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Introduction

LY=−g τ(cos(ϕ τ τ) τ τ+sin(ϕτ τ) τ i γ5 τ)h

Pseudoscalar CP measurementstate CP measurementexcluded CP measurementfrom CP measurement
measurements CP measurementmade CP measurementin CP measurementdecays CP measurementinto CP measurement
electroweak CP measurementbosons
(Phys.Rev.Lett. 110 (2013) no.8)

CP violation in fermionic Yukawa 
couplings could still occur

ϕ
ττ
=0 CP measurement→ CP measurementscalar CP measurement(SM)

ϕ
ττ
=π/2 CP measurement→ CP measurementpseudoscalar

0<ϕ
ττ
<π/2 CP measurement→ CP measurementmixed CP measurementstate CP measurementwith CP measurementCP CP measurementviolation CP measurement→ CP measurementmaximal CP measurementviolation CP measurementfor CP measurementϕ

ττ
=π/4

A CP measurementview CP measurementof CP measurementthe CP measurementHiggs CP measurementboson CP measurementin CP measurementa CP measurementCP CP measurementmirror CP measurement(image: CP measurementDESY/designdoppel)

3 signal templates used in the analysis
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Outline

● First part: CP measurementfirst CP measurementCMS CP measurementresults CP measurementbased CP measurementon CP measurementRun CP measurement2 CP measurement(CMS-PAS-HIG-20-006, CP measurementphysics CP measurementbriefing)

● Second part: CP measurementpolarimetric CP measurementvector CP measurementmethod CP measurementin CP measurementthe CP measurement3prongs*3prongs CP measurement(a
1
3pra

1
3pr) CP measurementchannel

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-006/index.html
https://cms.cern/news/Mirror-mirror-on-the-wall-who-is-the-most-CP-even-of-them-all
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Methods

eτ
h

e+ρ CP measurement(IP-DP)
e+π± CP measurement(IP-IP)
e+a

1
 CP measurement(IP-DP)

e+a
1
1pr CP measurement(IP-DP)

τ
h
τ

h

ρ+ρ CP measurement(DP-DP)
a
1
1pr+ρ CP measurementand CP measurementa

1
1pr+a

1
1pr CP measurement(DP-DP)

a
1
3pr+ρ CP measurement(DP-IP)

a
1
3pr+a13pr CP measurement(DP-DP)

ρ+π± CP measurement(DP-IP)
π±+π± CP measurement(IP-IP)
a
1
3pr+π± CP measurement(DP-IP)

a
1
1pr+π± CP measurement(DP-IP)

a
1
3pr+a

1
1pr CP measurement(DP-DP)

μτ
h

μ+ρ CP measurement(IP-DP)
μ+π± CP measurement(IP-IP)
μ+a

1
 CP measurement(IP-DP)

μ+a
1
1pr CP measurement(IP-DP)

e-ν
e
ν
τ

μ-ν
μ
ν
τ

π±ν
τ

ρ±ν
τ
→π±π0ν

τ
a
1
1prν

τ
→π±2π0ν

τ
a
1
3prν

τ
 CP measurement→3π±ν

τ

17.8% 17.4% 10.8% 25.5% 9.3% 9.0%

Impact parameter vector method: CP measurement
Use CP measurementIP CP measurementto CP measurementdefine CP measurementtau CP measurementdirection

Decay plane method: CP measurementUse CP measurementdecay CP measurement
products CP measurementto CP measurementreconstruct CP measurementtau CP measurementplanes
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Tau CP measurementdecay CP measurementmode CP measurement
identification

CMS-DP-2020-041

Hadron-Plus-Strip CP measurement(HPS) CP measurementdecay CP measurementmode CP measurementclassification CP measurementreplaced CP measurementby CP measurementMVA CP measurementdecay CP measurementmode CP measurement
classification CP measurement(BDT) CP measurementexploiting CP measurementthe CP measurementfeatures CP measurementof CP measurementτ

h
 CP measurementdecay CP measurementproducts CP measurement(HPS CP measurementdecay CP measurementmode, CP measurement

angular CP measurementvariables, CP measurementkinematic CP measurementquantities, CP measurementetc...)

purity CP measurementconfusion CP measurementmatrix

https://cds.cern.ch/record/2727092
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Background CP measurementestimation

Z→ττ: CP measurementdata-driven CP measurementbackground CP measurementestimation CP measurementfor CP measurementthe CP measurementZττττ CP measurement
background CP measurement(embedding CP measurementmethod):

● Zττ→μμ CP measurementevents CP measurementselected CP measurementin CP measurementdata

● The CP measurementtwo CP measurementmuon CP measurementtracks CP measurementas CP measurementwell CP measurementas CP measurementtheir CP measurementcalorimetry CP measuremententries CP measurement
removed CP measurementfrom CP measurementthe CP measurementevent

● The CP measurementkinematics CP measurementof CP measurementthe CP measurementdi-muon CP measurementsystem CP measurementused CP measurementto CP measurementsimulate CP measurementa CP measurement
Zττ→ττ CP measurementdecay CP measurementwith CP measurementthose CP measurementsame CP measurementkinematics

● Cleaned CP measurementand CP measurementsimulated CP measurementevents CP measurementmerged CP measurementto CP measurementform CP measurementa CP measurementhybrid CP measurement
embedded CP measurementevent

Advantages: CP measurement

● Better CP measurementdescription CP measurementof CP measurementjets, CP measurementpile-up, CP measurementdetector CP measurementnoise CP measurementand CP measurementresolution CP measurementeffects

● Less CP measurementcorrections CP measurementneeded CP measurementcompared CP measurementto CP measurementMonte CP measurementCarlo CP measurement(e.g. CP measurementno CP measurementrecoil, CP measurementjet CP measurementenergy CP measurement
scale CP measurementor CP measurementbtag CP measurementscale CP measurementfactors)
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Background CP measurementestimation

jet → τ
h
: CP measurementestimation CP measurementin CP measurementsignal CP measurementregion CP measurement(SR) CP measurementobtained CP measurementby CP measurementreweighting CP measurementevents CP measurementin CP measurementside-band CP measurement

regions CP measurement(application CP measurementregions, CP measurementAR) CP measurementin CP measurementdata CP measurementwhere CP measurementthe CP measurementleading CP measurementτ
h
 CP measurementcandidates CP measurementfails CP measurementMedium CP measurement

DeepTau CP measurementID CP measurementWorking CP measurementPoint CP measurement(WP) CP measurementbut CP measurementpasses CP measurementVeryVeryVeryLoose CP measurementWP

Weights CP measurementmeasured CP measurementin CP measurementderivation CP measurementregion CP measurement(DR) CP measurementenriched CP measurementin CP measurementjet CP measurement→ CP measurementτ
h
:

FF=
N (Medium )

N (VVVLoose& &! Medium)

τ
h
τ

h

DR CP measurementfor CP measurementQCD CP measurement= CP measurementsame-sign CP measurementττ CP measurementpair
lτ

h

DR CP measurementfor CP measurementQCD CP measurement= CP measurementsame-sign CP measurementand CP measurementIl
rel
 CP measurement> CP measurement0.05

DR CP measurementfor CP measurementW+jets CP measurement= CP measurementmT>70 CP measurementGeV
Top-antitop CP measurementsubstracted CP measurementusing CP measurementMC CP measurement
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Event CP measurementcategorisation
● DNN CP measurementfor CP measurementμτ

h
 CP measurementand CP measurementBDT CP measurementfor CP measurementτ

h
τ
h

● 3 CP measurementcategories: CP measurementHiggs, Zττ embedded CP measurementand CP measurementjet → τ
h
 fakes

● ggH CP measurementand CP measurementVBF CP measurementcategories CP measurementmerged
● Input CP measurementvariables CP measurementcomprise CP measurementmost CP measurementimportant CP measurementsubset CP measurementof CP measurementvariables CP measurementused CP measurementin CP measurementSM CP measurementML CP measurementanalysis:

μτ
h

● leading CP measurementτ
h
 CP measurementp

T
;

● visible CP measurementdi-tau CP measurementp
T
;

● full CP measurementdi-tau CP measurement+ CP measurementMET CP measurementp
T
;

● visible CP measurementdi-τ
h
 CP measurementmass;

● SVfit CP measurementmass;
● leading CP measurementjet CP measurementp

T
;

● MET;
● number CP measurementof CP measurementjets;
● invariant CP measurementmass CP measurementof CP measurementdi-jet CP measurementsystem.

τ
h
τ

h
● muon CP measurementp

T
;

● Tau CP measurementlepton CP measurementp
T
;

● Combined CP measurementp
T
 CP measurementof CP measurementmuon, CP measurementtau CP measurementand CP measurementmissing CP measurementtransverse CP measurementmomentum;

● Number CP measurementof CP measurementjets
● P

T
 CP measurementof CP measurementthe CP measurementleading CP measurementjet;

● P
T
 CP measurementof CP measurementthe CP measurementtrailing CP measurementjet;

● Combined CP measurementP
T
 CP measurementfor CP measurementthe CP measurementtwo CP measurementleading CP measurementjets;

● Invariant CP measurementmass CP measurementof CP measurementthe CP measurementtwo CP measurementleading CP measurementjets;
● Separation CP measurementin CP measurementpseudorapidity CP measurementbetween CP measurementthe CP measurementtwo CP measurementleading CP measurementjets;
● Visible CP measurementinvariant CP measurementdi-tau CP measurementmass;
● Invariant CP measurementdi-tau CP measurementmass CP measurementobtained CP measurementwith CP measurementFastMTT CP measurementalgorithm;
● MET;
● Transverse CP measurementmass CP measurementof CP measurementthe CP measurementmuon CP measurementand CP measurementMET CP measurementsystem.
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Background CP measurementsmoothing
Due CP measurementto CP measurementthe CP measurementnature CP measurementof CP measurementthe CP measurementacoplanarity CP measurementangle CP measurement(symmetric CP measurementby CP measurementconstruction) CP measurementwe CP measurementcan CP measurement
exploit CP measurementsymmetries CP measurementin CP measurementthe CP measurementbkg CP measurementprocesses CP measurementto CP measurementreduce CP measurementstatistical CP measurementfluctuations CP measurementin CP measurementMC:

Flattening
Used CP measurementfor CP measurementprocesses CP measurementwith CP measurement
genuine CP measurementtaus CP measurementor CP measurementl→ CP measurementtau CP measurement
fakes

Symmetrising
Used CP measurementfor CP measurementprocesses CP measurement
with CP measurementj→ CP measurementtau CP measurementfakes CP measurementor CP measurementIP CP measurement
method

Most CP measurementbackgrounds CP measurementare CP measurementflat CP measurementin CP measurementthe CP measurementabsence CP measurementof CP measurementreconstruction-level CP measurementsmearing

pi+pi CP measurementand CP measurementmu+pi CP measurementhave CP measurementcorrelated CP measurementsmearing CP measurementdue CP measurementto CP measurementPV

Signal: CP measurementscalar CP measurementand CP measurementpseudoscalar CP measurementtemplates CP measurementsymmetrized CP measurementw.r.t CP measurementπ CP measurementbut CP measurementmaximally CP measurement
mixed CP measurementtemplate CP measurement(ϕ

ττ
 CP measurement= CP measurementπ/4) CP measurementanti-symmetrized
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Postfit CP measurementdistributions CP measurement– CP measurementsignal CP measurement
categories
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Results

2.3 σ expected
3.2 σ observed

CMS-PAS-HIG-20-006

Φ
ττ
= (4 ± 17 (stat) ± 2 (bin-by-

bin) ± 1 (syst) ± 1 (theory))°

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-006/index.html
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Illustrative CP measurementϕ
CP
 CP measurementplot

Most CP measurementsensitive CP measurementchannels: CP measurementρρ+πρ+μρ
Bins CP measurementreweighted CP measurementby CP measurement(A*S/(S+B))/Nbins:
● S=signal
● B=background

● A=
|CPeven−CPodd|

|CP even+CPodd|

Background CP measurementis CP measurement
subtracted CP measurementfrom CP measurementthe CP measurementdata

Grey CP measurementuncertainty CP measurementband CP measurement
indicates CP measurementthe CP measurementuncertainty CP measurementon CP measurement
the CP measurementsubtracted CP measurementbackground CP measurement
component

The CP measurementdata CP measurementclearly CP measurementfavour CP measurementthe CP measurementCP-
even CP measurementhypothesis, CP measurementCP-odd CP measurement
hypothesis CP measurementexcluded CP measurementwith CP measurement3.2 CP measurement
standard CP measurementdeviations
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a
1
3pra

1
3pr CP measurementchannel

● The CP measurementdecay CP measurementplane CP measurementmethod CP measurementis CP measurementusually CP measurementused CP measurementfor CP measurementthe CP measurementa
1
3pra

1
3pr CP measurementchannel

● This CP measurementchannel CP measurementallows CP measurementus CP measurementto CP measurementreconstruct CP measurementthe CP measurementHiggs CP measurementrest CP measurementframe CP measurementthanks CP measurementto CP measurement
presence CP measurementof CP measurementtau CP measurementsecondary CP measurementvertices CP measurement(SV)

● Although CP measurementits CP measurementnot CP measurementvery CP measurementsignificant CP measurementchannel CP measurementwe CP measurementcan CP measurementdo CP measurementbetter CP measurementwith CP measurementthe CP measurement
polarimetric CP measurementvector CP measurementmethod
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Polarimetric CP measurementvector

: CP measurement"polarimetric vector", given by the kinematics of the decay in the τ rest        
  frame
: CP measurementτ CP measurementspin CP measurementvector

h⃗

For CP measurementany CP measurementτ CP measurementdecay, CP measurementthe CP measurementdifferential CP measurementdecay CP measurementwidth CP measurement(τ CP measurementrest CP measurementframe) CP measurementcan CP measurementbe CP measurement
written CP measurementas: CP measurement CP measurement

S⃗

dΓ is maximal for    oriented along   →     most likely points in the 
direction of 
   is hence the best estimate of the direction of 

h⃗ S⃗⃗Sh⃗

h⃗⃗h

h⃗⃗h

S⃗⃗S
S⃗⃗S

dΓ∝(1+ h⃗ . S⃗ )dΓ∝(1+ h⃗ . S⃗ )
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Polarimetric CP measurementvector CP measurement
definition CP measurementvs CP measurementdecay CP measurementmode

τ
±
→π

±
ν : h⃗=−n⃗π

τ
±
→ρ

±
ν→π

±
π

0
ν : h⃗=mτ

2(qN ) q⃗−q ² N⃗
2(qN )(qP)−q ²(NP )

Complex CP measurementfor CP measurement3 CP measurementprongs CP measurementdecay
Parametrization CP measurementfrom CP measurementthe CP measurementCLEO CP measurementcollaboration CP measurement(Phys. Rev. D61 (2000) 
012002) CP measurementtaking CP measurementinto CP measurementconsideration CP measurementthe CP measurementresonance CP measurementdecay CP measurementmodel

m τ : τ mass
q : π±−π

0

N : ν = τ
±
−π

±
−π

0

P : τ±
4-vectors



  

16

Polarimetric CP measurementvector CP measurementmethod

ArXiv:1811.03969
V. Cherepanov, E. 

Richter-Was, and Z. 
Was

: CP measurementUnit CP measurementvector CP measurementpointing CP measurementalong CP measurementthe CP measurementdirection CP measurementof CP measurementthe CP measurementτ CP measurementin CP measurementthe CP measurementH CP measurementrest CP measurementframe
: CP measurementPolarimetric CP measurementunit CP measurementvector

τ⃗

h⃗

An CP measurementacoplanarity CP measurementangle CP measurementcan CP measurementbe CP measurementbuilt CP measurementusing CP measurement
the CP measurementdirection CP measurementof CP measurementtaus CP measurementand CP measurementpolarimetric CP measurement
vectors CP measurement(in CP measurementthe CP measurementHiggs CP measurementrest CP measurementframe)
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Simplified CP measurementapproach CP measurementof CP measurementGlobal CP measurementEvent CP measurementFit CP measurement(GEF) CP measurementmethod: CP measurementarXiv:1805.06988v2, CP measurementV. CP measurementCherepanov CP measurement
and CP measurementA. CP measurementZττotz CP measurement(M2 CP measurementinternship CP measurementC. CP measurementGrimault)

τ CP measurementmomentum CP measurementestimated CP measurementusing CP measurementenergy and momentum conservation CP measurementwith CP measurementmassless neutrino CP measurement
and CP measurementθ

GJ
 Gottfried-Jackson angle CP measurement(angle CP measurementbetween CP measurementa

1
 CP measurementand CP measurementτ CP measurementin CP measurementlab CP measurementframe)

Estimation CP measurementof CP measurementthe CP measurementtau CP measurement
4-vector

● Two CP measurementpossible CP measurementsolutions CP measurementper CP measurementtau
● If CP measurementthe CP measurementevent CP measurementis CP measurementin CP measurementan CP measurementunphysical CP measurementregion: CP measurementθ

GJ
→ CP measurementθ

GJ
 CP measurementmax

● Ambiguity CP measurementof CP measurementthe CP measurementτ CP measurementmomentum→ CP measurementPair with the closest invariant mass to M
H

● τ direction estimated with S⃗V−P⃗V
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ϕ
CP
 CP measurementoscillations CP measurementand CP measurement

comparison CP measurementwith CP measurementdecay CP measurementplane

Even                                                                       Odd

Different CP measurementconventions CP measurementbetween CP measurementdecay CP measurementplane CP measurementand CP measurementpol. CP measurementvec. CP measurementmethod CP measurement→ CP measurementextrema CP measurementshifted

Fit:
b+a*cos(φ+x)

a: amplitude
b: baseline
φ: phase
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Conclusion

● First CP measurementmeasurement CP measurementof CP measurementthe CP measurementCP CP measurementstructure CP measurementof CP measurementthe CP measurementtau CP measurementYukawa CP measurementcoupling

● Whole CP measurementRun CP measurement2 CP measurement(137 CP measurementfb-1) CP measurementanalysed

● Result: ΦΦ
ττ
= CP measurement4 CP measurement± CP measurement17°

● The CP measurementdata CP measurementclearly CP measurementfavour CP measurementthe CP measurementCP-even CP measurementhypothesis, CP measurementCP-odd CP measurementhypothesis CP measurementexcluded CP measurementwith CP measurement3.2 CP measurementstandard CP measurement
deviations

● The CP measurementpolarimetric CP measurementvector CP measurementmethod CP measurementgives CP measurementbetter CP measurementCP CP measurementstates CP measurementseparation CP measurementcompared CP measurementto CP measurementthe CP measurementdecay
plane CP measurementmethod CP measurementused CP measurementin CP measurementthe CP measurementCMS CP measurementanalysis CP measurementfor CP measurementthe CP measurementa

1
3pra

1
3pr CP measurementchannel, CP measurementbeing CP measurementunblinded

● Promising CP measurementmethod CP measurementthat CP measurementcould CP measurementbe CP measurementextended CP measurementto CP measurementother CP measurementchannels CP measurementduring CP measurementRun CP measurement3 CP measurementand CP measurementHL-LHC
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Backup
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Decay CP measurementplane CP measurementmethod CP measurementwith CP measurement3 CP measurement
prongs

● a
1
3prν

τ
 CP measurement→ρ0π±ν

τ
→3π±ν

τ

● Determine CP measurementpions CP measurementpair CP measurementwith CP measurementmass CP measurementclosest CP measurementto CP measurementintermediate CP measurementρ

● Construct CP measurementρ CP measurementdecay CP measurementplane
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Refitted CP measurementprimary CP measurementvertex

The CP measurementprimary CP measurementvertex CP measurementhas CP measurement
been CP measurementadjusted CP measurementw/ CP measurementbeam CP measurement
spot CP measurementconstraint CP measurementand CP measurementtau CP measurement
tracks CP measurementexcluded

Primary CP measurementvertex CP measurementresolution CP measurementin CP measurementcm
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Refitted CP measurementprimary CP measurementvertex

Kinematic trigger and offline requirements applied for the τ
μ
τ

h
 and 

τ
h
τ

h
 channel. The pseudorapidity constraints originate from trigger 

and reconstruction requirements. 
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Zττττ CP measurementvalidation
Validation CP measurementperformed CP measurementby CP measurementdecomposing CP measurementthe CP measurement
ϕ
CP
 CP measurementdistributions CP measurementin CP measurementtwo CP measurementcategories:

● “nearly CP measurementcoplanar” CP measurementtaus
● “nearly CP measurementperpendicular” CP measurementtaus

α
–
 CP measurementallows CP measurementto CP measurementextract CP measurementtwo CP measurementcontributions CP measurement

with CP measurementa CP measurementmodulation CP measurementin CP measurementϕ
CP

Stefan CP measurementBerge CP measurementet CP measuremental.

P
L-
: CP measurementπ− CP measurementdirections CP measurementof CP measurementflight CP measurementin CP measurementthe CP measurementlaboratory CP measurementframe

e
z
 CP measurementpoints CP measurementalong CP measurementthe CP measurementdirection CP measurementof CP measurementone CP measurementof CP measurementthe CP measurementproton CP measurementbeams

n
-
: CP measurementimpact CP measurementparameter CP measurementvectors CP measurementin CP measurementthe CP measurementlaboratory CP measurementframe CP measurement

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-3164-0
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Shape CP measurementsystematics
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Expected CP measurementsensitivities

Expected sensitivities in standard deviations to distinguish 
between a CP-even and odd Hττ coupling

Results are displayed for the individual decay modes, the 
combined τ

μ
τ

h
 and τ

h
τ

h
 channel, and the overall combination
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