measurements provide no constraints of CP violation in H boson interactions.

As part of this Snowmass study, we examine EDM constraints on parameters in Table I and add the Hee, Huū,
and Hdd̄ couplings in Table II. These constraints from the present EDM measurements are obtained in Appendix C.
In Table II, only one CP -odd HX coupling is allowed to be present at a time. As it can also be seen in Fig. 6 of
Appendix C, constraints on individual couplingsH��,HZ�,HZZ are essentially lost if two other couplings are allowed
to be present, but a big part of parameter space is still excluded from a correlated measurement. Most constraints on
the parameters in Table II are dominated by the the current limit on electron EDM de < 1.1⇥ 10�29

e cm [124] from
the ThO measurement, while the CP -odd Hgg, Huū, and Hdd̄ couplings are constrained by the neutron [125] and
mercury [126] EDMs. The limit on the neutron EDM is dn < 1.8⇥10�26

e cm [125], and the mercury EDM constraint
is equivalent to a similar limit on dn [126], for the couplings under consideration here.

Over the next two decades, one could expect an order of magnitude increase in the precision of the electron EDM
every 5-6 years, e.g. Fig. 5 in Ref. [118]. There is also a dramatic increase possible in the nucleon EDM measurements,
e.g. Fig. 8 in Ref. [118]. There is a proposal to reach a precision on the proton EDM dp < 10�29

e cm using the
proton storage ring within the next decade [127], which would be a big improvement over the current neutron EDM
constraint. This may lead to an improvement by 103 in constraints on CP -odd Hgg, Huū, and Hdd̄ couplings, and
potentially to an improvement by 106 in constraints on corresponding f

HX

CP
. We note that even under the assumption

TABLE II: Constraints on the parameter
��� f

HX

CP

1�f
HX

CP

��� at 68% C.L. from EDM measurements, assuming only one CP -odd

HX coupling is nonzero at a time. Refer to Appendix C for more details.

HX coupling Hgg H�� HZ� HZZ Htt̄ Huū Hdd̄ H⌧⌧ Hµµ Hee

f
HX

CP /(1� f
HX

CP ) < 0.12 2.4 · 10�8 4.4 · 10�8 1.2 · 10�13 4.3 · 10�7 0.72 0.039 2.2 · 10�2 36 1.1 · 10�6

— assuming one -odd coupling at a timeCP

expect  in ~10 years arXiv:2203.08103× 10−2

— assuming -even SM coupling to 1st familyCP

only EDM
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