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Angular distributions in Zh production can be used to increase sensitivity to both CP-even and
CP-odd interactions of the Higgs boson. The Higgs self-coupling vertex appears at next-to-leading order
in Zh production, and a global analysis of CP-even interactions including angular distributions from this
process can improve the sensitivity to the self-coupling. The presence of a CP-odd component in Higgs-
boson interactions can be probed by reconstructing the Higgs and Z boson decay planes, or by measuring
and utilizing the polarizations of the Higgs-boson decay particles. These CP-odd interactions could
provide an ingredient to explain the observed matter-antimatter asymmetry in the universe. Prior analyses
of Zh production have found good sensitivity to CP-odd interactions, and a further understanding of this
sensitivity is a primary goal of this topic.

CP-odd interactions
Analyses involving the coupling of the observed Higgs state, h, and two electroweak vector bosons,
V = Z,W , only offer access to the CP-odd coupling through loop effects, since there is no direct
renormalisable coupling between a pseudoscalar and a pair of gauge bosons. Couplings of the observed
Higgs boson to fermions are therefore important, since the CP-even and CP-odd components can have
a similar magnitude. Experimental evidence for CP-violating couplings would clearly point to BSM
physics, and interpretations in terms of both effective couplings and concrete models are necessary.

Current status and challenges
The Snowmass 2021 study [30,49] quantified the sensitivity of various processes to CP-odd interactions
in terms of the fraction of the CP-odd amplitude relative to the total, fCP. For hV V couplings, the
fraction is derived from the following amplitude parametrization [50]:
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The Snowmass-defined target for CP-sensitive measurements for hV V -processes is fCP < 10�5, whereas
for the hff and loop-induced h��, h�Z, and hgg processes it is about fCP < 10�2. The target is based
on a benchmark model point of the two-Higgs-doublet model [51] that provides sufficient CP violation
to provide the observed baryon asymmetry in the universe. The chosen parameters, including tan� = 1,
provide a CP mixing angle of 0.1. For other model parameters, such as tan� < 1, the mixing angle can
be reduced by a factor of two or more, indicating that it is well motivated to aim for sensitivities below
the Snowmass target value.

Direct access to CP-odd couplings requires CP-odd observables, and those involving triple product
correlations have been extensively explored [52]. In addition to the momenta, the polarization of the ini-
tial or final fermions can be used, including longitudinally as well as transversely polarized beams. The
Snowmass study updated the CP-analysis in the Zh-process, finding a 68% C.L. sensitivity to fhV V

CP of
3.9 (2.9) ⇥ 10�5 at a centre-of-mass energy of 250 (350) GeV. At an energy of 1000 (500) GeV, the
sensitivity improves to 3 (13)⇥ 10�6 with 10 (5) ab�1 of integrated luminosity. The study used leptonic
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ZH angular distributions and CP studies

Areas of study for the “ZHang” focus topic:


1 CP-odd HZZ interactions 

- using fully simulated samples

- in an asymmetric colllider 

- with polarized beams

- joint constraints with CP-even interactions


2 Connecting CP-odd constraints to specific models


3 CP-odd  interactions


4 Higgs self-coupling from angular distributions


5 Global SMEFT analysis extended to NLO, dimension-8 operators


6 Quantum entanglement observables

Hττ

e-group: ECFA-WHF-FT-ZHANG



European strategy update and ECFA input

Deadline for input to the next European Particle Physics Strategy Update (EPPSU) is March 31, 2025 

ECFA aims to provide a report summarizing results since Snowmass to the community by mid-December

Anyone wishing to provide input should provide an overview by the October 9-11 workshop in Paris


https://indico.in2p3.fr/event/32629/overview

Details to be worked out soon
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1 Electroweak interactions
    
  A Photon interactions
    a Spin asymmetry with transversely polarized beams 

    b Neutrino anomalous magnetic moment 

        

  B Z boson interactions
    a AFB of quarks at the ILC  
    b AFB of b-quarks at the FCC 
    c Flavour changing Z & H decays
    d Other exotic Z boson decays 
  
  C Gauge boson self-couplings
    a Theory 
    b LHC 
    c Optimal observables at e+e- colliders 
    d Polarization and CP 

Higgs/Top/EW presentations

2 Four-fermion interactions
  a Charged-lepton and quark constraints from ILC
  b Nonstandard neutrino interactions


3 ZH production and angular studies

  A CP-odd coupling sensitivity
    a CP violation in the Higgs sector 

    b CP at LHC
    c HZZ CP at FCC
    d CP at CEPC
    e HVV CP at 1 TeV ILC

    f Polarized beams for CP tests
    g CP in H->tau-tau

  B CP-even coupling sensitivity
    a Models with CP-even interactions
      i. H->Zy in the 3HDM 
      ii. Additional Higgs bosons 
    b Coupling measurements at the LHC

    c HZZ coupling at the ILC
    d HZZ coupling sensitivity to angular observables

  C Entanglement sensitivity
    a Entanglement in H->VV
    b Entanglement in H->tau-tau

4 Rare Higgs couplings

  A Hss
    a Modelling parton shower and hadronization
      i. The challenge of fragmentation modelling
      ii. LHC constraints on hadronization models
      iii. ALICE charm fragmentation measurements 
      iv. ATLAS b fragmentation measurements
      v. Constraining parton shower models in e+e-
    b Strange tagging
      i. Flavour tagging at the LHC
      ii. Flavour tagging at e+e- colliders
         1. Detector design
         2. PID reconstruction
    c Sensitivity 
      ii. H->ss branching fractions 
      ii. Obstacles in Higgs-strange-coupling interpretation
      iii. Higgs-strange-coupling projections

  B Hee
    a FCC sensitivity
    b Energy recovery Linacs

  C Invisible Higgs decays
    a  ILC

  D Flavour-violating Higgs decays

    a Quark flavour violating SUSY
    b Flavour changing H decays at the FCC


5 Higgs self coupling

  A Theory & models
    a Self-coupling in the 2HDM at ILC
    b BSM self-coupling at the ILC
    c Self-couping predictions in arbitrary models

  B Experiment
    a Polarization for self-coupling
    b ILC and C^3 prospects


6 Top-quark interactions
  a FCNC in top-quark interactions
  b CP sensitivity in top decays
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5



6

First meeting



7

Second meeting



8

CP-odd interactions: hVV status

Snowmass 2021 quantified sensitivity in terms of the CP-odd fraction fCP
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provide a CP mixing angle of 0.1. For other model parameters, such as tan� < 1, the mixing angle can
be reduced by a factor of two or more, indicating that it is well motivated to aim for sensitivities below
the Snowmass target value.

Direct access to CP-odd couplings requires CP-odd observables, and those involving triple product
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tial or final fermions can be used, including longitudinally as well as transversely polarized beams. The
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CP of
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Target of fCP < 10-5 based on a benchmark model point of the 2HDM
25
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µ
+
µ
� target

E (GeV) 14,000 14,000 100,000 250 350 500 1,000 1300 125 125 3000 (theory)

L (fb�1) 300 3,000 30,000 250 350 500 1,000 1000 250 20 1000

hZZ/hWW 4·10�5 2.5·10�6 X 3.9·10�5 2.9·10�5 1.3·10�5 3.0·10�6 X X X X < 10�5

h�� – 0.50 X – – – – – 0.06 – – < 10�2

hZ� – ⇠1 X – – – ⇠1 – – – – < 10�2

hgg 0.12 0.011 X – – – – – – – – < 10�2

htt̄ 0.24 0.05 X – – 0.29 0.08 X – – X < 10�2

h⌧⌧ 0.07 0.008 X 0.01 0.01 0.02 0.06 – X X X < 10�2

hµµ – – – – – – – – – X – < 10�2

TABLE VIII: 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, X mark indicates that feasibility of such a measurement could
be considered[77]. The e

+
e
�

! Zh projections are performed with Z ! `` but scaled to a ten times larger luminosity to account
for Z ! qq̄.

in both h�� and hZ� interactions is challenging and requires high statistics of h boson decays with virtual photons,
which would require a production rate beyond that of the HL-LHC for sensitive measurements.

Measurements of the electric dipole moments of atoms and molecules set stringent constraints on CP -violating
interactions beyond the SM from Higgs bosons appearing in loop calculations. Assuming only one CP -odd h boson
coupling is nonzero at a time, EDM constraints can be interpreted as limits on CP violation in the h boson interactions.
Such constraints are either tighter or expected to be tighter with EDM measurements projected in the next two
decades when compared to CP violation measurements in direct h boson interactions at colliders. However, 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 whether the h boson couples to the first-family
fermions, and if such couplings are absent or suppressed, EDM measurements provide no constraints on CP violation
in h boson interactions.

We conclude that the various collider and low-energy experiments provide complementary CP -sensitive measure-
ments of the h boson interactions. The HL-LHC provides the widest spectrum of direct measurements in the h boson
interactions and is unique in measuring couplings to gluons, but it lacks the ability to set precise constraints on
interactions with photons and muons. Such constraints may become possible with either photon or muon colliders
operating at the h boson pole. The electron-positron collider may allow constraints similar to HL-LHC in couplings
to fermions and the W and Z bosons. Given the coverage provided by HL-LHC, we expect that a future pp collider,
such as FCC-hh or SPPC, will surpass HL-LHC and allow the furthest reach in CP -sensitive measurements of the h

boson interactions among the collider experiments.

F. Prospects for observing Double Higgs production and measuring Higgs self-couplings

By the end of Run 3 in 2024, the LHC will have collected, by combining the ATLAS and CMS dataset, around
600 fb�1 of integrated luminosity. A naive extrapolation of the most recent Run 2 results indicates that double Higgs
production, as predicted by the Standard Model, will not be observed even with the Run 3 dataset. Assuming current
detector performance, it will be possible to set an upper limit on the di-Higgs production cross-section closer to the
SM value at 95 % CL at best. but a measurement of the Higgs self-coupling is thus out of reach of Run 3 and requires
either a larger dataset, or/and a higher collision energy.

The HL-LHC will collide protons at 14 TeV (which constitutes a moderate, although non-negligible, increase in
center of mass energy with respect to 13 TeV at the current LHC), and is expected to produce an integrated luminosity
of 3 ab�1 per interaction point. Such a large increase in the luminosity will allow for the milestone observation of
double Higgs production at 5�. This would correspond to observation at the 95% CL that the Higgs self-coupling is
non-zero. Still, the corresponding precision on the Higgs self-coupling will be only of order 50%. This measurement
will be largely driven by the measurement of hh production.

The goal for future machines beyond the HL-LHC should be to probe the Higgs potential quantitatively. Such a
level of precision is achievable through the measurement of e

+
e
� production at lepton machines at energies above 500

e+e- expectations use leptonic Z decays and assume equivalent sensitivity with quarks


pp expectations based on CMS projections using VBF production

2209.07510
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CP-odd interactions: hVV possibilities

Joint analysis of SMEFT constraints on SU(2), U(1), and mixing operators (cHW, cHB, cHWB )

Complementarity with LHC VBF, Wh, Zh measurements 
Include hZZ* and hWW* decays 

Joint analysis of CP-odd and CP-even constraints

Experimental sensitivity at FCC-ee with 5/ab per experiment including backgrounds


Experimental sensitivity at ILC including beam polarization scenarios including backgrounds


Sensitivity at proposed HALHF collider


Potential gains from optimal observables or other multivariate methods
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We examine the contributions of various couplings in general ZZH and γ ZH interactions arising from new
physics to the Higgs production process e+e− → HZ, followed by the decay of the Z into a charged-lepton
pair. We take into account possible longitudinal or transverse beam polarization likely to be available at
a linear collider. We show how expectation values of certain simple observables in suitable combinations
with appropriate longitudinal beam polarizations can be used to disentangle various couplings from one
another. Longitudinal polarization can also improve the sensitivity for measurement of several couplings.
A striking result is that using transverse polarization, one of the γ ZH couplings, not otherwise accessible,
can be determined independently of all other couplings.

 2010 Elsevier B.V. All rights reserved.

1. Introduction

Despite the dramatic success of the standard model (SM), an es-
sential component of SM responsible for generating masses in the
theory, viz., the Higgs mechanism, as yet remains untested. The SM
Higgs boson, signalling symmetry breaking in SM by means of one
scalar doublet of SU(2), is yet to be discovered. A scalar boson with
the properties of the SM Higgs boson is likely to be discovered at
the Large Hadron Collider (LHC). However, there are a number of
scenarios beyond the standard model for spontaneous symmetry
breaking, and ascertaining the mass and other properties of the
scalar boson or bosons is an important task. This task would prove
extremely difficult for LHC. However, scenarios beyond SM, with
more than just one Higgs doublet, as in the case of minimal super-
symmetric standard model (MSSM), would be more amenable to
discovery at a linear e+e− collider operating at a centre-of-mass
(c.m.) energy of 500 GeV. We are at a stage when the International
Linear Collider (ILC), seems poised to become a reality [1].

Scenarios going beyond the SM mechanism of symmetry break-
ing, and incorporating new mechanisms of CP violation, have also
become a necessity in order to understand baryogenesis which
resulted in the present-day baryon–antibaryon asymmetry in the
universe. In a theory with an extended Higgs sector and new
mechanisms of CP violation, the physical Higgs bosons are not nec-
essarily eigenstates of CP. In such a case, the production of a phys-
ical Higgs can proceed through more than one channel, and the

* Corresponding author.
E-mail address: saurabh@prl.res.in (S.D. Rindani).

interference between two channels can give rise to a CP-violating
signal in the production.

Here we consider in a general model-independent way the pro-
duction of a Higgs mass eigenstate H in a possible extension of
SM through the process e+e− → HZ mediated by s-channel vir-
tual γ and Z , followed by the decay of the Z to a final state of
a charged-lepton pair, different from e+e− . This is an important
mechanism for the production of the Higgs, the other important
mechanisms being e+e− → e+e−H and e+e− → νν̄H , proceeding
via e+e− → HZ and vector-boson fusion. At the lowest order in SM,
e+e− → HZ is mediated by s-channel exchange of Z with a point-
like ZZH vertex. Higher-order effects or interactions beyond SM can
modify this point-like vertex as considered in [2–7]. There is also a
diagram with a photon propagator and an anomalous γ ZH vertex.
Such anomalous γ Z H couplings were considered earlier in [3,4].
Ref. [8] considered a four-point e+e−HZ coupling, which could in-
clude contributions of three-point γ ZH and ZZH vertices, as well
as of additional couplings going beyond s-channel exchanges.

Assuming Lorentz invariance, the general structure for the ver-
tex corresponding to the process V ∗

µ(k1) → Zν(k2)H , where V ≡ γ
or Z , can be written as [4–6]

Γ V
µν = gV mZ

[
aV gµν + bV

m2
Z

(k1νk2µ − gµνk1 · k2)

+ b̃V

m2
Z

εµναβkα
1 kβ

2

]
, (1)

where aV , bV and b̃V , are form factors, which are in general com-
plex. The constant g Z is chosen to be g/ cos θW , so that aZ = 1
for SM at tree level. gγ is chosen to be e. Of the interactions in
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(1), the terms with b̃ Z and b̃γ are CP-odd, whereas the others are
CP-even. It may be noted that electromagnetic gauge invariance re-
quires aγ to vanish for k2

1 = 0, and is therefore proportional to k2
1.

Henceforth we will write aZ = 1 + "aZ , "aZ being the deviation
of aZ from its tree-level SM value. The other form factors are van-
ishing in SM at tree level. Thus the above “couplings”, which are
deviations from the tree-level SM values, could arise from loops in
SM or from new physics beyond SM.

In an earlier paper [9], we studied the sensitivity of certain an-
gular asymmetries of the Z in e+e− → HZ with longitudinal and
transverse beam polarization in constraining the anomalous γ ZH
and ZZH vertices. The present work is a natural extension of [9] in
terms of including the decay of the Z and considering observables
which depend on the momenta of the Z decay products, which
lead to new results.

We neglect terms quadratic in anomalous couplings assuming
that the new-physics contribution is small compared to the dom-
inant SM contribution. We include the possibility that the beams
have polarization, either longitudinal or transverse.

We are thus addressing the question of how well the form fac-
tors for the anomalous ZZH and γ ZH couplings in e+e− → HZ can
be simultaneously determined from the measurement of simple ob-
servables constructed out of the momenta of the e± and of the
charged lepton pair arising in the decay of the Z utilizing unpolar-
ized beams and/or polarized beams. This question, taking into ac-
count a new-physics contribution which merely modifies the form
of the ZZH vertex, has been addressed before in several works [2,
5–7]. This amounts to assuming that the γ ZH couplings are zero or
negligible. Refs. [3,4] do take into account both γ ZH and ZZH cou-
plings. However, they relate both to coefficients of terms of higher
dimensions in an effective Lagrangian, whereas we treat all cou-
plings as independent of one another. Moreover, Gounaris et al. [3]
do not discuss effects of beam polarization. On the other hand, we
attempt to seek ways to determine the couplings completely in-
dependent of one another. Ref. [4] do have a similar approach to
ours. They make use of optimal observables [10] and consider only
longitudinal electron polarization, whereas we seek to use simpler
observables and consider the effects of longitudinal and transverse
polarization of both e− and e+ beams. The first paper of [4] also
includes τ polarization and b-jet charge identification which we
do not require.

Several studies have shown the importance of longitudinal po-
larization at ILC in reducing backgrounds and improving the sensi-
tivity to new effects [11]. The question of whether transverse beam
polarization, which could be obtained with the use of spin rotators,
would be useful in probing new physics, has been addressed in re-
cent times in the context of the ILC (see [11,12] and references
therein).

When all couplings are assumed to be independent and
nonzero, each of our observables is a linear combination of a cer-
tain number of anomalous couplings (in our linear approximation).
By using that number of expectation values of different observ-
ables, or of the same observable measured for different beam
polarizations, one can solve simultaneous linear equations to de-
termine the couplings involved. This is the approach we wish to
emphasize here. This technique of considering combinations of dif-
ferent polarizations was made use of, for example, in [13].

We find that longitudinal polarization is useful in giving in-
formation on a different combination of couplings as compared
to the unpolarized case, thus allowing a simultaneous determina-
tion of couplings using polarized and unpolarized data. Transverse
polarization is found useful in isolating contributions of different
couplings to certain observables. One specific coupling, viz., Im aγ ,
can only be determined with the use of transverse polarization,
and we isolated an observable which can enable its measurement

independent of all other couplings. Unpolarized or longitudinally
polarized beams provide no access to Im aγ . Transverse polariza-
tion can also help isolate other couplings, since, as it turns out,
usually the contribution of one coupling dominates most observ-
ables.

In the next section we discuss how model-independent ZZH
and γ ZH couplings contribute to the process e+e− → HZ with
polarized beams. Section 3 deals with observables whose expec-
tation values can be used for separating various form factors and
Section 4 describes the numerical results. Section 5 contains our
conclusions and a discussion.

2. Polarization effects in the process e+e− → HZ

We consider the process

e−(p1) + e+(p2) → Zα(q) + H(k)

→ %+(pl+) + %−(pl−) + H(k), (2)

where % is either µ or τ . Helicity amplitudes for the process were
obtained earlier in the context of an effective Lagrangian approach
[3,4]. We have used instead trace techniques employing the sym-
bolic manipulation program ‘FORM’ [14]. We neglect the mass of
the electron.

We choose the z axis along the e− momentum, and the xz
plane to coincide with the plane of the momenta of e− and %− in
the case when the initial beams are unpolarized or longitudinally
polarized. The positive x axis is chosen, in the case of transverse
polarization, to be along the direction of the e− polarization (or
the e+ polarization taken to be parallel to the e− polarization).

Detailed analytical expressions for the differential cross sections
in the presence of longitudinal and transverse polarizations will be
given elsewhere. Here, we list merely salient features of the results.

The differential cross section with longitudinally polarized
beams, apart from an overall factor (1 − P L P̄ L), depends on the
“effective polarization” P eff

L = P L− P̄ L
1−P L P̄ L

, where P L , P̄ L are the longi-
tudinal polarizations of the electron and positron beams, respec-
tively. Since P eff

L is about 0.946 for P L = 0.8, P̄ L = −0.6, and 0.385
for P L = 0.8, P̄ L = 0.6, a high degree of effective polarization can
be achieved using these partial polarizations for e− and e+ beams
opposite in sign to each other, which are expected to be available
at the ILC.

Including the decay of Z into charged leptons gives us addi-
tional contributions from anomalous couplings Im bγ , Im bZ , Re b̃γ

and Re b̃ Z , which are absent in the distributions without Z decay
considered in [9]. Couplings Im aγ and Im"aZ are however still
absent from charged-lepton distributions for longitudinally polar-
ized beams.

The expression for the differential cross section with transverse
polarization P T for e− beam and P̄ T for e+ beam has terms ei-
ther independent of the P T and P̄ T , or proportional to the product
P T P̄ T . With transverse polarization, we do get a contribution from
Im aγ , which is missing with unpolarized or longitudinally polar-
ized beams.

3. Observables

We have evaluated the expectation values of observables
Xi (i = 1,2, . . . ,8) for unpolarized and longitudinally polarized
beams, and observables Yi (i = 1,2, . . . ,6) for transversely polar-
ized beams. The observables Xi and Yi are respectively sensitive
to longitudinal transverse beam polarizations. The definitions of Xi
and Yi are found respectively in Tables 1 and 3.
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Table 1
The 95% CL limits on the anomalous ZZH and γ ZH couplings, chosen nonzero one at a time, from various observables with unpolarized and longitudinally polarized beams.

Observable Coupling Limits for polarizations

P L = 0.0
P̄ L = 0.0

P L = 0.8
P̄ L = 0.6

P L = 0.8
P̄ L = −0.6

X1 (p1 − p2).q Im b̃ Z 4.11×10−2 8.69×10−2 9.94×10−3

Im b̃γ 1.49×10−2 2.06×10−2 1.22×10−2

X2 P .(pl− − pl+ ) Im b̃ Z 4.12×10−2 5.99×10−2 3.84×10−2

Im b̃γ 5.23×10−1 3.12×10−1 5.52×10−2

X3 (#pl− × #pl+ )z Re b̃ Z 1.41×10−1 2.97×10−1 3.40×10−2

Re b̃γ 5.09×10−2 7.05×10−2 4.15×10−2

X4 (p1 − p2).(pl− − pl+ ) × (#pl− × #pl+ )z Re b̃ Z 2.95×10−2 4.29×10−2 2.75×10−2

Re b̃γ 3.81×10−1 2.24×10−1 3.95×10−2

X5 (p1 − p2).q(#pl− × #pl+ )z Im bZ 7.12×10−2 1.04×10−1 6.64×10−2

Im bγ 9.10×10−1 5.42×10−1 9.53×10−2

X6 P .(pl− − pl+ )(#pl− × #pl+ )z Im bZ 7.12×10−2 1.50×10−1 1.72×10−2

Im bγ 2.58×10−2 3.57×10−2 2.10×10−2

X7 [(p1 − p2).q]2 Re bZ 1.75×10−2 2.54×10−2 1.63×10−2

Re bγ 2.23×10−1 1.34×10−1 2.35×10−2

X8 [(p1 − p2).(pl− − pl+ )]2 Re bZ 1.53×10−2 2.22×10−2 1.42×10−2

Re bγ 1.94×10−1 1.16×10−1 2.04×10−2

An obvious choice of observable is the total cross section σ ,
which is even under C, P and T.1 In the presence of anomalous cou-
plings, this gets contribution from Re#aZ ,Re aγ ,Re bZ and Re bγ .
The cross section with longitudinally polarized beams can lead
to stringent limits on the couplings. However, since the results
are subject to higher-order corrections [15], which we do not in-
clude, we will concentrate on expectation values of observables.
These being ratios, will be less sensitive to higher-order correc-
tions.

CP-even observables get contributions from ReaV , Re bV , if they
are T-even, and Im aV , Im bV , if they are T-odd. CP-odd observables
get contributions from Re b̃V or Im b̃V , depending on whether they
are T-odd or T-even.

The observables we have chosen are by no means exhaustive.
They have been chosen based on simplicity, and with the idea
of extracting information on all couplings, and if possible, placing
limits on them independently of one another.

4. Numerical calculations

For the purpose of numerical calculations, we have made use
of the following values of parameters: M Z = 91.19 GeV, α(M Z ) =
1/128, sin2 θW = 0.22. We have evaluated expectation values of
the observables and their sensitivities to the anomalous couplings
for ILC operating at

√
s = 500 GeV having integrated luminosity∫

L dt = 500 fb−1. We have assumed that longitudinal polariza-
tions of P L = ±0.8 and P̄ L = ±0.6 would be accessible for e− and
e+ beams respectively, and identical degrees of transverse polar-
ization.

We have determined in each case the limit which can be placed
at the 95% CL on a coupling contributing to the correlation of O i
using

∣∣〈O i〉 − 〈O i〉SM
∣∣ = f

√
〈O 2

i 〉SM − 〈O i〉2
SM√

LσSM
, (3)

where the subscript “SM” refers to the value in SM, and where f is
1.96 when only one coupling is assumed non-zero, and 2.45 when
two couplings contribute.

1 Henceforth, T will always refer to naive time reversal, i.e., reversal of all mo-
menta and spins, without interchange of initial and final states.

Since polarized beams would not be available for the full pe-
riod of operation of the collider, we consider alternative options
of luminosities for which individual combinations of polarization
would be used. We assume three runs of the collider with three
different combinations (P L, P̄ L) of beam polarizations with values
(0,0), (+0.8,−0.6) and (−0.8,+0.6), respectively with integrated
luminosities of 250 fb−1, 125 fb−1, and 125 fb−1.

We now discuss how limits may be obtained using each observ-
able and with various combinations of beam polarizations in some
detail.

4.1. Sensitivities with unpolarized beams

Each observable Xi chosen by us has dependence on a combi-
nation of a limited number of couplings, dependent on CP and T
properties. Thus a single observable can only be used to determine,
or put limits on, a combination of couplings. We can determine,
from a single observable, limits on individual couplings either un-
der an assumption on the remaining couplings which contribute
to the observable, or by combining the results from more than one
observable, or from more than one combination of polarization.
We will refer to limits on a coupling as an individual limit if the
limit is obtained on the assumption of all other couplings being
zero. If no such assumption is made, and more than one observable
is used simultaneously to put limits on all couplings contributing
to these observables, we will refer to the limits as simultaneous
limits. The individual limits obtained from various observables for
unpolarized and longitudinally polarized beams are given in Ta-
ble 1.

We now proceed to examine in detail observables or combi-
nations of observables and the coupling or couplings about which
they can give information.

X1 and X2 probe different combinations of Im b̃ Z and Im b̃γ .
The simultaneous 95% CL limits that may be obtained by the mea-
surement of X1 as well as X2 are

| Im b̃ Z | ! 7.73 × 10−2, | Im b̃γ | ! 5.44 × 10−2. (4)

X3 and X4 would lead to the simultaneous limits

|Re b̃ Z | ! 6.08 × 10−2, |Re b̃γ | ! 1.12 × 10−1. (5)

Similarly, the simultaneous limits obtained from X5 and X6 are

PLB 693, 134 (2010)



11

CP-odd interactions: hff & loop-induced 

25

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 1300 125 125 3000 (theory)

L (fb�1) 300 3,000 30,000 250 350 500 1,000 1000 250 20 1000

hZZ/hWW 4·10�5 2.5·10�6 X 3.9·10�5 2.9·10�5 1.3·10�5 3.0·10�6 X X X X < 10�5

h�� – 0.50 X – – – – – 0.06 – – < 10�2

hZ� – ⇠1 X – – – ⇠1 – – – – < 10�2

hgg 0.12 0.011 X – – – – – – – – < 10�2

htt̄ 0.24 0.05 X – – 0.29 0.08 X – – X < 10�2

h⌧⌧ 0.07 0.008 X 0.01 0.01 0.02 0.06 – X X X < 10�2

hµµ – – – – – – – – – X – < 10�2

TABLE VIII: 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, X mark indicates that feasibility of such a measurement could
be considered[77]. The e

+
e
�

! Zh projections are performed with Z ! `` but scaled to a ten times larger luminosity to account
for Z ! qq̄.

in both h�� and hZ� interactions is challenging and requires high statistics of h boson decays with virtual photons,
which would require a production rate beyond that of the HL-LHC for sensitive measurements.

Measurements of the electric dipole moments of atoms and molecules set stringent constraints on CP -violating
interactions beyond the SM from Higgs bosons appearing in loop calculations. Assuming only one CP -odd h boson
coupling is nonzero at a time, EDM constraints can be interpreted as limits on CP violation in the h boson interactions.
Such constraints are either tighter or expected to be tighter with EDM measurements projected in the next two
decades when compared to CP violation measurements in direct h boson interactions at colliders. However, 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 whether the h boson couples to the first-family
fermions, and if such couplings are absent or suppressed, EDM measurements provide no constraints on CP violation
in h boson interactions.

We conclude that the various collider and low-energy experiments provide complementary CP -sensitive measure-
ments of the h boson interactions. The HL-LHC provides the widest spectrum of direct measurements in the h boson
interactions and is unique in measuring couplings to gluons, but it lacks the ability to set precise constraints on
interactions with photons and muons. Such constraints may become possible with either photon or muon colliders
operating at the h boson pole. The electron-positron collider may allow constraints similar to HL-LHC in couplings
to fermions and the W and Z bosons. Given the coverage provided by HL-LHC, we expect that a future pp collider,
such as FCC-hh or SPPC, will surpass HL-LHC and allow the furthest reach in CP -sensitive measurements of the h

boson interactions among the collider experiments.

F. Prospects for observing Double Higgs production and measuring Higgs self-couplings

By the end of Run 3 in 2024, the LHC will have collected, by combining the ATLAS and CMS dataset, around
600 fb�1 of integrated luminosity. A naive extrapolation of the most recent Run 2 results indicates that double Higgs
production, as predicted by the Standard Model, will not be observed even with the Run 3 dataset. Assuming current
detector performance, it will be possible to set an upper limit on the di-Higgs production cross-section closer to the
SM value at 95 % CL at best. but a measurement of the Higgs self-coupling is thus out of reach of Run 3 and requires
either a larger dataset, or/and a higher collision energy.

The HL-LHC will collide protons at 14 TeV (which constitutes a moderate, although non-negligible, increase in
center of mass energy with respect to 13 TeV at the current LHC), and is expected to produce an integrated luminosity
of 3 ab�1 per interaction point. Such a large increase in the luminosity will allow for the milestone observation of
double Higgs production at 5�. This would correspond to observation at the 95% CL that the Higgs self-coupling is
non-zero. Still, the corresponding precision on the Higgs self-coupling will be only of order 50%. This measurement
will be largely driven by the measurement of hh production.

The goal for future machines beyond the HL-LHC should be to probe the Higgs potential quantitatively. Such a
level of precision is achievable through the measurement of e

+
e
� production at lepton machines at energies above 500

Target of fCP < 10-2 based on a benchmark model point of the 2HDM

Possibilities:

Complete experimental analysis of  including uncertainties 

 and  sensitivity 
Joint SMEFT CP-even + CP-odd analysis 
Extend benchmark models

h → ττ
hZγ hγγ


