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Introduction

Y:_gr(cos<¢rr)ft-l-sjn(q)rt)TiYST)h

¢_=0 - scalar (SM)
¢_=1/2 - pseudoscalar
0<¢_<m/2 - mixed state with CP violation — maximal violation for ¢_=m/4

3 signal templates used in the analysis

Pseudoscalar state excluded from
measurements made in decays into
electroweak bosons

(Phys.Rev.Lett. 110 (2013) no.8)

CP violation in fermionic Yukawa
couplings could still occur

A view of the Higgs boson in a CP mirror (image: DESY/designdoppel)



Outline

* First part: first CMS results based on Run 2 (CMS-PAS-HIG-20-006, physics briefing)

« Second part: polarimetric vector method in the 3prongs*3prongs (a,**'a, *) channel


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

Methods
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Impact parameter vector method.:
Use IP to define tau direction

LT,

p+p (DP-DP)

a,'’+p and a ‘*+a *"(DP-DP)

a ®+p (DP-IP)

a,P+al*" (DP-DP)

p+1tt (DP-IP)

Decay plane method: Use decay e+ (1P-1P)

products to reconstruct tau planes
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MT,

u+p (IP-DP)
u+1tt (IP-1P)
u+a, (IP-DP)
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e+p (IP-DP)
e+11* (IP-1P)
e+a, (IP-DP)
e+a '™ (IP-DP)



True label

Tau decay mode
identification

Purity

other 4
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Predicted label

purity confusion matrix

0.138

04

-0.3

0.2

0.1

Hadron-Plus-Strip (HPS) decay mode classification replaced by MVA decay mode
classification (BDT) exploiting the features of T decay products (HPS decay mode,

angular variables, kinematic quantities, etc...)

Efficiency

7 an’® @27 3x 3aA’

HPSDM 75% 73% 0% 89% 53%
MVADM 83% 79% 39% 87% 65%

Gain 8% 6% 39% —2% 12%

Purity

a7 nan' m2a' 37 3nxaY

HPSDM 56% 56% 0% 67% 55%
MVADM 70% 68% 55% 82% 71%

Gain 14% 12% 55% 15% 16%

CMS-DP-2020-041


https://cds.cern.ch/record/2727092

Background estimation

Input:
Data or
Z -, tt. data-driven background estimation for the Ztt e
background (embedding method): 2 - selection
L 4 |
* Z - Uy events selected in data oo Bvent cleaning
* The two muon tracks as well as their calorimetry entries i % Frey
removed from the event 9 Embedded (:\-'c:t.‘ "-g_—_";;:;‘:é
* The kinematics of the di-muon system used to simulate a e B e
. - . kinematics of muons hak from selected events
Z - Tt decay with those same kinematics "
* Cleaned and simulated events merged to form a hybrid e it T A
embedded event cleaned events

Advantages:
» Better description of jets, pile-up, detector noise and resolution effects

* Less corrections needed compared to Monte Carlo (e.g. no recoil, jet energy
scale or btag scale factors)



Background estimation

jet — T : estimation in signal region (SR) obtained by reweighting events in side-band
regions (application regions, AR) in data where the leading 1, candidates fails Medium
DeepTau ID Working Point (WP) but passes VeryVeryVeryLoose WP

Weights measured in derivation region (DR) enriched in jet - T:

N (Medium)

FF = :
N (VVVLoose & & ! Medium)

TT It
DR for QCD = same-sign Tt pair DR for QCD = same-sign and I' | > 0.05

DR for W+jets = mT>70 GeV
Top-antitop substracted using MC



Event categorisation

DNN for pyt, and BDT for t. T,

3 categories: Higgs, Ztt embedded and jet - 1, fakes

ggH and VBF categories merged

Input variables comprise most important subset of variables used in SM ML analysis:

MT,

leading T, p,;
visible di-tau p,;

full di-tau + MET p_;
visible di-t, mass;
SVfit mass;

leading jet p.;

MET;

number of jets;

invariant mass of di-jet system.

L.t

muon p_;

Tau lepton p_;

Combined p, of muon, tau and missing transverse momentum;

Number of jets
P_ of the leading jet;

P_ of the trailing jet;
Combined P for the two leading jets;

Invariant mass of the two leading jets;

Separation in pseudorapidity between the two leading jets;
Visible invariant di-tau mass;

Invariant di-tau mass obtained with FastMTT algorithm;
MET;

Transverse mass of the muon and MET system.



Background smoothing

Due to the nature of the acoplanarity angle (symmetric by construction) we can
exploit symmetries in the bkg processes to reduce statistical fluctuations in MC:

Most backgrounds are flat in the absence of reconstruction-level smearing

%F %; Flattening
_%. ________ %%k_ - _@_,@_@_@_@_@_ Used for processes with
genuine taus or | - tau
%— fakes

pi+pi and mu+pi have correlated smearing due to PV

o _(%, _@‘[9_ Symmetrising

%; Used for processes
o % - _@%_ —%k with j— tau fakes or IP
s, v -%——%97 method

Signal: scalar and pseudoscalar templates symmetrized w.r.t T but maximally
mixed template (¢ _ = 11/4) anti-symmetrized 9



Postfit distributions — signal
categories
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Results

CMS Preliminary 137 fb~! (13 TeV)

1 I I I ' I I I 1 1 I
pPIeftexp. _ ) 4 23 °(68% CL)
HPIAteXP- _ () 4 55 ©(95% CL)

pobs. — 4 + 17 °(68% CL)

$obs- = 4 4 36 °(95% CL)

I 1 l 1 1

O _=(4 £ 17 (stat) £ 2 (bin-by-
bin) £ 1 (syst) £ 1 (theory))°

2.3 0 expected
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-006/index.html

llustrative ¢_, plot

Most sensitive channels: pp+1p+up

Bins reweighted by (A*S/(S+B))/Nbins:

* S=signal
* B=background

|Cpeven . CPodd|
|CPeven+ CPodd|

« A=

Background is
subtracted from the data

Grey uncertainty band
indicates the uncertainty on
the subtracted background
component

The data clearly favour the CP-
even hypothesis, CP-odd
hypothesis excluded with 3.2
standard deviations

Ax S/(S+B) Weighted Events / bin

CMS Preliminary 137 fo' (13 TeV)
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af’"ofafIor channel

 The decay plane method is usually used for the a_ *"a *" channel

* This channel allows us to reconstruct the Higgs rest frame thanks to
presence of tau secondary vertices (SV)

 Although its not very significant channel we can do better with the
polarimetric vector method

13



Polarimetric vector

For any 1 decay, the differential decay width (1 rest frame) can be
written as: d T oc(1+h.S)

-

h : "polarimetric vector"”, given by the kinematics of the decay in the 1 rest
frame

S . T spin vector

dI" is maximal for h oriented along S - h most likely points in the
direction of S

h is hence the best estimate of the direction of S

14



Polarimetric vector
definition vs decay mode

.. - . m_: T mass
T =>m v:h=—n, ) . g: 7= \
T30 VIT TV E:mrz(qN)q_qu N:v=tv—-nx—m — 4vectors
2(gN)(qP)—q?(NP) p: ¢
_

Complex for 3 prongs decay
Parametrization from the CLEO collaboration (Phys. Rev. D61 (2000)
012002) taking into consideration the resonance decay model

15



Polarimetric vector method

1t rest frame

An acoplanarity angle can be built using

vectors (in the Higgs rest frame)

/. _J \ the direction of taus and polarimetric
! /s 2

= ﬁl

. Unit vector pointing along the direction of the t in the H rest frame
. Polarimetric unit vector

¢

Mo 1t 5 hh (h=mp, 81) pythia8 + Tauola

ArXiv:1811.03969
V. Cherepanov, E.
Richter-Was, and Z.
Was

acoplanarity angle, ¢ [rad]

16



Estimation of the tau

4-vector

Simplified approach of Global Event Fit (GEF) method: arXiv:1805.06988v2, V. Cherepanov

and A. Zotz (M2 internship C. Grimault)

T momentum estimated using energy and momentum conservation with massless neutrino
and 8_, Gottfried-Jackson angle (angle between a, and tin lab frame)

Two possible solutions per tau

If the event is in an unphysical region: 0
Ambiguity of the 1 momentum — Palr W|th the closest invariant mass to M,
T direction estimated with SV PV

IP |, GeVic

}ff
/

60
. Posmve solution

50

40

30

20

v

Unphysical region

T

He , max

0002 0004 0006 0008 001 0012 0014 0016 0018 002 0022

m

ax 0., rad
ey GJ*

17



Events

¢ oscillations and
comparison with decay plane

Different conventions between decay plane and pol. vec. method - extrema shifted

Fit:
b+a*cos(¢p+x)

13 TeV

CMS Preliminary

- —e— Pol. vec. la/bl=0.200
e —g— D la/bl=0.123
0.12|= ‘ ‘
0.1 —+— j

0.1

0.08

| ) X, ++r ‘
0.09 —_*_Jﬁ_‘st\ ,/

Events

0.12—

0.11

0.1

0.09

0.08

a: amplitude
b: baseline
@: phase

CMS Preliminary

13 TeV

—e— DP

—e— Pol. vec. 1a/bl=0.176

la/bl=0.116

. i’;ﬁ

+ A
4K




Conclusion

First measurement of the CP structure of the tau Yukawa coupling

Whole Run 2 (137 fb?) analysed
Result: @ =4 +17°

The data clearly favour the CP-even hypothesis, CP-odd hypothesis excluded with 3.2 standard
deviations

The polarimetric vector method gives better CP states separation compared to the decay
plane method used in the CMS analysis for the a *"a *" channel, being unblinded

Promising method that could be extended to other channels during Run 3 and HL-LHC

19



Backup



Decay plane method with 3
prongs

e 2PV - ptr*v_- 31TV
* Determine pions pair with mass closest to intermediate p
* Construct p decay plane

21



Refitted primary vertex

CMS Preliminary 13 TeV CMS Preliminary 13 Tev
n {] ‘IB!— —e— nominal PV, . n {] 18— [—=— rominai@v, » |
§ . | | o Wo bk 03 PY A ¢
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P B Telnd]
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L I Prlmary vertex resolution in cm
0.08- - * Production mode Vertex type otV 0’; b
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0.04—
L ] i .
= =T (16 The primary vertex has
i : % been adjusted w/ beam
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22



Refitted primary vertex

Channel year Trigger requirement  Offline lepton selection
pr (GeV) g Isolation
Th Th all years T4 (35) & 13, (35) pr > 40 |p| <21 DNN 1, ID
2016 i(22), 1(19) & 7,(20) p-:E =20 |p¥| < 21 I* <015
T, pr >25 |p™| <23 DNNT,ID
3 2017, 2018 pu(24), u(20) & m(27) p% =21  |p¥| < 2 I* <015

pr >32 |p™| <23 DNNID

Kinematic trigger and offline requirements applied for the T, and

1. T, channel. The pseudorapidity constraints originate from trigger
and reconstruction requirements.

23



/1T validation

Validation performed by decomposing the o3 €, XPpr- N_Xpr_
distributions in two cateqgories: — = |Ma ~ e =
ber 9 @& xpr_| A xpr |

* “nearly coplanar” taus
- “nearly perpendicular” taus P_: 1~ directions of flight in the laboratory frame

e, points along the direction of one of the proton beams

a_allows to extract two contributions n . impact parameter vectors in the laboratory frame
with a modulation in ¢,

6000 CMS Supp!ementmj 137 fb ! (13 TeV) CMS Supplemenmry 137 fb 1 (13 TeV)

0.005 - Up ! Datl : jet = 1, ‘up I Dﬂm : jet = 1, 7

L b [ Exp. Total Others | P [ Exp. Total Others
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-3164-0

Shape systematics

Uncertainty Magnitude Correlation  Incorp. fit
7, ID pr/decay-mode dependent (2-3%) no Gaussian
Muon reconstruction 1%. yes log-normal
e = Ty ID 5(1)% 2016(2017,2018) no Gaussian
u— 1, ID 20-40% no Gaussian
uID 1% yes Gaussian
b-jet veto 1-9% no log-normal
Luminosity 2.5% partial log-normal
Trigger 2% for u, pyp-dep. for Ty, no Gaussian
Embedded yield 4% no log-normal
tt cross section 4.2% yes log-normal
Diboson cross section 5% yes log-normal
Single top cross section 5% yes log-normal
W + jets cross section 4% yes log-normal
Drell-Yan cross section 2% yes log-normal
Signal cross sections [82] yes log-normal
top pr reweighing 10% yes Gaussian
Z p; reweighing 10% partial Gaussian
Prefiring (2016, 2017) Event-dependent (0-4%) yes log-normal
Ty, energy scale 1% (sim), 1.5% (emb.) no Gaussian
e — T}, energy scale 0.5-6.5% no log-normal
1 —+ T, energy scale 1% no log-normal
Muon energy scale 0.4-2.7% yes Gaussian
Jet energy scale Event-dependent partial Gaussian
Jet energy resolution Event-dependent no Gaussian
pss unclustered scale Event-dependent no Gaussian
pss recoil corrections Event-dependent no Gaussian
Jet— T}, mis-ID described in text partial Gaussian
tt /diboson in embedded 10% yes Gaussian
Sip in p and T decays 25% no Gaussian




Expected sensitivities

Decay mode Expected sensitivity
Hup 1.16
Ths 0.71
psagpr 0.51
;mipr 0.24
Thih 1.8
op 1.09
Q7T 1.04
pa:fpr 0.64
TTTT 0.38
Ta}PI 0.46
al 1P and alp P 0.30
Talpr 0.23

3pr 3pr

%P %P 0.13

aj a, 0.11
Combined 2.33

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

Results are displayed for the individual decay modes, the
combined T T, and T, T, channel, and the overall combination
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