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Overview

• Motivation

• Ways to probe CPV in the Higgs sector

• Sensitive observable

• Method of the analysis

• Preselection

• MVA selection

• Pseudo-experiments and error estimate
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Motivation

• CP symmetry at the electro-weak scale is one of the essential ingredients for 

electro-weak baryogenesis it is essential to probe CPV in the Higgs sector

• One possibility: ℎ = 𝐻 𝑐𝑜𝑠𝛹CP + 𝐴 𝑠𝑖𝑛𝛹CP

• State-of-the-art LHC results:

• CMS  ∆𝛹CP (H→ττ) = 17/36 @ 68%/95% CL

• Very few full-simulation projections @future projects
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J. de Blas et al., Higgs Boson studies at future particle

colliders, JHEP 01 (2020) 139

CMS-PAS-HIG-20-006



Ways to probe CPV in the Higgs sector
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• Higgs could be a mixture of scalar and pseudoscalar states via CPV mixing angle 𝛹𝐶𝑃

ℎ = 𝐻 𝑐𝑜𝑠𝛹CP + 𝐴 𝑠𝑖𝑛𝛹CP

• There are numerous Higgs production and decay processes that can be studied @ LCs
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D. Jeans et al., Letter of Interest for SnowMass 2021: Energy Frontier



Ways to probe CPV in the Higgs sector
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• Information about Higgs CP state is contained in correlation between spin orientations of VV 
(ff) states

• Both bosonic and fermionic vertices can be probed

• …. in Higgs production and decays

• We consider generic model with direct CP violation in ZZ-fusion:

H = cos CP                   A = sin CP
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[arXiv:hep-ph/0210077v1]

https://arxiv.org/abs/hep-ph/0210077v1


Sensitive observable
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• Information on spin orientations of 𝑉𝑉 states is contained in the angle ΔΦ between production 
planes

• Angle between planes is the angle between unit vectors orthogonal to those planes
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• 𝛥𝛷 = 𝑎 𝑎𝑟𝑐𝑐𝑜𝑠(  𝑛1 ∙  𝑛2) 𝑎 =
𝑞𝑍𝑒−

∙(  𝑛1 x  𝑛2)

𝑞𝑍𝑒−
∙(  𝑛1 x  𝑛2)

• 𝑎 defines how the second (positron) plane is rotated w.r.t. 

the first (electron) plane; If it falls backwards (as 

illustrated) 𝑎 = -1, otherwise 𝑎 = 1. Direction of Z in the e-

plane regulates the notion of direction (fwd. or back.) 

using the right-hand rule. 

Higgs rest frame

X



Sensitive observable at the generator level
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• WHIZARD 2.8.1 2HDM model in UFO framework, pure H (CP=0) and A states (CP=/2)

• Let us extract 𝛹𝐶𝑃

f(, 𝛹𝐶𝑃 )= A+B sin2((1/2+ 𝛹𝐶𝑃/))

Also in arXiv:0410291



Sensitive observable at the generator level
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• It is worth noting that f(, 𝛹𝐶𝑃 ) reduces down to F(, 𝛹𝐶𝑃 )= C+D cos( - 2𝛹𝐶𝑃) from Phys. 

Rev. D 98 (2018) no.1, 013007 & arXiv:1804.01241 for SM-Higgs (CP=0) 

• Let us fit ~10,000 generated events to extract 𝛹𝐶𝑃

arXiv:1804.01241

0.000±0.018



Method
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• Higgs is produced in ZZ-fusion (Hee)

• Consider 𝐻 → 𝑏 𝑏 (BR ~ 56%)

• Avoid high cross-section 𝑒+𝑒− → 𝑒+𝑒−𝛾 background present in inclusive Hee reconstruction 
[arXiv:1504.01399v2 [hep-ph]]

• 𝐻 → 𝑊𝑊 → 4jets can be add later to cover ~ 80% of Higgs decays

• In combination of two decay modes one can further reduce statistical uncertainty

• Steps:

• Select ZZ-fusion (signal is mixed with 𝐻𝑍) using m(𝑒+𝑒−)

• Isolate 2 leptons (𝑒+𝑒−)

• Reconstruct 𝛥𝛷

• Suppress background with MVA

• Reconstruct 𝛥𝛷 from pseudo-data (𝑆 + 𝐵)

(background should be flat and contained in cont. A)

• Fit 𝛹𝐶𝑃 from the 𝛥𝛷 distribution

• Repeat pseudo experiments to extract MAD

https://arxiv.org/pdf/1504.01399.pdf


Lepton isolation
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• Isolation criteria:

• Etrack > 100 GeV

• 𝑑0 < 0.04 mm, 𝑧0 < 0.1 mm, 𝑟0 < 0.1 mm

• 𝑅𝐶𝐴𝐿 ≥ 0.94

• 𝐸cone
2 < 9 GeV 𝐸track + 9 GeV2

9%

generated



Lepton isolation
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• Isolation criteria:

• 𝑑0 < 0.04 mm, 𝑧0 < 0.1 mm, 𝑟0 < 0.1 mm



Lepton isolation
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• Isolation criteria:

• 𝑅𝐶𝐴𝐿 ≥ 0.94
• 𝐸cone

2 < 9 GeV 𝐸track + 9 GeV2



Preselection efficiencies for signal and background
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Process 𝛔 (fb)
Expected in 

2.5 ab-1 Simulated pres

𝒆+𝒆− → 𝑯𝒆𝒆,𝑯 → 𝒃 𝒃 13.728 34320/9418** 37321/9661** ≈ 80%

𝑒+𝑒− → 𝑞 𝑞𝑙+𝑙− 2725.8 6,814,500 588,841 1.3%

𝑒+𝑒− → 𝑞 𝑞𝑙𝜈 4309.7 10,774,250 594,413 0.025‰

𝑒+𝑒− → 𝑞 𝑞  𝜈𝑒𝜈𝑒 787.7 1,969,250 178,702 0

𝑒+𝑒− → 𝑞 𝑞 4009.5 10,023,750 147,852 0

𝛾𝛾 → 𝑞 𝑞𝑒𝑒 4.54 14,950 28,908 8%

** 8° < 𝜃𝑒+𝑒− < 172°



Reconstructed 
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• As expected, background is CP insensitive within statistical error

backgroundsignal

𝑒+𝑒− → 𝑞 𝑞𝑙+𝑙−



MVA observables 
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• 𝑙𝑜𝑔𝑦23,

• 𝑙𝑜𝑔𝑦12, 

• 𝑚𝑞𝑞, 

• 𝑝𝑇𝑒𝑒

• MVA observables:



MVA performance 
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• Best significance for BDT > 0.1654

• BDT efficiency: 94%

• Total signal efficiency (BDT + preselection): 75%

• Signal events after MVA: 7810 / 2.5ab-1

• Background events after MVA: 0 / 2.5ab-1



Reconstructed  after MVA
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Pseudoexperiment
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• Fit returns 𝛹𝐶𝑃 = (0 .0± 9.7) mrad



Statistical error estimate - MAD 
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• Median absolute deviation (MAD) is defined as the median of the absolute deviations of repeated 

measurement

• As a measure of statistical dispersion MAD is more robust estimator than variance (RMS)

CP =(0.0 9.0)mrad
arXiv:1804.01241



Summary 
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• Full simulation study @ 1.4 TeV CLIC is performed to extract absolute statistical 

precision of the Higgs CPV mixing angle ΨCP

• CP insensitive background is completely suppressed by MVA

• ΨCP=0 angle for pure scalar state (SM) is extracted from fit of pseudodata 

• 1000 pseudoexperiments are performed to extract CP =(0.0 9.0)mrad 

• It is demonstrated that h = HcosΨCP + A sinΨCP scenario can be probed with 

absolute statistical precision of the mixing angle < 1 deg.

CLIC1.4 0.5°

CP 



Backup
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Why is 1.4 TeV optimal to measure CPV in ZZ-fusion 
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82% @ 350 GeV 2.4% @ 3 TeV29% @ 1.4 TeV

σ = 24.47 fb σ ~ 51 fb σ = 7.6 fb 

ℒ = 1 ab-1

X ~1/3

ℒ = 2.5 ab-1

X =1                                                              X~1/3
ℒ = 5 ab-1


