
Higgs CP measurement in 𝐻 → 𝜏$𝜏% 10 Nov 2020Mohammad Hassan Hassanshahi (Imperial College)  

Imperial College London
10 Nov 2020

Mohammad Hassan Hassanshahi

1

Measuring the CP nature of the 
Yukawa coupling between the Higgs 

and tau leptons

UK HEP Forum 2020

email: m.hassanshahi18@imperial.ac.uk



Higgs CP measurement in 𝐻 → 𝜏$𝜏% 10 Nov 2020Mohammad Hassan Hassanshahi (Imperial College)  
2

Motivation and theory
Ø The Standard Model Higgs boson is even under charge-parity (CP) inversion. However, some of the extensions of the 

SM predict the existence of a CP-odd component of the Higgs. 

Ø This study is the first direct measurement of the CP nature of the Yukawa coupling between the Higgs and 𝜏 leptons. 
The measurement is performed on the 𝐻 → 𝜏$ 𝜏% events recorded by the CMS experiment at CERN.

Ø The 𝐻𝜏𝜏 coupling can be decomposed into CP-even and CP-odd term:

𝐿' = −*+
,
𝐻 𝜅. ̅𝜏𝜏 + �̃�. ̅𝜏𝑖𝛾4𝜏 , 𝑚. = mass of 𝜏,  v= V.E.V. = 246 GeV

ØDefining the CP mixing angle as 𝜙.. = arctan(=>+
>+
)

§ 𝜙.. = 0° : CP-even coupling
§ 𝜙.. = 90°: CP-odd coupling
§ Other values: mixed CP coupling (CP violating)

Ø The goal is to measure 𝝓𝝉𝝉.

CP-even CP-odd

CP
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𝜙FG observable
Ø 𝜙.. can be measured using the observable 𝜙FG

which is defined as the angle between the planes 
produced by 𝜏$ and 𝜏% decay products.
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Ø It can be shown that: 
KL
KMNO

∝ cos(𝜙FG − 2𝜙..),   [arXiv: 1308.2674]
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Measurement optimizations
ØMachine learning techniques (BDT/NN) used to separate signal (𝐻 → 𝜏𝜏) 

from background (𝑍 → 𝜏𝜏, QCD faking 𝜏𝜏, etc.)

Ø A separate classifier (BDT) to identify hadronic 𝜏 decay channels: 
§ The purity of all hadronic 𝜏 decay channels by 10 to 55 %-points.
§ The efficiency of the decays with at least one 𝜋I by 5 to 40 %-points.
§ Separately published in a Detector Performance Summary (DPS) note 

[CERN-CMS-DP-2020-041]. 
§ ≈ 20% improvement in CP sensitivity

Ø Improved impact parameter reconstruction

Ø Improved primary vertex (Higgs production position) reconstruction

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjq3YumidjrAhVNi6QKHQ5YCqAQFjAAegQIAxAB&url=http%3A%2F%2Fcds.cern.ch%2Fcollection%2FCMS%2520Detector%2520Performance%2520Summaries%3Fln%3Den&usg=AOvVaw0P2yZ56bszFu-NW7k5JlGF
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Result
ØThe figure shows the negative log-likelihood scan of 𝜙... The 

observed 𝜙.. is found to be 4° ± 17° at 68% CL.

ØThis excludes the pure CP-odd scenario at 3.2 𝜎 significance. 

ØThe result is compatible with the SM prediction within 
uncertainties. 

ØThe next-to-minimal supersymmetric model (NMSSM) allows up to
±27° CP violation [arXiv: 1508.03255]. Our result exclude a part of the
phase space of this model at 68% CL.

Ø 𝜙.. = (4 ± 17 (stat) ± 2 (bin-by-bin) ±1 (syst) ±1 (theory))°
§ Result fully statistically dominated → More data to come in the next 

couple of years. Stay tuned!
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Event display
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Event display

https://cms.cern/news/Mirror-mirror-on-the-wall-who-is-the-most-CP-even-of-them-all
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Measurement optimizations
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Decay plane methods 
Ø In the figure:

§ Left: Impact parameter method
§ Middle: 𝜌-decay plane method
§ Right: Combined method
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More results

ØLeft: 2D negative log-likelihood scan of 𝜅. and c𝜅..

ØRight: 𝜙FG distribution for the most sensitive channels.
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NMSSM
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Measuring CP nature of the couplings to the Higgs
Production Decay

ggH: model dependent (loop) H->bb: Spin information washed out
due to hadronization

VBF: CP-odd could be suppressed
(CP-odd: non-renormalizable)
V=Z/W

H->VV (V=Z/W): CP-odd could be 
suppressed (CP-odd: non-renormalizable)

ttH: less allowed CP-odd component in 
some models  (e.g. C2HDM Type II) 

H-> 𝜏𝜏: model-independent,
complementary to ttH

bbH: Much harder than ttH to measure as the sensitivity 
of the kinematic shapes ∝ mixing of the left- & right-
handed helicities ∝ quark mass

Therefore 𝑯 → 𝝉𝝉 is a good channel to look at.



Higgs CP measurement in 𝐻 → 𝜏$𝜏% 10 Nov 2020Mohammad Hassan Hassanshahi (Imperial College)  14

Spin correlation
Ø Calculating the partial decay width in the Higgs rest frame (and approximating 𝛽. = 1 − 4𝑚.

f/𝑚h
f ≈ 1):

𝑑Γk→.. ∝ 1 − 𝑠m%𝑠m$ + cos 2𝜙.. 𝒔𝑻%. 𝒔𝑻$ + sin 2𝜙.. (𝒔𝑻$⨯ 𝒔𝑻% . r𝒌%]

in which 𝑠u and 𝑠m are the transverse and longitudinal component of the 𝜏% spin with respect to v𝑘%, the unit vector in 
the 𝜏% direction. This can be shown to be equal to:

𝑑Γk→.. ∝ 1 − 𝑠m%𝑠m$ + |𝒔𝑻%||𝒔𝑻$| cos 𝜙y − 2𝜙..
with 𝜙y showing the angle between 𝒔𝑻$ and 𝒔𝑻% in the right-handed coordinate system.

Ø Therefore, the CP of the coupling affects the angle between 𝒔𝑻$ and 𝒔𝑻%.
§ CP-even Higgs: 𝜙.. = 0° -> 𝑑Γ peaks at 𝜙y = 0° (parallel spins)
§ CP-odd Higgs: 𝜙.. = 90° -> 𝑑Γ peaks at 𝜙y = 180° (antiparallel spins)

Ø And the direction of the charged decay products of the two taus are 
also correlated (as neutrinos are left-handed)

Ø Likewise, the signed angle between the decay planes.
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C2HDM
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C2HDM
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C2HDM top vs tau
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Indirect measurement
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Partial decay width in 𝐻 → 𝜏$𝜏%
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Impact parameter
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Unrolled 𝜙FG

• 𝜙FG distribution in bins of MVA for 
𝜇 + 𝜋 final state.

• Each window shows 𝜙FG in [0,2𝜋]


