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• CP symmetry violation (BSM physics) is required to explained baryogenesis

• CP symmetry violation provided in the SM (i.e. CKM matrix) is insufficient 

• Could CP be violated in the Higgs sector?

MOTIVATION
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• SM-like Higgs boson could be a mixture of 
scalar (𝐻) and pseudo-scalar state (𝐴):

ℎ = 𝐻 cos  + 𝐴 sin 

• Correlation between spin orientations of  
VV (or ff)  carries information on the Higgs 
CP state

• Numerous Higgs production processes at 
linear machines (hZ, WW-fusion, ZZ-
fusion) at various c.m. energies

• Both Higgs production and decays can be 
exploited

WAYS TO PROBE CPV IN THE HIGGS SECTOR
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INCLUSIVE HIGGS PRODUCTION IN ZZ-FUSION

• Information on spin orientations of VV states is contained
in the angle between production (decay) planes

• Angle between planes is angle between unit vectors 
orthogonal to those planes:
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•  = a arccos ( ො𝑛1 ∙ ො𝑛2)

• where 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.)

• a =
𝑞𝑍𝑒− ∙ ො𝑛1× ො𝑛2

𝑞𝑍𝑒− ∙ ො𝑛1× ො𝑛2
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HIGGS DECAYS (AS  A  CROSS -CHECK) :  𝐻 → 𝑊𝑊 ∗ AND 𝐻 → 𝑍𝑍 ∗

• Unit vectors orthogonal to decay planes are now opposite:

ො𝑛1 =
𝑞𝑓 𝑉 × 𝑞ഥ𝑓(𝑉)

𝑞𝑓 𝑉 × 𝑞ഥ𝑓(𝑉)
and     ො𝑛2 =

𝑞𝑓(𝑉∗) × 𝑞ഥ𝑓(𝑉∗)

𝑞𝑓 𝑉∗ × 𝑞ഥ𝑓(𝑉∗)

•  = 𝑎 arccos(− ො𝑛1 ∙ ො𝑛2)

• where 𝑎 defines how the second (off-shell boson 𝑉∗) plane
is rotated w.r.t. the first (on-shell boson) plane; If it falls
backwards (as illustrated) 𝑎 = −1 , otherwise 𝑎 = 1 .
Direction of the on-shell boson (𝑉) regulates the notion of
direction (fwd. or back.)

• 𝑎 =
𝑞𝑉∙ ො𝑛1× ො𝑛2

𝑞𝑉∙ ො𝑛1× ො𝑛2

• It is essential to distinguish between fermion and 
antifermion (jet-charge in case of semileptonic 𝑍𝑍 decays)

*



CURRENT STATUS OF THE CPV STUDIES AT ILC

Method of the analysis:

• Definition of sensitive observable  - ϕ

• Event selection: 

• Preselection 

• MVA analysis

• PDFs of the reconstructed CPV observable for signal and 
background

• Pseudo-experiment to extract CPV mixing angle from the 
reconstructed signal

• Multiple pseudo-experiments  (with the fixed Higgs CPV 
mixing angle) to determine statistical uncertainty from the 
pull distribution

CPV in 𝑒+𝑒−ℎ (ZZ – fusion) at 1 TeV

✓
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Φ DISTRIBUTIONS

We are correctly reproducing  distributions at the 
generator level  both for 𝐻𝑉𝑉 decay vertices  (𝑉 = 𝑍,𝑊)

arXiv:1208.4018 [hep-ph]
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https://arxiv.org/pdf/1208.4018.pdf


PRESELECTION - SAMPLES

82 % @ 500 GeV 41.7 % @ 1 TeV 21.8 % @ 1.4 TeV

• WHIZARD v3.0, 500 GeV/ 1 ab−1, 1 TeV/ 1 ab−1 , 1.4 TeV/ 1 ab−1

• t-channel process, electrons (spectators) are scattered forward - not full statistics available in the tracker 

Due to this fact 1 TeV is the optimal energy for this study  (already at i.e. 1.4 TeV the number of events with both electrons in the 

tracker is   1/5 of the available statistics). Around 8 − 9 ∙ 103 events with both 𝑒− and 𝑒+ in the tracker, in 1 ab-1  at 1 TeV ILC.

• At 500 GeV i.e. x-section for ZZ-fusion is relatively small (7.2 fb) and assuming integrated luminosity of 0.5 ab−1 number of events in the 

tracker is a factor 2 smaller than at 1 TeV



PRESELECTION - CUTS

• ILC sample at 1 TeV, ~ 0.3 ab−1

• Preselection: find 2 isolated electrons (𝑒+𝑒−)

• Goal: reduce high cross-section backgrounds

• Requirements:

• Track energy: 𝐸𝑡𝑟𝑎𝑐𝑘 > 100 GeV – spectators are 
energetic (~ 6% loss)

• Impact parameter: 𝑑0 < 0.1 mm, 𝑧0 < 1.0 mm –
tracks from primary vertex

• Ratio of deposition: 𝑅𝑐𝑎𝑙 ≥ 0.95, where

𝑅𝐶𝐴𝐿 = 𝐸𝐸𝐶𝐴𝐿/(𝐸𝐸𝐶𝐴𝐿 + 𝐸𝐻𝐶𝐴𝐿) – select electrons

• Optimize cone vs. track energy – electron isolation
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PRESELECTION EFFICIENCY

Requirements:

• Track energy: 𝐸𝑡𝑟𝑎𝑐𝑘 > 100 GeV – spectators are 
energetic (~ 6 % loss)

• Impact parameter: 𝑑0 < 0.1 mm, 𝑧0 < 1.0 mm

• Ratio of deposition: 𝑅𝑐𝑎𝑙 ≥ 0.95

• Optimize cone vs. track energy

(should be further optimized with the Breamstrahlung
recovery to prevent event loss due to isolation)

@1 TeV

@ 1 ab-1
Input Etrack Etrack && d0 /z0 

Etrack && d0 /z0 

&& RCAL

Etrack && d0 /z0 && RCAL

&& Econe = f(Etrack)

Number of ee

events in the 

tracker

Nev = 8310
Nev = 7814

(6.0 %)

Nev = 7451

(8.6 %)

Nev = 7394

(9.2 %)

Nev = 5777

(30.4 %, Eff ~ 70 %)
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Econe Etrack , 0.3ab−1, cone 5.7°



CPV IN H→ 𝜏+𝜏− AT 250 GEV ILC AND OTHER RESULTS

ILC

• h vertex can probe CPV at a tree level

• ILC completed analysis in ℎ𝜏+𝜏− finding 75 mrad
(4.3°) uncertainty in 𝐶𝑃 with 2 ab−1 of polarized 
data @ 250 GeV LD-PHYS-2018-001

• There is ongoing analysis in the same channel for   
SiD concept by J. Brau et al.

LHC

• No sign of CPV is observed with LHC (ATLAS data, 
31.6 fb-1, 13 TeV) in the h + - channel ATLAS-
CONF-2019-050

• Also, CMS results (137 fb-1, 13 TeV) statistically 
consistent with the SM expectations in 
ℎ𝑍𝑍4𝑙 CMS-PAS-HIG-19-009

Upper bounds on the CP phase of 

the Yukawa coupling for  leptons 

Name 𝛼𝜏 (𝜓𝐶𝑃)

HL-LHC
HE-LHC

8°

-

CEPC
FCC − 𝑒𝑒240

ILC250

-
10°

4°

arXiv:1905.03764v2 [hep-ph]

arXiv:1804.01241v2 [hep-ex]

https://arxiv.org/pdf/1905.03764.pdf
https://arxiv.org/pdf/1804.01241.pdf


OPEN QUESTIONS – PERSPECTIVE OF THE STUDY

• Possibility that CP is violated in the Higgs sector raises several 
intriguing questions : 

• What is a precision at the different colliders & energies?
• What are critical or advantageous detector aspects? (e.g. 

quark charge identification)
• How do these measurements all fit together, i.e. How does 

the experimental sensitivity at 𝑒+𝑒− colliders compare to 
that at HL-LHC?

• What is their relative importance?

We welcome collaborators to join us in the study of these and related questions.

https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF1_EF2_DanielJeans-113.pdf
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