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Introduction
• 10+ years since discovery of the Higgs
• Window to New Physics
• Precision measurement of the properties

• Mass, Width, Couplings
ATLAS: 2207.00320

CMS: 2002.06398

CMS: 2202.06923

CMS: 2207.00043

ATLAS: 2207.00092
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Higgs CP Measurements
• With Vector Bosons
• High dimensional operators (suppressed)

• VBF production,  𝐻 → 𝑍𝑍∗ decays
• Optimal Observable
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ATLAS: 2304.09612

𝚲 = 𝟏 TeV



Higgs CP Measurements
• With Fermions
• CPV appears at d-4 operator 

• ℒ = !!

"
𝜅# ̅𝑓 cos𝜙 + 𝑖 sin𝜙 𝛾$ 𝑓𝐻

• Top quark
• Through production:

• 𝑡 ̅𝑡𝐻 or 𝑡𝐻
• Machine learning based

• 𝑚%%̅', Δ𝜂((, etc.
• Angular Observable
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In top pair rest frame
Angle between top and beam axis

CMS: 2208.02686



Higgs CP Measurements
• With Fermions
• CPV appears at d-4 operator 

• ℒ = !!

"
𝜅# ̅𝑓 cos𝜙 + 𝑖 sin𝜙 𝛾$ 𝑓𝐻

• Tau Lepton
• Through decay: 𝐻 → 𝜏𝜏
• Decay plane

• By visible products of 𝜏 decay
• Or together with impact parameter
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ATLAS: 2212.05833



Higgs Measurement at Lepton Collider
• CEPC as Higgs Factory
• 𝑠 = 240 GeV
• ~1 million Higgs

• For Higgs CP Measurement
• Clean Background
• Longitudinal Information
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• With Z Boson:
• Inclusive
• The relation between:
• Z decay products
• Beams

• With 𝝉 Lepton:
• Higgs Decay
• The spin correlation among decay products



Higgs CP with ℎ → 𝜏𝜏
• Signal

• 𝜏 Decays

• Background
• 𝑒%𝑒& → 𝑍𝑍, 𝑍 → 𝜏𝜏, 𝑍 → ℓℓ(𝑗𝑗)
• 𝑒%𝑒& → 𝑍ℎ, 𝑍 → 𝜏𝜏, ℎ → 𝑏𝑏
• 𝑒%𝑒& → 𝑍ℎ, 𝑍 → 𝜏𝜏, ℎ → ℓ𝜈ℓ𝜈
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𝑒%𝑒& → 𝑍ℎ, ℎ → 𝜏𝜏

Neutrino!



Neutrino Reconstruction
• Using the momentum/energy information of the system
• Two-fold ambiguity
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Phys. Lett. B 313 (1993) 458



Neutrino Reconstruction
• Global Fitting:
• Higgs four momentum (recoil) (4 constraints)
• Two tau masses (2 constraints)
• Impact parameter (2 constraint)
• Other intermediate state, each provide one constraint

• Hadronic tau: 
• Reconstruct the neutrino

• Leptonic tau:
• Reconstruct the sum of two neutrinos
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Neutrino Reconstruction
• Refine Higgs Momentum

• Dealing with ISR

• Dealing with Impact Parameter
• Additional Constraints for Neutrino
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Neutrino Reconstruction
• Dealing with ISR

• Assumption 1: ISR collinear with initial states
• 𝑝) =

* +"#
,

, 0, 0, *+"#
,

• Assumption 2: It is Z-Higgs system (Bad for background)

𝜒! 𝑥", 𝑥!, 𝑓#", 𝑓#! =+
$%&

'
𝑝(,$* − 𝑝(,$+*

𝜎(

!

+
𝑝,! −𝑚,

𝜎,

!

+
𝑓#" − 1
𝜎#

!

+
𝑓#! − 1
𝜎#

!
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Neutrino Reconstruction
• Dealing with ISR 
• ⇒ Better Higgs momentum reconstruction
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Red: uncorrected jet energy, Blue: improved jet energy



Neutrino Reconstruction
• Dealing with the Impact Parameter:
• For 𝜏 lepton: 𝑐𝜏 ≈ 87	𝜇𝑚

• 𝑂: 𝜏 Production point
• P: 𝜏 Decay point
• 𝐿: The direction of 𝜏
• 5𝑆: The trajectory of the charged decay product 
• 𝑂𝐷: The impact parameter

• Z-axis: 𝑧&
• XY-plane: 𝑑& 
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Neutrino Reconstruction
• Procedure to utilize the impact parameter
• Given neutrino momenta: 𝑝:;, 𝑝:< and track momenta (visible products)

• ⇒ 𝜏 Lepton direction: 𝐿

• Given the transverse impact parameter 𝑑=
>

• ⇒	Intersect point P, the distance L and the arc length S
• The Longitudinal impact parameter can be calculated as

• 𝑧-
# = 𝐿 sinh 𝜂. 	− 𝑆 sinh 𝜂%/012

• Contribution to overall 𝜒?

• 𝜒?@A< = B!
"&B!
C#

<
+ D!

"&D!
C$

<

• Function of 𝑝:;, 𝑝:< and 𝑑=
>
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Measurement Precision:
• 𝜎- = 5	𝜇𝑚
• 𝜎. = 10	𝜇𝑚



Neutrino Reconstruction
• Global Fitting:
• Given the neutrino momenta 𝑝:;, 𝑝:<

• 𝑝.3 = 𝑝43 + 𝑝"563, 𝑝., = 𝑝4, + 𝑝"56,
• 𝑝7 = 𝑝.3 + 𝑝.,

• Additional terms will be added for any intermediate state

• Minimized for 𝑝:;, 𝑝:< and 𝑑=
>

𝜒! =+
$%&

'
𝑝(,$ − 𝑝(,$*

𝜎+*

!

+
𝑝/"! −𝑚/

𝜎/

!

+
𝑝/!! −𝑚/

𝜎/

!

+ 𝜒$01!
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Neutrino Reconstruction
• Compare with truth information:

Direction: 

Momentum:

𝜏 → 𝜋𝜈 𝜏 → 𝜌𝜈 → 𝜋𝜋𝜈
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Neutrino Reconstruction
• Compare with other methods
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Fraction within red region: 42% ⇒ 59% ⇒ 65%



Higgs CP Measurement with ℎ → 𝜏𝜏
• All decay products from Higgs are reconstructed
• Matrix Element of Higgs decay can be calculated event by event

• Spin analyzer (Polarimetric vector)
• 𝑘±

9 ≡ 2 𝐽± ⋅ 𝑝4± 𝐽±
9 − 𝐽±,𝑝4±

9

ℒ = −
𝑦/
2
cos𝜙 ̅𝜏𝜏 + 𝑖 sin𝜙	 ̅𝜏𝛾2𝜏 ℎ

ℳ ! ∝ 𝐴 + 𝐵 cos 2𝜙 + 𝐶 sin 2𝜙

𝐴 = 2 𝑘3 ⋅ 𝑝3 𝑘4 ⋅ 𝑝3 − 𝑝3! 𝑘3 ⋅ 𝑘4 + 𝑝3 ↔ 𝑝4  

𝐵 = 2 𝑔56𝑔78 + 𝑔58𝑔76 − 𝑔57𝑔68 𝑘35𝑘47𝑝36𝑝48 

𝐶 = 2𝜖5768𝑘35𝑘47𝑝36𝑝48 

𝑝4

𝑝3

𝑝7!

𝑝7"

𝜏± 𝑠± → 𝜈	ℎ⋯

𝒯 ! ∝ 1 + 𝑘±
5𝑠±5

• 𝐽±
5 𝜏± → 𝜋±𝜈 = 𝑝:±

5

• 𝐽±
5 𝜏± → 𝜋±𝜋&𝜈 = 𝑝:±

5 − 𝑝:$
5

• 𝐽±
5 𝜏± → 𝜋"

±𝜋!
±𝜋'∓𝜈 = 𝐹"' 𝑞"

5 − 𝑞'
5 − 𝐺"'𝑄5 + 1 ↔ 2
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Observables 
• Two observables based on matrix element can be build:

ℳ < ∝ 𝐴 + 𝐵 cos 2𝜙 + 𝐶 sin 2𝜙
	 ∝ 𝐼; cos<𝜙 + 𝐼< sin𝜙 cos𝜙 + 𝐼l sin<𝜙
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CP Sensitivity
• Template PDFs are extracted from MC simulation

• With 5 (2) ab-1, 2.9°(5.2°) can be reached
• Without 3-prong
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CP Sensitivity: Comparison
• Compare with the “Decay plane”:
• 𝑘±

n ≡ 2 𝐽± ⋅ 𝑝:± 𝐽±
n − 𝐽±<𝑝:±

n

• The OO vs. 4-𝜋 plane (Decay through 𝜌)
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• 𝐽±
% 𝜏± → 𝜋±𝜈 = 𝑝&±

%

• 𝐽±
% 𝜏± → 𝜋±𝜋'𝜈 = 𝑝&±

% − 𝑝&"
%

• 𝐽±
% 𝜏± → 𝜋(

±𝜋)
±𝜋*∓𝜈 = 𝐹(* 𝑞(

% − 𝑞*
% − 𝐺(*𝑄% + 1 ↔ 2



Summary and Prospects
• Method to reconstruct the neutrino from tau-decay
• Also applicable to the LHC (±15.5 5.2 ° for 300 (3000) fb-1)

• The precision of CPV effects in ℎ → 𝜏𝜏
• Based on realistic MC simulation with full detector effects
• Higgs factory, 250 GeV, 5 ab-1, CP Mixing angle: ±2.9°

• Applicable to other measurement with 𝜏 lepton:
• The EDM/g-2 at tau-charm factory
• etc.

Thanks for your attention!
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Event Reconstruction
• Detector Simulation
• Tracking efficiency: 99%
• Tracking pseudorapidity: 𝜂 < 2.4
• Track momentum smearing: 0.01< + 10&p𝑝q <

• Track direction resolution: 0.001
• Muon/electron identification: 95%
• Calorimeter coverage: 𝜂 < 3.0
• Calorimeter energy smearing: 𝐴<𝐸< + 𝐵<𝐸

• Ecal:  A = 1.0%, B = 15%
• Hcal: A = 1.5%, B = 50%

• Neutral Pion Energy Resolution: 10% assumed
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Event Reconstruction
• 𝜏 Decay Identification
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ATLAS: 1512.05955

CMS: 1510.07488



Event Reconstruction
• Lepton and charged pion:
• 𝑝q > 5 GeV

• Anti-kT for hadronic tau
• Tagging effeiciency: 60%
• Fake rate: 0.5%

• Coneless exclusive (kT) for hadronic Z
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Event Selection
• Cuts

• Events
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Detail in 𝜒! for ISR Part
• With ISR included

• 𝑝rst = 𝑝uv − 𝑝wxy − 𝑝z
• Assumption: Neutrinos are collinear with corresponding visible part
• Not good, but enough to improve the Higgs momentum reconstruction
• 𝑝rt =

A0123
{3

+ A0124
{4

• For hadronic Z, adding corrections for the jet energy scale factor:
• 𝑓|;, 𝑓|<
• 𝑝z = 𝑓|;𝑝|; + 𝑓|<𝑝|< or 𝑝z = 𝑝ℓ; + 𝑝ℓ<
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Detail in 𝜒! for ISR Part
• Construction of 𝜒?:

• 𝜎r = 0.5 GeV, tuned according to simulation to obtain the “best” Higgs 
reconstruction
• 𝜎z = Γz ≈ 2.5 GeV
• 𝜎| ≈ 6%, may be improved to 4% (only for hadronic Z)

• The 𝜒? is minimized w.r.t 𝑥E, 𝑥?, 𝑓FE, 𝑓F?  for each event

𝜒! 𝑥", 𝑥!, 𝑓#", 𝑓#! =+
$%&

'
𝑝(,$* − 𝑝(,$+*

𝜎(

!

+
𝑝,! −𝑚,

𝜎,

!

+
𝑓#" − 1
𝜎#

!

+
𝑓#! − 1
𝜎#

!
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Global Fitting

Hadronic Z Leptonic Z

𝜎<= 4 GeV 0.5 GeV

𝜎/ 0.2 GeV 0.1 GeV

𝜎6 0.3 GeV 0.15 GeV

𝜎>% 10% 10%
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𝜒! =+
$%&

'
𝑝(,$ − 𝑝(,$*

𝜎+*

!

+
𝑝/"! −𝑚/

𝜎/

!

+
𝑝/!! −𝑚/

𝜎/

!

+ 𝜒$01!


