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Motivation
ØConcrete observations demand new physics, e.g. Dark Matter, matter-antimatter asymmetry, etc.

Ø10 years after the Higgs discovery -> no new physics found in direct searches!

ØAnother approach -> precisely measuring the SM parameters.
§ Model-independent
§ interpretable in BSM
§ In line with the LHC plan: data (rather than energy) increase

ØMeasuring the Higgs charge conjugation-parity (CP)
§ Higgs unique in SM
§ Deviations predicted by BSM
§ matter-antimatter asymmetry
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Motivation
ØCP:

§ C: particles to antiparticles
§ P: 𝑟 → −𝑟

ØCP violation searches:
§ Quarks: observed in a few mesons (𝐾!, 𝐵!, 𝐷! )
§ Leptons: Not observed yet, but an evidence recently found in neutrino sector
§ Higgs: Not observed yet. 

ØSM predicts the Higgs boson to be even under CP operation.

ØThis study: first direct measurement of the CP structure of the 𝐻𝜏𝜏 Yukawa coupling.
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How to measure the Higgs CP?
Production Decay

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

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

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

ttH: complementary to H-> 𝜏𝜏
(e.g. in C2HDM) 

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 an important channel to look at.
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Parameterization

ØThe Lagragian for 𝐻𝜏𝜏 coupling can be decomposed into CP-even and CP-odd terms:

𝐿! = −""
#
ℎ 𝜅$ ̅𝜏𝜏 + 𝜅̃$ ̅𝜏𝑖𝛾%𝜏 , 𝑚$ = mass of 𝜏,  v= V.E.V. = 246 GeV

ØDefining effective CP-mixing angle 𝛼&$$= arctan '("
("

ØThe final goal is to measure 𝛼&$$ .

CP-even CP-odd

𝛼#$$
values

0° 90°

CP violation
CP-even

(Standard Model) CP-odd

-90°

CP violationCP-odd
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Spin correlation
Ø Calculating the partial decay width in the Higgs rest frame (and approximating 𝛽# = 1 − 4𝑚#

$/𝑚%
$ ≈ 1):

𝑑Γ"→$$ ∝ 1 − 𝑠%&𝑠%' + cos 2𝛼"$$ 𝒔𝑻&. 𝒔𝑻' + sin 2𝛼"$$ (𝒔𝑻'⨯ 𝒔𝑻& . ;𝒌&]

in which 𝑠&
± and 𝑠(± are the transverse and longitudinal component of the 𝜏± spin with respect to 7𝑘), the unit vector in 

the 𝜏) direction. This can be shown to be equal to:

𝑑Γ"→$$ ∝ 1 − 𝑠%&𝑠%' + |𝒔𝑻&||𝒔𝑻'| cos 𝜙) − 2𝛼"$$

with 𝜙* showing the angle between 𝒔𝑻, and 𝒔𝑻) in the right-handed coordinate system.

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

ØNeutrinos left handed → spin correlates with decay planes 

Ø Theory parameter (𝛼-##) → angle between transverse spins (𝜙*) -> angle between decay planes (𝜙./)
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Measurement strategy
→ 𝛼#$$ determines the tau spin correlation. 
→ tau spin is correlated with decay plane.

ØWe define an observable, 𝜙%&, as the angle between 𝜏 decay planes in the H rest frame (left fig.)

Ø It can be shown that (S.Berge et al): 𝑑Γ 𝐻 → 𝜏"𝜏! ≈ 1 − 𝑏 𝐸" 𝑏 𝐸! ⋅ '
*

()
cos 𝜙%& − 2 𝛼#$$ .

JHEP06(2022)012

JHEP06(2022)012

decay planes correlated based on 𝛼#$$

https://www.sciencedirect.com/science/article/pii/S2405601415006185


Measuring the CP of the Higgs-to-𝜏 coupling 15 June 2022Mohammad Hassanshahi (Imperial College)  8

Decay planes
Ø 𝜏 decays include neutrinos → Not experimentally easy to reconstruct the H rest frame.

Ø But we can construct a zero-momentum-frame, correlated with the H rest frame.

ØSeveral methods to define planes in this frame:
§ Impact parameter (IP) method

o spanned by momentum of charged particle and its IP wrt PV
§ Neutral-pion (NP) method

o spanned by momenta of charged particle and 𝜋+

§ Combined method
§ Polarimetric vector method

o spanned by momentum of 𝜏 and polarimetric vector

IP NP
Combined

JHEP06(2022)012
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The CMS experiment

The CMS expriment
- Weighs 14000 tonnes
- 15 meters high, 21 meters long
- 5k scientists, engineers, etc.
- 200 institutes from 50 countries
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The CMS experiment
ØThe CMS includes:

§ Tracker with strong 4T magnets: momentum of charged particles
§ Electromagnetic calorimeter: energy of 𝑒, 𝛾, …
§ Hadronic calorimeter: energy of 𝜋±, 𝐾±, 𝜋+, …
§ Muon system: momentum of 𝜇
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Event selection
ØFull Run II dataset, 137.1 fb-1, 𝑠 = 13 TeV

Ø 𝜏,𝜏-, 𝜏.𝜏-, 𝜏-𝜏- final states included (≈ 70% of all 𝐻 → 𝜏𝜏 events)

Ø Methods used:

§ e, 𝜇, 𝜋: Impact parameter method

§ 𝜌, 𝑎0
012 , 𝑎0

312 (except 𝜏𝜏 → 𝑎0
31𝑎0

31): Neutral-pion method

§ 𝜏𝜏 → 𝑎0
312𝑎0

312: Polarimetric vector method

Dominant 𝝉! decays 
(neutrinos not shown)

Symbol BR(%)

𝑒! e 17.82

𝜇! 𝜇 17.39

𝜋! 𝜋 10.82

𝜌! → 𝜋!𝜋" 𝜌 25.49

𝑎#! → 𝜌!𝜋" → 𝜋!2𝜋" 𝑎#
#$% 9.26

𝑎#! → 𝜌"𝜋! → 𝜋!𝜋&𝜋! 𝑎#
'$% 8.99

𝜋!𝜋&𝜋!𝜋" - 2.74

𝑎)
*+,
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Optimizations 
ØWe performed various optimizations in this analysis

ØDNN used for hadronic 𝜏 identification: DeepTau

Ø Signal (Higgs) identification performed with BDT/NN.

Ø BDT trained to identify hadronic 𝜏 decay modes 
§ ≈ 20% CP sensitivity improvement
§ Published as a Detector Performance Note (DPS) (CMS-DP-2020-041)
§ Useful for some other analysis, e.g. Z polarization measurement

ØPrimary vertex reco.
§ Refit after removing taus
§ Using beamspot constraints
§ a factor of ≈ 3 reduction in PV resolution in transverse plane

Ø Impact parameter reco.
§ Fit 3D helical curve to charged tracks
§ Provides IP + its uncertainty

vs jets
vs electrons

vs muons

CM
S-
D
P-
20
20
-0
41

CM
S-
D
P-
20
19
-0
33

http://cds.cern.ch/record/2727092
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Background estimation
ØWhere possible, data-driven techniques used to estimate the background
ØEvents with two genuine taus not from Higgs (mainly 𝑍 → 𝜏!𝜏") constitute a major bkg.

§ They are estimated using 𝜇 → 𝜏 embedding method
§ Exploiting lepton universality

ØAnother major bkg are hadronic jets faking 𝜏 (e.g. QCD)
§ “Fake factor” method is used.
§ estimating bkg from a determination region orthogonal to the signal region.

ØAll other bkg from MC.

Ø In total, ≈ 90% of bkg from data-driven
techniques.

Eur. Phys. J. C 78, 708 (2018)

JINST 14 (2019) P06032 

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-018-6146-9
https://iopscience.iop.org/article/10.1088/1748-0221/14/06/P06032
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Event Categorization
ØAs mentioned, BDT/NN (MVA) is used to separate signal from bkg

§ 3 output categories: 
• “Higgs” (ggH, VBF, VH combined)
• “Genuine” (all bkg processes involving two genuine taus)
• “mis-ID” (mainly jet/lepton faking a 𝜏)

§ Input to the MVA: kinematic and angular variables: 𝑝0, 𝑚$$, m11, N2,3, Δ𝜂22, …
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Bin merging
ØThe shape of 𝜙%& for bkg well-known

§ Most bkg must be flat (no sinusoidal shape is expected)
§ In the impact parameter method bkgs are distorted because of the cutoff on IP. 

But still symmetric around 𝜙./ = 180∘

§ jets faking 𝜏 also symmetric around 𝜙./ = 180∘, but not flat (kinematic 
reasons)

§ signal is also symmetric around 𝜙./ = 180∘

ØWe merged 𝜙%& bins to reduce the statistical uncertainty of the templates.
§ Checked with toy model and control region in data

JHEP06(2022)012

Flattening Symmetrizing
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𝜙!" in windows of MVA
Ø Events identified as “Higgs” by the MVA 

are split in windows of the MVA score.

Ø In each window, the 𝜙%& distribution is 
shown for data and simulated events 
(background and signal).

ØThese histograms used to extract 𝛼#$$ .

MVA score

JHEP06(2022)012
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Other decay channel examples

JHEP06(2022)012JHEP06(2022)012

𝜌𝜌 channel

𝜋𝜌 channel
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ØThe likelihood function used to extract 𝛼#$$ is:

ØThe observed (expected) value for 𝛼#$$ is found to be −1° ± 19°
(0° ± 21°) at 68% CL.
§ CP-even and CP-odd are distinguishable with an observed (expected) 

sensitivity of 3.0 𝜎 (2.6 𝜎).
§ Compatible with the SM predictions within uncertainties.

ØBreakdown of uncertainties: 
𝛼-## = (−1 ± 19 (stat) ± 2 (bin-by-bin) ±1 (syst) ±1 (theory))°

§ statistically dominated
§ followed by bin-by-bin, hadronic 𝜏 trigger efficiency, theory, etc.

18

Result

JHEP06(2022)012
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Outlook
Ø CMS projection for the 𝛼&$$ uncertainty shown in the table.

§ Will reach ±5∘ in the HL-LHC

ØBut several optimizations are planned!
§ improving 𝜏 identification and reco.
§ Improving plane reco. methods (e.g. Global Event Fit method arXiv:1805.06988).
§ Using regression with ML techniques to measure 𝛼#$$.
§ Enhancing signal/background differentiation using a more complex ML technique.
§ improving angular resolution of 𝜋+ using ML techniques
§ Using “BDT reweighting” method (arXiv:1608.05806) to determine fake factor weights with BDT

ØTarget is to reach ~10∘ (and less) uncertainty after Run III with the above optimizations.

Run II LHC Run III LHC HL-LHC

Prospective sensitivity 0∘ ± 21∘ 0 ± 13∘ 0 ± 5∘
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Summary

ØWith the LHC accumulating data, we search for new physics by precisely measuring the SM parameters.

Ø The CP structure of the Higgs-to-tau Yukawa coupling measured. This analysis has several benefits 
compared to the other Higgs CP analyses.

ØThe observed (expected) value for the CP-mixing angle, 𝛼#$$, is found −1° ± 19° (0° ± 21°). The result is 
compatible with the SM prediction. The observed (expected) sensitivity to differentiate between CP-even 
and CP-odd is 3.0 𝜎 (2.6 𝜎). 

ØThe result is statistically limited. Future LHC data will pinpoint the value of 𝛼#$$.

ØThe projection of uncertainty for Run III is ±13° but we can target to improve it to ~10∘ and below.
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Backup

21
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Projection of uncertainty

Run II LHC (this result) Run III LHC HL-LHC

Prospective sensitivity at 68% CL 0∘ ± 21∘ 0 ± 14∘ 0 ± 5∘
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Event display

H
𝜏,

𝜏) 𝜇)𝜈̅5𝜈#

𝜋, + possible more pions + 𝜈̅#
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2D scan
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ttH (𝐻 → 𝛾𝛾) CP measurement (top quark)

CMS: pure CP odd excluded by 3.2 𝜎

2003.10866

ATLAS: pure CP odd excluded by 3.9 𝜎

2004.04545
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Measurement optimizations
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NMSSM

1508.03255

≈ 𝟐𝟕∘ CP violation allowed for 125 GeV 
Higgs (if 𝑯𝟐 is SM-like) 



Measuring the CP of the Higgs-to-𝜏 coupling 15 June 2022Mohammad Hassanshahi (Imperial College)  28

C2HDM

arxiv: 1711.09419

Right figure: a model in which pseudoscalar coupling is more allowed in 𝜏 and bottom quark than in top quark. 
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CP violation cancellation in EDM
ØJHEP08(2020)026
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Indirect measurement

arXiv:1310.1385 

Latest electron EDM result: 𝑑7 < 1.1×10)$8 [1]. But models such as NMSSM, C2HDM, etc. still allows 
significant CP violation.

By signal strength

arXiv:1310.1385 

[1] ACME collaboration, Improved limit on the electric dipole moment of the electron, Nature 562 (2018) 355 

By electron EDM (paper for 2013)

Latest electron 
EDM:
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Validation with 𝑍 → 𝜏𝜏
Ø𝑍 → 𝜏𝜏 is expected to have a ~flat 

distribution. 

ØBut using a variable called 𝛼!, this flat 
distribution splits into two sinusoidal 
contributions.

Ø𝛼! is defined in a paper by Stefan Berge, 
et al. (arxiv:1408.0798)

http://cms-results.web.cern.ch/cms-results/public-
results/preliminary-results/HIG-20-006/index.html
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Higgs CP at the LHC
ØA good summary of Higgs CP studies at the LHC can be found in this talk by Maria Llacer:

https://indico.cern.ch/event/905399/contributions/4282247/

https://indico.cern.ch/event/905399/contributions/4282247/attachments/2259397/3834568/MariaMorenoLlacer_HiggsCP_ATLASandCMS_June2021.pdf
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Higgs CP: future experiments
arXiv:2205.07715

A very good summary of future Higgs CP measurements at photon, muon, hadron, and ee colliders as well as EDM.


