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ABSTRACT: The polarization of 7 leptons is measured using leptonic and hadronic 7 lepton
decays in Z — 7777 events in proton-proton collisions at /s = 13 TeV recorded by CMS at the
CERN LHC with an integrated luminosity of 36.3 fb~!. The measured 7~ lepton polarization
at the Z boson mass pole is P,(Z) = —0.144 £ 0.006 (stat) £ 0.014 (syst) = —0.144 + 0.015,
in good agreement with the measurement of the 7 lepton asymmetry parameter of A. =
0.1439 + 0.0043 = —P.(Z) at LEP. The 7 lepton polarization depends on the ratio of the
vector to axial-vector couplings of the 7 leptons in the neutral current expression, and thus on
the effective weak mixing angle sin? 9%{; , independently of the Z boson production mechanism.
The obtained value sin” 650 = 0.2319 + 0.0008(stat)  0.0018(syst) = 0.2319 & 0.0019 is in
good agreement with measurements at ete™ colliders.
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1 Introduction

Measuring standard model (SM) parameters with high precision in various processes may
reveal yet unknown physics phenomena as deviations from SM predictions. One of the
fundamental parameters is the effective weak mixing angle sin? 0%‘3 , which leads to different
couplings for right- and left-handed fermions in weak neutral currents. A consequence of this
difference is the effective polarization of fermion-antifermion pairs in Z boson decays. The T~
lepton polarization is defined as P; = (0, —o0_)/(0, +0_), where o, and o_ are the cross
sections for the production of T leptons with positive and negative helicities, respectively.

The helicity of T leptons from Z boson decays can be measured from energy and angular
distributions of the T lepton decay products. The polarization measures the ratio of vector
to axial-vector neutral current couplings of the T lepton, and therefore this ratio provides
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Figure 1. The four possible helicity states of incoming quarks and outgoing T leptons. Thin arrows
depict the direction of movement and the thick arrows show the spin of the particles. The angle 6, is the
scattering angle of the T~ lepton with respect to the quark momentum in the rest frame of the Z boson.

a further measurement of the weak mixing angle solely from T lepton couplings as detailed
in the following.

InZ-—1tt” events, the helicity of the 7 lepton is expected to have a sign opposite

to that of the ©~ helicity. The differential cross section for the process qq@ — Z — T/ 1~
can be expressed at the lowest order [1]:

do
d cos 6,

= Fy(8)(1 + cos® ;) + 2F; (8) cos 0, — A[Fo(3)(1 + cos® 8;) + 2F3(8) cos B;].  (1.1)

Here 6, is the scattering angle of the T~ with respect to the quark momentum in the rest
frame of the Z boson, as illustrated in figure 1. The symbol A; denotes the sign of positive
or negative helicity of the T~ lepton and § is the squared center-of-mass energy of the qq
pair. The F;(8) are structure functions for the initial and final fermion pairs describing the
strength and shape of the Z resonance and its dependence on the vector and axial-vector
neutral-current coupling constants. The total cross section is:

do
= . 1.2
7 Z /d(:OSGTdCOSHT (12)

A ==%1

From the cross section in eq. (1.1), the following quantities can be determined: the asymmetry
Apgp of the forward-backward cross sections, the polarization P, of the T~ lepton, and the



forward-backward polarization asymmetry A%%l:

App = %[a(cos 0, >0) —o(cosb, <0)] = ?121)22’
Pr = Lol = +1) = ol = ~1)] = ~ 223, (13)
APl — %[Pt(cos 0, > 0) — P;(cosb; <0)] = —i?iﬁg,

where the symbols F; correspond to the structure functions in eq. (1.1).

The cross section includes the contributions from Z boson exchange, photon exchange,
and photon-Z interference. If v/§ is equal to the Z boson mass My, the contributions from
photon exchange cancel in the numerator of the asymmetries and the following holds:

3
App = S ArA,
P = _Ata (1'4)
pol §
AFB - 4Af7

where A; = 2uia./(v: + a2) and Ap = 2uas/(vf + af) are the asymmetry parameters defined
by the effective neutral current vector and axial-vector couplings v; and a,; for the T lepton,
and v and ag, the parameters for the initial-state fermions, respectively. In the limit v, < a,
the polarization can be written as P; ~ —2v./a,, and is simply related to sin’ G%g :

2vca.

(Y
Pr= A =~ -2 = —2(1 — 4sin” 63)). (1.5)
v + ag Qg

Hence, a measurement of the polarization P, can provide a precise determination of sin’ H%fvf
using only T lepton couplings. Comparison with the value of sin’ G\G{;f measured in the process
ete” — Z at LEP [2-5] tests the lepton universality of the weak neutral current.

Since 1 leptons decay rapidly inside the detector, their polarization is measured by
analyzing the energy and direction of their decay products. Observables used for this analysis
are the angles and momenta of the daughter particles with respect to the boost direction
of the T lepton or intermediate particles in the decay of the T lepton.

Measurements of the T lepton polarization have been performed in e™e™ annihilation
by the four LEP experiments at center-of-mass energies near My [2-5], at the linear collider
experiment SLD [6], and in proton-proton (pp) collisions by the ATLAS experiment at the
CERN LHC at /s = 8TeV [7].

The measurement of the T lepton polarization in Z boson decays was pioneered at
LEP [1], where the polarization could be measured in a very small window around the Z
pole and as a function of the polar emission angle cosf, of the T lepton with respect to
the incoming electrons. A maximum likelihood fit to this angular dependence provides the
best measurement of the polarization.

A complication occurs when the polarization is measured in pp collisions; in contrast to
eTe collisions, the polar emission angle 6, is not, or only very poorly, known and can not be



used in the analysis. Furthermore, instead of a fixed value, measurements are always an average
over a limited range of the center-of-mass energy of the dd and ut quark-antiquark pairs. The
measurement is effectively an integration over the experimental width of the Z boson and a
fairly wide range of its rapidity and transverse momentum pp. The ranges are determined by
the parton distribution functions (PDFs) of the proton and the acceptance of the experiment.

In this paper, a measurement of the T~ lepton polarization P, is presented, based on
Z — 17T events in pp collisions with parton-parton center-of-mass energies v/§ of 75-120 GeV.
The measurement is performed by using the following combinations of leptonic and hadronic
ws TeThy Ty
the decay T~ — e V.V, the symbol 1, refers to the decay T~ — 1 V,V;, and the 1, to

decay modes of the T leptons: T,T Ty, and T,T,, where the symbol T, refers to
the hadronic t decay modes.

Following a short description of the CMS experiment in section 2 and of the Data and
Monte Carlo samples (section 3), the event reconstruction and the event selection are detailed
in sections 4 and 5, respectively. The background estimates are described in section 6,
before the T lepton spin variables are discussed in section 7. After a discussion of systematic
uncertainties in section 8, the measurement of the T~ lepton polarization P, is described
in section 9. Finally, from the measurement of P, averaged over the mass range of the Z
boson, the effective weak mixing angle sin’ 9%{; is derived and presented in section 10. The
paper ends with a summary in section 11.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the magnetic volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity (n) coverage provided by
the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded
in the steel flux-return yoke outside the solenoid. A more detailed description of the
CMS detector, together with a definition of the coordinate system used and the relevant
kinematical variables, are reported in ref. [§].

Events of interest are selected using a two-tiered trigger system. The first level (L1),
composed of custom hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within a fixed latency of 4 us [9]. The
second level, known as the high-level trigger (HLT'), consists of a farm of processors running
a version of the full event reconstruction software optimized for fast processing, and reduces
the event rate to around 1kHz before data storage [10].

3 Data and Monte Carlo samples

This analysis is based on pp collision data at a center-of-mass energy of 13 TeV collected
in the year 2016 with the CMS detector at the LHC. The analyzed data correspond to an
integrated luminosity of 36.3fb ™" [11].



A Drell-Yan (DY) signal Monte Carlo (MC) sample of Z/y" — 1T events is generated for
this analysis at next-to-leading order (NLO) in quantum chromodynamics (QCD), but at
leading order (LO) for electromagnetic processes using MADGRAPH5__aMCQNLO v2.4.2 [12],
with the hadronization step simulated by pyTHIA 8 [13]. The CUETP8M]1 [14] PYTHIA
tune and PYTHIA 8 v8.226 are used. The 1t polarization flag TAUDECAYS:EXTERNALMODE
= 0 is used to ensure proper T decay simulation by TAUOLA 1.1.6 [15, 16] following the
helicity assignment of MADGRAPH5 aMC@NLO. The NNPDF3.0 [17] PDFs are used. A
sample of about 60 million events was produced in this way and processed through the
detector simulation and reconstruction chain. The simulation of the detector response is
based on GEANT4 [18].

Differences in the mass and pp distributions of the © pair between data and simulations
are observed and 2D weights based on these variables are derived and applied to simulated
Drell-Yan events [19]. Since MADGRAPH5__aMC@NLO is NLO in QCD, additional jets are
included at the matrix element level. A reweighting between 3.9 and 12.3% was applied to
the distribution of the number of generated partons in the event to match the distribution
of jets. The analysis is not sensitive to those additional jets.

The main background processes, such as W+jets and other Drell-Yan processes like
Z/y* — ee and Z/y" — uu, are generated at LO for electromagnetic processes with
MADGRAPH5 aMC@QNLO and interfaced with PYTHIA 8 with the tune CUETP8M1 [14].
Backgrounds from s-channel and tW single top quark associated production are gener-
ated with POWHEG v1.0 [20] and POWHEG v2.0 [21], respectively, interfaced to PYTHIA 8
with the CUETP8M1 tune. The top quark pair production (tt) sample is produced with
POWHEG v1.0 [22] interfaced to PYTHIA 8 with the CUETP8M2T4 [23] tune. Diboson
samples are generated with MADGRAPHS aMC@QNLO and tune CUETP8M1, interfaced
to PYTHIA 8 and T lepton decays are processed by TAUOLA. Again, the NNPDF3.0 [17]
PDFs are used for the background processes.

The impact of multiple pp collisions in the same or adjacent bunch crossings (pileup)
on event reconstruction [24] is accounted for in simulation by superimposing simulated
minimum bias pp events on top of each process of interest. Because the distribution of
the number of pileup events in the simulation is not the same as in data, the simulation
is weighted to match the data.

4 Event reconstruction

The particle-flow (PF) algorithm [25] reconstructs and identifies each individual particle in
an event, with an optimized combination of information from the various elements of the
CMS detector. The energy of photons is obtained from the ECAL measurement. The energy
of electrons is determined from a combination of the electron momentum at the primary
vertex (PV) as determined by the tracker, the energy of a corresponding ECAL cluster, and
the energy sum of all bremsstrahlung photons spatially compatible with originating from the
electron track. The energy of muons is obtained from the curvature of the corresponding
track. The energy of charged hadrons is determined from a combination of their momentum
measured in the tracker and the matching ECAL and HCAL energy deposits, corrected for



the response function of the calorimeters to hadronic showers. Finally, the energy of neutral
hadrons is obtained correspondingly from the corrected ECAL and HCAL energies.

The PV is taken to be the vertex corresponding to the hardest scattering in the event,
evaluated from the largest value of summed physics-object p% as described in ref. [19].

For each event, hadronic jets are clustered from these reconstructed particles based on
the infrared- and collinear-safe anti-k algorithm [26, 27] with a distance parameter of 0.4.
The jet momentum is determined as the vector sum of all particle momenta in the jet, and
is found from simulation to be, on average, within 5-10% of the generated momentum over
the entire pp spectrum and detector acceptance. Pileup interactions can lead to additional
tracks and calorimetric energy depositions to the jet momentum. To mitigate this effect,
charged particles identified to be originating from pileup vertices are discarded, and an
offset correction is applied to correct for remaining contributions. Jet energy corrections are
derived from simulation to bring the measured response of jets to that of particle level jets
on average. In situ measurements of the momentum balance in dijet, photon-+jet, Z+jet,
and multijet events are used to account for any residual differences in the jet energy scale
between data and simulation. The jet energy resolution amounts typically to 15-20% at
30GeV, 10% at 100 GeV, and 5% at 1TeV [28]. Additional selection criteria are applied
to each jet to remove jets potentially dominated by anomalous contributions from various
subdetector components or reconstruction failures.

Electrons are reconstructed within the geometric acceptance |n| < 2.5. The momentum
resolution for electrons with pp &~ 45 GéV from Z — eTe” decays ranges from 1.6 to 5.0%.
It is generally better in the barrel region than in the endcaps, and also depends on the
bremsstrahlung energy emitted by the electron before reaching the ECAL [29].

Muons are measured in the range || < 2.4, with detection planes made out of three
types of gas-ionization detectors: drift tubes, cathode strip chambers, and resistive-plate
chambers. Matching muons to tracks measured in the silicon tracker results in a relative
transverse momentum resolution of 1% in the barrel and 3% in the endcaps for muons
with pp up to 100 GeV [30].

The missing transverse momentum vector py' 55 in the event is defined as the negative
vector sum of the momenta of all reconstructed particles in an event projected onto the plane
perpendicular to the beam axis. It is computed from the PF candidates weighted by their
probability to originate from the PV [31]. Recoil corrections are applied to account for mis-

—miss

modeling of Pt~ in the simulated samples of Drell-Yan and W+jets production. The vector

T 5 is further modified to account for corrections to the energy scale of the reconstructed

jets in the event. The pileup-per-particle identification algorithm [32] is applied to reduce
the pileup dependence of the pp observable. The magnitude of pp  is referred to as pp .
Leptonic T decays, T, and 1,,, are identified as isolated electrons and muons. The lepton

¢ (e, n) isolation I, (¢) is defined by the following equation:

x (0, ) paa. B Er — B(PU
L0 = 2_ch. had PT + MA, ( > p; a Er+3, Bt — B( )>‘ (4.1)
T

In this expression, Y 4, phaq Pr is the scalar transverse momentum sum of the charged hadrons
originating from the PV within a cone of size AR = V/(An)? + (A¢)? = 0.3 or 0.4 for electrons



and muons, respectively, centered on the lepton. The quantities An and A¢ measure the
particle separation in 7 and of the azimutal angle ¢ in radians. The sum }_, 9. BT+, E1
in eq. (4.1) represents a similar quantity for neutral particles.

To estimate the contribution of neutral particles due to pileup the so-called effective-area
method is used for identified electrons. The pileup in this method is estimated as S(PU) =
pA.g, where p is the event-specific average pileup energy density per unit area in the n — ¢
plane and A.g is the effective area specific to the given type of isolation.

A different method is used for the selected muons; the contribution of photons and
neutral hadrons originating from pileup vertices S(PU) is estimated from the scalar transverse
momentum sum of charged hadrons originating from pileup vertices: S(PU) = 0.5 py pr-
The sum ) py pr is multiplied by a factor of 0.5, which corresponds approximately to the
ratio of neutral-to-charged hadron production, as estimated from simulation.

Lepton isolation and identification efficiencies are measured with a tag-and-probe
method [33, 34] using Z — (¢~ events in lepton pr and n bins from samples collected
based on single-lepton triggers.

The reconstruction of the hadronically decaying T leptons (T}, candidates) is performed
by the hadron-plus-strips algorithm (HPS) [34]. Jets are reconstructed from PF constituents
with the anti-kr algorithm [26] with a distance parameter of AR = 0.4. They are considered
as Ty, candidates if they comprise one or three charged hadrons with a net charge of £1,
and up to two neutral pions. Dedicated attention is given to photons originating from
' = vy decays likely to convert to eTe™ pairs, by collecting the photon and electron
constituents, called strips, in an area around the jet direction in the n — ¢ plane. The size of
the strip varies as a function of the pr of the t,. To further characterize the 1, signature, its
visible reconstructed mass is required to be compatible with that of the p(770) resonance
for 1~ — h™n” signatures, and the a;(1260) resonance for t~ — h™n’z” and t~ — h™h ™ h"
signatures, with corresponding channels for the 1.

Energy scale corrections are computed for each decay mode using either the visible mass of
both T leptons or the invariant mass distributions of the nino, ninono, and ntn systems.
The correction factors are chosen such that either the visible mass distributions of both 1t
leptons of the MC events match the data distribution, or the invariant mass distributions of

the n57°, n5n’n°, and nFn ™t systems match the shapes of the p and a; resonances [34].

In this analysis, since the decay channels of the t, have different polarization sensi-
tivity, it is fundamental to identify these channels correctly. To increase the purity of the
reconstructed decay channels, a multi-class multivariate analysis (MVA) with a boosted
decision tree algorithm (implemented using the XGBOOST library) is applied in addition
to the HPS algorithm. The multivariate algorithm was developed for the analysis of the
charge-conjugation and parity (CP) properties of the Higgs boson in 17t~ decays [35],
which is also very sensitive to migrations between reconstructed decay modes. Based on the
simulated DY signal sample, the use of the multivariate algorithm in addition to the HPS
algorithm increased the purity of the t~ — m v and T~ — p Vv channels in the analysis
presented here from 63 to 83% and from 63 to 77%, respectively. For reconstructed T leptons
the efficiencies for the correct decay mode identifications are 76, 82 and 94% for the decays

T T V,T —pvand1t — TRV, respectively.



Channel Trigger Lepton selection Additional selection

7,1 Pl > 8GeV, pl > 23 GeV pT > 15GeV, [n°] < 2.4 Lg(e) <0.15
or pi > 23 GeV, pf. > 12 GeV phh > 15GeV, || < 2.4 Iq(p) < 0.20
péf > 24 GeV for lead trigger leg

T Ty, pr > 25GeV pr > 30GeV, |n°| < 2.1 Iq(e) <0.15 mp < 50 GeV
p > 30GeV, ™| < 2.3 Med DEEPTAU WP

T ph > 22 GeV ph > 23GeV, || < 2.1, ILg(n) <0.15 mi < 50 GeV
or ph > 19GeV, pp > 20 GeV Pl > 20GeV Med DEEPTAU WP
it > 30GeV, [ < 2.3

Ty P >35GeV,pt > 35GeV  pt > 45(40) GeV, [n™] < 2.1 Med DEEPTAU WP

Table 1. Selections applied in this analysis. For the t,7; channel two triggers were used with
different muon thresholds, the p selection threshold for T, refers to both. For the 7, T, channel, the
pr selection threshold for the nonleading T, was lower by 5 GeV. The label Med DeepTau WP in the
last column refers to the medium working point of the DeepTau discriminator against fake ;.

The DEEPTAU discriminator [36] is used in this analysis in order to distinguish T, from
quark and gluon jets, electrons and muons. It is a deep neural network algorithm that returns
three discriminants, trained to reduce misreconstruction of jets, electrons, or muons as T
candidates. The so-called Medium Working Point (Med DEEPTAU WP) is used for T, as
referred to in table 1 of the next section.

Correction factors were measured in ref. [34] for the different working points of anti-jet,
anti-electron, and anti-muon discriminators used to identify the t,. These were measured
inZ — Ty
observables (or alternatively the number of tracks in the signal and isolation cones).

T, events, considering the visible mass of the muon or T lepton candidate as

5 Event selection and categorization

The following analysis uses selection criteria developed for the analyses of the Higgs boson
in the 71~ decay channel [19] and its C'P properties [35]; some of them are summarized
in table 1.

A combination of several triggers is used to cover the different channels of the Z — 71~
decays and described in more detail in ref. [19]. The off-line selection thresholds in table 1
are often significantly higher than the trigger threshold to ensure exactly known efficiencies.
The pseudorapidity limits come from trigger and object reconstruction constraints.

The electrons and muons in the 7,7, channel, electron, muon and Ty, in the T,Ty, T,Ty
channel, respectively, and the two T, in the T, T} channel are required to be oppositely charged.
The 7., 7, and 1}, candidates are required to have a distance of closest approach to the PV of
|d.| < 0.2cm in the direction along the beam axis and |d,, | < 0.045 cm in the transverse plane.

In the 7,7}, channel, the trigger system requires at least one isolated electron object,
whereas in the T,7, channel, the triggers rely on the presence of both an electron and a



muon, allowing lower online pr thresholds. In the T, T, channel, events are selected with at

least one isolated muon trigger candidate, or at leas“t one isolated muon and one T, trigger
candidate, depending on the offline muon pr.

For the ty,7;, channel, the trigger selects events with two T, objects using a less restrictive
isolation criteria [34] than the more selective Med DEEPTAU WP used for the analysis
listed in table 1.

The 17 final states are categorized according to the number of identified electrons and
muons in the event. Events containing an electron and a muon are assigned to the 1,7,
category. If at least one T, and 7, candidate is found, but no muon, the event is assigned the

7,7y, final state. Similarly the event is assigned to the 7,1, final state if it contains at least

one muon candidate, but no electron. If neither an electruon nor a muon is found but at least
two T,, candidates, the event is assigned to the 1,7, final state. Events containing three or
more electrons or muons are vetoed to suppress the contribution from other Drell-Yan events.
This ensures that the four final states are mutually exclusive and of very good purity.
The 1, T, and 1y, candidates corresponding to the decay of the T lepton pair are required
to be separated by AR > 0.3 for 7,7, events and AR > 0.5 for 1,7y, T,

T, candidates are wider than T, the required separation is slightly larger. The reconstructed

Ty, TpTy, events. Since

leptons must correspond to the HLT candidates on which the trigger decision is made. The
correspondence is ensured by requiring the selected electron or muon in the 1,1y, and 7,7y,
final states to be within a distance AR = 0.5 from the corresponding HLT objects. The same
spatial separation is applied for both T, candidates in the 7,7} final state.

The transverse mass mgr is defined from the transverse momentum péT of the electron
or muon and the missing transverse momentum:

mh = \/2p5p (1 — cos|AG(L, ). (5.1)

Events containing a W boson are expected to have large values of my due to the missing
neutrino, hence a selection on m less than 50 GeV is applied to reduce this background.

After the event selection described above, events are categorized according to the recon-
structed decay mode of the hadronically decaying T leptons.

6 Background estimation

The largest background comes from multijet events where one of the jets is misidentified as
a Ty,. Based on simulation it represents about 84% of the expected background in the t)1,
channel, and 16 (20%) in the .1, (7,7;) channels. Drell-Yan events in dilepton final states
may contribute if either a lepton is identified as a T} or an additional jet is misidentified as
T,,. These contributions are suppressed by rejecting events containing lepton pairs with same
flavor and opposite electric charge and applying the DEEPTAU discriminants to suppress
electrons and muons wrongly reconstructed as T, candidates. Whereas control samples
are used in data to evaluate the multijet background, other contributions such as tt and
electroweak processes (EWK: single top quark, Z +jets, and dibosons) rely on simulation.
The W+jets background is significant in the 1,7, and 1,7, final states (respectively about 31
and 27% of the expected background) and is evaluated from data as described below.



6.1 The 1,7, and 7,7, final states

The QCD multijet and W+jets background estimates are obtained by applying the so-called
ABCD method to four regions, delimited by the lepton (e or p) isolation and the lepton-t,
pair charge combinations, opposite-sign (OS) or same-sign (SS) pairs. The signal region
A is defined by I,4(¢) < 0.15 and an OS pair; B by I,4(¢) < 0.15 and an SS pair; C' by
I,q(¢) > 0.15 and an OS pair; D by I,,(¢) > 0.15 and an SS pair. These regions receive
significant contributions from W+jets events that must be evaluated simultaneously with
the multijet background. Therefore, two samples are defined in which the ABC'D method
is used: one (low-mrp) follows the signal selection criteria for which the transverse mass
satisfies mp < 50 GeV; and the other (high-mr) is enriched in W+jets events by requiring
mp > 70 GeV. The high-my region enriched by W+jets is used to evaluate the W+jets
background in the I, (¢) < 0.15 isolation regions from the ratio between high-my and low-m-.
The number of multijet background events (QCD) in the signal region is given by:

CD CD OS/SS
Nl((?w—mT (A) = Nl%w—mT (B) flow—/mT' (61>
Here fOS/ 55 is the ratio of the number of events for data in the C' and D regions where

low-m

non-QCD events were subtracted. Nl(gv(vj_ ]'anT

in region B, where EWK and W+jets backgrounds were subtracted:

(B) is the number of events Niqy.p,. (B) observed

C A
Nl(gw—]'r)nT (B) = Nlow—mT (B) - NIEVYXE‘LT (B) - Nlow—mT (B) (62)
lzzv_mT(B) is obtained from the high-my region:
w W SS
Nlow-mT (B) = Nhigh-mT (B) flow—mT/high—mT . (63)

The high-mr region is enriched in W+jets events, EWK background estimates obtained
from simulation are nevertheless subtracted. The ratio fl?)%v—mT /high-my 1S Obtained from
simulated W+jets events.

Similarly, the W-jets yield in the signal region A is given by:

W W oS
Nlow—mT (A) = ‘thigh-mT (A) flow—mT/high—mT- (64)

To limit statistical fluctuations relaxed criteria on the muon and T}, isolations (/. (¢) < 0.3
and medium isolation for t,) are used to obtain f&f_mT /high-m-

6.2 The 1,1}, final state

The multijet background estimation differs for the 1,7, final state since the W+jets back-
ground is negligible for this final state. A sideband region is defined from which the yields
and shapes are obtained. This sideband region is the same as the signal region except that
the isolation requirements of the two T, candidates are relaxed, I, (¢) < 0.15 for a tight and
I.q(¢) > 0.15 for a loose selection. The purpose of relaxing the criteria for both t leptons,
and not only for one, is to gain in statistical precision. The extrapolation from the sideband
region to the signal region to estimate the QCD contribution Ngcp is obtained by applying

a so called loose-to-tight isolation scale factor, denoted ftsight Jloose:

CD SS OS
NQ = tight/looseNloose . (65>
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Figure 2. Definition of the angle 6 in the T~ lepton rest frame for the decays ©~ — h™v(h™ =
n,p ,aj ), upper row for left-handed t lepton 17, lower row for right-handed T lepton tg. The
thick arrows indicate the spin directions of the particles.

This scale factor is computed in SS events, ftsight /loose = N{Q{ght /Nlé)%se' The number of events
measured in the three regions, namely ng’ie, Ntsig’ht, and Nl%%se is evaluated by removing
the residual EWK backgrounds estimated by a MC simulation.

7 Tau lepton spin observables

7.1 Decay angles

The spin of the T lepton is transferred into the total angular momentum of its decay products.
Therefore, the orientation of the spin of the T lepton can be revealed from the angular
distributions of the decay products relative to the direction of the T lepton momentum
and relative to each other.

Figure 2 illustrates the relation between the T lepton helicity and the polarization of the
decay products. The first angle to consider is the angle # between the boost direction of the
T lepton projected onto the T lepton rest frame and the momentum direction of the hadron.

E(h®)

cos@ =, -, + =2——2~
E E(tF)

. 1, (7.1)

where 7, and ﬁh:t are unit vectors in the T lepton rest frame pointing in the T boost direction

and along the hadron momentum, respectively. The quantities E(hi) and E(ri) are the
energies of the hadron and 7 lepton in the laboratory frame, respectively. In the case of a
leptonic T lepton decay, the vector of the hadron is replaced by the one of the lepton, but
two neutrinos are emitted instead of one, leading to a more complicated situation. In the
experimentally favored case where the charged lepton takes most of the T~ lepton energy,
the neutrino and anti-neutrino are emitted collinear and the pair is opposite to the charged
lepton, and their spins will add up to zero. The charged lepton will carry the spin of the ©—
lepton, and it is preferentially emitted against the direction of T~ lepton spin.

In the decay T~ — m v, there is zero orbital momentum in the two-body T~ lepton decay
and, since the pion carries no spin, angular momentum conservation requires the neutrino
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to carry the spin of the T~ lepton. In the T lepton rest frame, the neutrino and pion are
emitted back-to-back. Since the neutrino is always left-handed, the © prefers small values
for the angle € in the decay of a right-handed T~ lepton (1) and large values in case the T~
lepton is left-handed (). In this case, the angle 6 carries full spin information.

The decay into a spin-one resonance, p or aj, also offers the simplicity of a two-body
decay, like the T~ — m v decay, but with more complicated dynamics since the p and
a; resonances can have longitudinal and transverse polarization. Conservation of angular
momentum allows the p and a; helicities to be equal to Ayy = 0 or —1.

If the T~ lepton is in the right-handed state, the V (V = p,a;) resonance tends to be
in a longitudinally polarized state (Ay = 0). Conversely, if the T~ lepton is left-handed, the
V is preferably transversely polarized (A\yy = —1 ). Combining the spin amplitudes for all
possible configurations of the V resonance and T~ lepton helicities, one gets [37]:

1 dr

fm [0 ].+Oév)\»5 COSG, (72)

where the dilution factor ay = (|Mp[* =M |?) /(M > +|IML?) = (m? —2m3)/(mZ+2m3)
is a result of the presence of the transverse amplitude Mt of the V resonance in addition to
the longitudinal amplitude Mj,. The value of the factor vy, characterizes the sensitivity of the
cos § observable. For comparison, in the T lepton decay to the a; resonance, o, = 0.021, in
the p meson decay, oy = 0.46 and in the pion decay, a; = 1. Consequently, the sensitivity to
the T~ lepton helicity in 7 — Vv decays is strongly reduced if only the angle 6 is considered.

The spin of V is transformed into the total angular momentum of the decay products
and thus can be retrieved by analyzing the subsequent V decay.

There are two additional angles to be considered in the decay of T~ — p v followed by
p — n n’: the angle [ denotes the angle between the direction of the charged pion in the
p meson rest frame and the direction of the p meson momentum, given by:

E_—-FEy
T

mp T
)
A /mg — 4:7773C ’pn* - pn()’

where 7, + is a unit vector along the direction of the charged pion in the p meson rest

frame and 7, is the direction of the momentum of the p projected onto its rest frame. The

cosfB=mn

pE Ty = (7.3)

rotation plane of two pions is aligned correspondingly to the spin of the p resonance. In
the case of A, = 0, the angle 3 tends to small values, and to large values if \; = —1. The
angle §in t©~ — p v is sketched in figure 3b. The expression 7.3 for this angle contains
only quantities that can be measured directly and is therefore a very powerful variable to
discriminate left- and right-handed helicity states.

A similar, but not identical, angle /3 is constructed for the T~ — a; v. In this case 3 is
defined as the angle between the normal to the 3w decay plane and the a; meson momentum
vector projected onto the a; meson rest frame. The angle is shown in figure 3c.

—

A further angle « is defined by the two planes spanned by vectors (v, 7i;) and (fiy, 7i, + ),

respectively:
(i x 7iy) - (ity X 7, +) .
O T iy X [ty X 7k | '
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D

3 =
T Lt
a Ao
n.O
@ a(z— vy +p,a) (b) B(p » *n®)
My, — 7, plane
: -
-
| n-
(© Bla~>nmin") d)y(a, > n'm)

Figure 3. Definitions of (a) the angle o in both =~ — p~v and T~ — aj Vv, (b) the angle § in
T spv,p —»nn’and (¢)int —a;v,a; - T T 7w, and finally (d) the angle ~ for the
decay of a] — n n'n ™. Figures b, ¢, and d have been taken and refurbished from ref. [38].

Here, all vectors are defined in the resonance rest frame. The vector 7y, denotes the boost
direction of the p or a; resonance projected onto its rest frame, and 7, is the boost direction
of the T lepton in the rest frame of the meson. The vector 7i, + denotes the momentum

direction of the m in case of T — p Vv decay and 1t int — a; v decay. The angle o
describes the correlation between the helicity of the T lepton and the decay products of the
p or a; resonance. The angle « is illustrated in figure 3a.

An additional angle v can be introduced in the T~ — a; v decay; the angle describes the
relative orientation of the pions in the decay plane. This angle is illustrated also in figure 3d.
All spin sensitive angles «, 3, and 6 can be combined into a unique one-dimensional variable,
without loss of sensitivity, as described in the next section.

7.2 Optimal observables

Optimal variables to measure the helicity of T~ leptons have been widely explored at LEP
and are explained in ref. [39]. The idea is to replace the multidimensional fits over all relevant
decay angles by a one dimensional fit to a unique variable w(f, o, 3,7, ...), which can be
derived from the squared matrix elements of the decay for positive and negative helicity. This
procedure is equivalent to the use of the concept of the polarimetric vector.
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In general, the differential width of any decay of a polarized T~ lepton can be described
using the polarimetric vector and has the simplified form [15, 37, 38]:

P

dr
2mq

(1 — h,s")dS, (7.5)

where dS is the element of Lorentz-invariant phase space, s is the four-vector of the spin
of the T lepton and h is the polarimetric four-vector. In the rest frame of the T~ lepton,
assuming that the ©~ lepton spin is aligned with the T~ lepton momentum (all transverse
T~ spin components are zero), this reads:

dr 1
Joosty o 5(1 + P cos (), (7.6)

where P is the T~ lepton polarization for a given T~ lepton decay and ¢}, is the angle between
the space-like polarimetric vector ET and 7i;, the direction of the T~ lepton as defined above.

The polarimetric vector }_it depends on the particular final state. This vector describes
how the tau decay products propagate depending on the tau spin; for T~ lepton decays into
hadrons it depends on the momenta of all the hadrons in the decay chain and the decay
mode of the intermediate resonance.

In the case of T~ — © v, the polarimetric vector is aligned with the direction of the ©
meson: ET = fiy, where 7i; is a unit vector pointing along the momentum of the pion.

The situation in t~ — (p~ = n n’)vand t~ — (a] — n "
complicated due to the resonance structure. The general expressions for polarimetric vectors

7 )v decays is more

in the decayst~ — p~ vandt  — aj Vv is reported in ref. [38] and references therein, including
a discussion of the hadronic form factor in T~ — aj v decays.

We denote the optimal observable for a single T~ lepton decay as w(h), which is defined
in ref. [39]:

w(h) = cos (. (7.7)

The optimal observable w(h) carries the full sensitivity and has the same unique distri-
bution distinguishing left and right T lepton helicities for all hadronic decay modes. The
simple linear distribution of w(h) (for h = 7, p,aq) is shown in figure 5 of ref. [38]. The use
of such an optimal variable simplifies the extraction of the polarization and combines all spin
sensitive angles, even those with low discrimination power, into a one-dimensional quantity.

For the T~ — a; v decay, we use the parametrization provided by the CLEO Collabora-
tion [40] for the hadronic form factor, which includes in total seven resonances that describe
the intermediate states of the a] — n T 1~ decay. The CLEO parametrization for this
decay mode is also used in the TAUOLA [15, 16] and PYTHIA 8 [13] Monte Carlo generators.

7.3 Helicity correlations

The sensitivity to the polarization measurement can be improved by exploiting the anti-
correlation of helicity within a T lepton pair. The method, proposed in ref. [39], defines a
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Channel Category Discriminator

TeTy e+u Myis(€e, 1) visible mass
T, Ty e+a w(ay) optimal observable with SVFIT
e+p wyis(P) visible optimal observable
e+m w() optimal observable with SVFIT
Ty Th n+aq w(ay) optimal observable with SVFIT
u—+p Wyis(P) visible optimal observable
L+ m w(m) optimal observable with SVFIT
T, Ty a; +a, Myis(a1,a;) visible mass
a1+ 7 Qag,m) combined optimal observable with SVFIT
p+ 1y wyis(P) visible optimal observable (for leading p)
T+ Miyis (T, ) visible mass

Table 2. Final choice of discriminators in the various event categories.

new optimal observable for the T lepton pair. Denoting w; and wy to be the observables
for t; and t,, one can define the variable:
W1 + Wo

Q= .
1+W1w2

(7.8)

Similarly to the optimal observable for a single T decay, the distribution of §2 for a T pair is
identical for all hadronic decay modes, as shown in figure 6 in ref. [38].

7.4 Reconstruction of w(h) and the choice of discriminators

The performance of the kinematical reconstruction of T lepton decays and the polarization
observables strongly depends on the decay mode. Therefore, sensitivity is improved by
treating separately each decay mode, which results in 11 categories in the T,T,, ToT,, T, Ty,
and T,T;, channels. These categories are summarized in the first two columns of table 2. In
the fully hadronic channel, the three combinations containing T~ — p~ v events are combined
into one category for the choice of the optimal discriminator.

The reconstruction of the optimal observables w(h) requires the knowledge of the rest
frame of the t lepton or of both T leptons for the calculation of the quantity 2. Because
of the emission of the neutrino, the momentum direction of T leptons can be measured
directly only in cases where the decay vertex can be reconstructed, for example for decays
like T~ — n n " v. In most other cases, the SVFIT [41] algorithm for the reconstruction
of the T lepton decay is used. The SVFIT algorithm has been modified for the purpose
of this analysis, such that:

e the four-vector of individual T leptons is calculated by SVFIT;

e the mass of the di-T system is constrained to the Z boson mass to improve the resolution
on the four-vectors of the two T leptons;
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The reconstructed T lepton four-vectors are used to boost the four-vectors of the T~ decay
products to the T~ lepton rest frame and to compute the optimal observable w(h) in the
T lepton rest frame.

Since the performance of the SVFIT algorithm is limited, in some event categories a better
sensitivity is often obtained from observables that are measured directly in the detector, e.g.,
the angle 8 in p decays, and the angles § and v in T~ — aj v decays, as defined by eq. (7.3).
These quantities are denoted hereafter in the text as visible observables wy;s or ;.

In addition, it has been shown in ref. [42] that the energies of the 1 lepton decay
products and the acollinearity angle between the decay products of the two T leptons in
the laboratory frame also carry information about the helicity states of the T leptons. A
suitable observable, which includes both quantities, is the invariant mass of the visible decay
products of both 1t leptons

My = \ 2B By (1 — cos o(%, 7)), (7.9)

where F; and E, are the energies of the detected leptons and hadrons in the final states of T,
and T, and (7 is, To iS) the acollinearity angle defined as the angle between the decay products
of the two T leptons. The visible mass m.;, is used for et + ut nt 4+, and ai_ +a; pairs.

The decision of which observable to use in each category was made on the basis of a
likelihood scan of the expected sensitivity in each category with the simulated data sample.
All possible observables were evaluated for each category. The result of the best choice is
given in the last column of table 2. For the category (p + T},) we use w,s(p) = cos 3 for
all possible decays of 1, and for the combination where both Tt leptons decay via a p we

use wyis(p) of the p with the highest pr.

8 Systematic uncertainties

The estimated systematic uncertainties follow closely the analysis of ref. [35] and an earlier
analysis that uses the same data set [19]. Our uncertainties are briefly discussed in the
following, indicating differences and refinements compared with previous analyses. Systematic
uncertainties are modeled as nuisance parameters with log-normal (gaussian) probability
distribution functions for normalization (shape) uncertainties in the maximum likelihood fits
described in section 10. This section presents the initial uncertainties used for the nuisance
parameters. The systematic uncertainties that affect only the normalization of signal and
background processes are summarized in table 3, and those that could alter the distributions
of the T polarization observables are summarized in table 4.

The overall luminosity uncertainty of 1.2% has been determined in ref. [11]. The
uncertainty in the Drell-Yan cross section is a combination of the uncertainty in the theoretical
cross section and PDF, ag, and QCD scale variations were evaluated in ref. [19]. The
uncertainties for tt (4.2%), diboson (5%), and EWK cross sections (4%) were established
in ref. [19]. The normalization of the W+jets cross section is different for various channels
due to the different contributions and methods; in the 7T, channel a MC simulation was
used, whereas in the 1,7, and 7, T;, channels the ABC'D method was used as described in
section 6. For the 1y 7T;, channel the W+jets contribution is very small and only the cross
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Source of uncertainty Initial uncertainties per channel

ThTh  TuTh  TeTh TeTy
Integrated luminosity 1.2% 12% 1.2% 1.2%
DY cross section 5.6% 5.6% 5.6% 5.6%
tt cross section 42% 4.2% 4.2% 4.2%
Diboson cross section 5% 5% 5% 5%
EWK cross sections 4% 4% 4% 4%
Wjets cross section & normalization 4%  10%  10% 20%
QCD bkg. normalization 3%  20%  20% 10%
b-tagging efficiency <0.1% except for tt and VV(1-9%)
e identification efficiency (correlated) — — 2% 2%
e tracking efficiency (correlated) — — 1% 1%
U identification efficiency (correlated) — 2% — 2%

Table 3. Systematic uncertainties affecting only the normalization of templates. The table lists the
estimated inital uncertainties used in the fit for these nuisance parameters. The label correlated means
that these uncertainties are common to the respective channels.

section uncertainty is applied. For the QCD normalization uncertainty we assign: (i) 10%
uncertainty for the 1,1, channel; (ii) 20% for the 1.1, and 7,1, channels because of an
extrapolation uncertainty from the loose isolation control region; and (iii) 3% for the t,1;,
channel because we use a data driven method, see section 6.2. The b quark tagging efficiency
uncertainty is applied only for the tt and diboson processes.

The e and W identification efficiency uncertainties are 2% and identical for the channels
where electrons or muons are used [19]. The muon tracking efficiency is included in the
identification efficiency.

The uncertainties listed in table 4 can possibly alter the shape of observables: the electron
and muon misidentifications depend on the decay modes and lead to rate uncertainties of
12 and 25% for electron and muon misidentification, respectively; the uncertainty in the
jet — Ty, misidentification rate is pp dependent but does not exceed 40% [19].

The uncertainties in the efficiency of the electron and muon trigger are in the order of 2%,
but slightly pt and 1 dependent. The muon momentum scale uncertainty is specified in three
bins in 7 and ranges from 0.4 to 2.7%. The hadronic T momentum scale uncertainty is pp and
decay mode dependent but less than 2% [19]. In addition we added a further 2% contribution
to account for possible differences in the charged and neutral hadron energy reconstruction.

The identification efficiencies for 1, candidates depend on working points of the above
mentioned MVA used to refine the decay mode identification and have been evaluated in
two regions of pr, below and above 40 GeV as described in ref. [35]. Similarly the T, trigger
efficiencies have a pr and MVA dependence of up to 10% [19]. The same working points
are used in the 1,7, and 7,7, channels and are therefore correlated between these two
channels. The 7,7, channel uses only the electron trigger and therefore is not sensitive

to the t trigger uncertainty.
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Source of uncertainty Initial uncertainties per channel

ThTh Ty Ty ToTh T Ty
e — Ty, misidentification rate 12% DM dependent —
p — Ty, misidentification rate 25% DM dependent —
jet — T, misidentification rate 20% x pis* /100 GeV < 40% —
Electron trigger efficiency — — pr,n dependent < 2%
Electron momentum scale — — Event-dependent
Electron to tau misid energy scale — — 0.8-6.6% —
Muon trigger efficiency —  pr,n dependent < 2% — prn < 2%
Muon momentum scale — 0.4-2.7% — 0.4-2.7 %
Muon to tau misid momentum scale = — 1% — —
Hadronic tau momentum scale pr & DM dependent < 2% —
Neutral, charged hadrons energy 2% 2% 2% —
Tau identification efficiency pp & DM dependent 2-3% —
Tau trigger efficiency pr & DM dependent < 10% — —
Misidentified DM 1, — h* 2.8% 2.8% 2.8% —
Misidentified DM 1, — h*n° 3.2% 3.2% 3.2% —
Misidentified DM 1, — h*hTh™* 3.7% 3.7% 3.7% —
Drell-Yan MC reweighting <100% for all channels
Top pr reweighting <100% for all channels
Parton reweighting <100% for all channels
PSS unclustered scale Event-dependent
P recoil correction Event-dependent
Limited amount of MC events Bin-by-bin fluctuations

Table 4. Systematic uncertainties affecting the shapes of templates. The table lists the estimated
initial uncertainties used in the fit for these nuisance parameters and their dependencies on pr, decay

mode (DM) or event selection. The comment “Event-dependent” for the pF™ entries indicates that

these corrections vary on an event-by-event basis due to the event selection.

Uncertainties related to the reconstruction of hadronically decaying t leptons are consid-
ered to be uncorrelated between event categories for different decay modes. The imperfect
knowledge of the decay mode of the reconstructed, hadronically decaying T leptons and its un-
certainty is a major systematic limitation in this analysis, but can be controlled by the shape
of the T lepton mass for a given decay channel, which includes its contribution from wrongly
classified decay modes. Maximum likelihood fits to the T lepton mass distribution in data
obtained normalization factors for these contributions identical to the values of the simulation
except for the p + X category, where decays containing additional, but not identified, 1°s
contribute. A shift of 3.2% corresponding to about one standard deviation of the parameter
describing this migration was necessary to make the T lepton mass distribution agree with
data for this decay mode. Table 4 lists the uncertainties of the parameters describing the
migration for three important decay modes. For the extraction of the polarization, this
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correction of the migration has been applied in the W 4+ p channel, where the visible optimal
observable wy;(p) is exploited. The effect on the distributions of the T lepton polarization
observables is estimated by varying contributions from events with misidentified hadronic
decay modes symmetrically by one standard deviation.

As pointed out in section 7.2, the polarimetric vectorint — @ vandt — p Vv decays
is determined purely by the Lorentz structure of these decays and thus contains no QCD
dynamics. The T lepton decay to three pions and a neutrino is dominated by the a;(1260)
(JF¢ = 177) resonance, which decays through the intermediate state of (p7), with mostly
p(770) and an admixture of p(1450) at higher masses, followed by a p~ — © 1" decay.
Theoretical systematic uncertainties originating from the imperfect knowledge of the a; — 3n
decay substructure have been studied in ref. [38]. The uncertainty in the T lepton polarization
in the a; channel due to the variation of resonance parameters is (AP;)model = (1.41+1.37) X
10_4, far below any currently reachable experimental precision and hence neglected.

As described in section 3, the DY MC has been reweighted in pt and rapidity and a
variation of 100% of this correction is used to evaluate the systematic effect. The same
procedure has been applied to the parton reweighting corrections described in the same section.

The missing unclustered energy uncertainty is applied for tt and diboson processes and
the p%liss recoil correction is varied within the limits determined during the computation
of the correction.

A further important contribution to the overall systematic uncertainty arises from the
limited amount of MC data, which contributes to bin-to-bin fluctuations.

9 Measurement of the t lepton polarization

The average T lepton polarization (P.) is defined as

N(Z — tptl) — N(Z — 1t T
Py = 222 L) = ME D L), (0.1
(Z — 1) + N(Z — 1 tR)

where N(Z — 1z} ) and N(Z — 11,13 ) are the numbers of Z boson decays into T leptons with
positive and negative T lepton helicity, respectively. The average polarization depends on
the accepted mass range of the T lepton pair. The numbers Z — 1 /R‘t§ /1, are obtained by a
maximum likelihood fit of representative templates to the distributions of the observables listed
in table 2. The signal templates are derived from simulated signal events. The background
templates are composed of the contributions estimated from data or from simulation, as
described in section 6.

The extracted numbers from these maximum likelihood fits and thus the polarization
are always an average over a range of intrinsic polarization given by

P.=P. (sin2 0{3{;, §,q) , (9.2)

which depends on the effective weak mixing angle, the quark-antiquark center-of-mass energy
V/§ and the quark type q specifying whether the Z boson has been produced via a pair
of up- or down-type quarks.
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Figure 4. Some examples of templates for six T~ lepton decays: e + p,e + a;,e + T in the upper
row and U+ p, UL + aq, L + « in the lower row. The blue and red lines indicate right and left-handed
T leptons, respectively. The templates have been rescaled to correspond to zero polarization at the
generator level. The uncertainty bars are statistical only and correspond to the limited MC samples
after all selections. The shapes of the templates depend on the decay mode and on the nature of the
chosen discriminating observables.

The measured average polarization can be written as

 Ygeua [d8P; (sin2 i §,q) w (sin2 ol §,q)
B > q—u.d Jdsw (Sin2 H%g, 3, q) '

(P (sin® 030)) (9.3)

Here w (sin® 0%3 , S, q) denotes the weights in the averaging. These weights include two
effects: (i) the dependence of the cross section o on the quark-antiquark squared center-
of-mass energy § and the quark type q for a given value of the mixing angle sin’ 0%§ ; and
(ii) the acceptance of the detector and the selection efficiency in the analysis, which both
depend on § and quark q as well.

The efficiencies for right- and left-handed © leptons are different and depend strongly on
the decay mode and the selection applied in the analysis, especially on transverse momenta of
the T~ lepton decay products. Therefore, we adopt a method where these effects are included
by using templates for right- and left-handed ©~ leptons. The templates are histograms of
the T~ polarization observables for each decay category of the T~ lepton. They are generated
by applying all selections and corrections of the analysis chain to the simulated events of
the signal. Generator-level information is used to construct separate templates for right-

and left-handed T~ leptons.
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Figure 5. Variation of the templates for negative (left) and positive (middle) T~ lepton helicities in
the e + p (upper row) and 1 + p (lower row) channels after a change of the PDFs from NNPDF3.0
to CTEQG6L1. The graphs on the right show the ratio of the ratios of the changes for negative and
positive helicities, which is flat and centered exactly at 1 demonstrating that a possible PDF effect on
the polarization is very small. The drawn error bars are large because the events in the ratios are
correlated, so only the fluctuations of the points are relevant and are within approximately 1%, much
smaller than other systematic uncertainties in this analysis.

These templates are normalized such that they correspond to zero polarization for a
given range (75-120 GeV) of V5 at the generator level. The normalization proceeds in the
following way. First the templates are defined using the simulated data samples described
above for signal and background:

T (simulation) = 7 (sig., (P,),r) + T (bkg.). (9.4)
The signal template 7 (sig., (P,),r) contains the two parts 7(Z — Tz} ) and T(Z — 1. T51)
for the two helicity states and depends on two parameters of interest, the average T polarization
(P.) and an overall signal strength modifier r as given in the following equation,

1+ (Py)

T (sig., (P;),r) =71 T(Z — Titﬁ) . (9.5)

1_
T(Z —>‘CE{‘CE)+2<PT>

To extract the average T~ lepton polarization directly from the fit, the signal templates entering
the fit must be rescaled such that they correspond to an unpolarized sample of Z — Tt~

events. This is achieved by renormalizing the integrals of the templates 7(Z — 1}, /R’c§ /L)
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with the product of two factors, spr/rr, and sgo, where

1
Ngen(z - Tg/Rﬂcﬁ/L) ’

Stot = Ngen(Z — TRTL) + Ngen(Z — TLT5). (9.7)

SLR/RL = (9.6)

These normalization factors are obtained from event counts at the generator level for each
Ngen before any selections are applied. The scale factor sy g /gy, produces an unpolarized
sample before the event selection and the second factor s;,; ensures that the overall number
of signal events remains unchanged. In this way, the templates for right- and left-handed
helicities incorporate all biases due to the trigger and analysis selections, and the average
polarization can be read off directly from the fit results according to eq. (9.5).

All experimental selections are contained in the templates and all systematic uncertainties
discussed in the previous section are applied simultaneously to the signal and background
templates in the global maximum likelihood fits presented in section 10. The significance of
the specific normalization of the templates means that they refer to a null average polarisation
within a mass window of 75 to 120 GeV at the generator level.

A global maximum-likelihood fit is performed in the 11 event categories given in table 2
in the T, 1,
parameter in this fit in order to ensure that only the shape information is used to estimate

Te Ty Ty T, and T, Ty, channels. We treat the signal strength r as a free

the average T lepton polarization (P.).

The templates of the two signal contributions Z — 1, /RTEE /L reflect the bias from detector
acceptance and event selection, and thus the average polarization is retrieved correctly by
the fit according to eqgs. ( 9.4) and ( 9.5).

A closure test using MC simulated events was performed to verify that the procedure
for measuring the 1t lepton polarization is unbiased.

Representative templates for three of the 11 decay categories are presented in figure 4.
The difference in the templates between right- and left-handed T~ leptons is clearly visible.
The distinctive shapes in different decay channels are partially distorted by the trigger and
analysis selection. This is particularly true for the lepton plus pion channel where the pr
selection suppresses the left-hand part of the distribution. From this, it is evident that
various categories have different discrimination power. The distributions also demonstrate
some bin-by-bin fluctuations that sometimes exceed the statistical fluctuations of the MC
samples. Those fluctuations are included when treating the systematic uncertainties, whereas
the plots contain only the statistical uncertainties.

To test the stability of the templates with respect to different PDF choices, events are
reweighted by the relative weights of 13 different sets of PDFs available for the analysis and
new templates are created from the reweighted events. The change in the normalization and
shape of the templates was studied with respect to the nominal PDF set (NNPDF3.0), finding
that only the overall normalization changes by at most a few percent, whereas the shapes
remain unchanged, affecting the templates for positive and negative helicity in the same way,
so that the relative ratio between the templates remained constant. In other words, the average
polarization extracted from the ratio of templates according to eq. (9.5) does not change.
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Figure 6. The final maximum likelihood fit of the template to the data for the t,7, channel. The

figure shows the contributions of all backgrounds and the fitted contributions from 77, and tg helicity
states. The bottom panel of shows the ratio of the experimental data to the sum of the expected
contributions. The vertical error bars on the data points are the statistical uncertainties, the gray
rectangles indicate the systematic experimental uncertainty in the total expectation.

In figure 5 we compare templates with NNPDF3.0 and CTEQ6L1 PDFs for both negative
and positive T~ lepton helicities in the e + p and p + p categories. The change is uniform
and of a few percent, and the double ratio of the relative overall changes is identical to
unity for all studied variations and less than 1% on the polarization measurement, as shown
by the third graph of figure 5.

A further test of the stability of the procedure consisted in a subdivision of the data
into three bins of pseudorapidity of the decaying Z boson: |n|Z <13,13< |772] < 2.2, and
In”| > 2.2. This test was of particular importance to assure that there is no bias in the

polarization measurement in different kinematic regions.

10 Results

In this section we present the results of the maximum likelihood fits of the templates to the
observed distributions of the chosen discriminators (see table 2), which lead to the extraction
of the average polarization. Figures 6, 7, and 8 show how well the data are described by
the final maximum likelihood fits for the categories T,T,, T,T, and 7,7, combined, and
T, Ty, respectively.

The final results of the average polarization (P;)75 199gey Obtained by these maximum
likelihood fits to data are shown in figure 9. The subscript 75-120 GeV refers to the nor-
malization of the templates as explained in section 9. The highest sensitivity to P, occurs
in the W + p category, which benefits from more data and an optimal observable w,;, based
only on directly measured quantities; the lowest sensitivity occurs in the fully hadronic decay
categories, which suffer from high trigger and selection thresholds.
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Figure 7. The final maximum likelihood fits of templates to the data for the three T 1, (left) and three
Ty Th (right) categories. The figures show the contributions of all backgrounds and the fitted contribu-
tions from 7Ty, and Ty helicity states. The bottom panels show the ratio of the experimental data to the
sum of the expected contributions. The vertical error bars on the data points are the statistical uncer-
tainties, the gray rectangles indicate the systematic experimental uncertainty in the total expectation.
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Figure 8. The final maximum likelihood fits of the templates to the data for the 7,7, channels.
The figures show the contributions of all backgrounds and the fitted contributions from t;, and Ty
helicity states. The bottom panels show the ratio of the experimental data to the sum of the expected
contributions. The vertical error bars on the data points are the statistical uncertainties, the gray
rectangles indicate the systematic experimental uncertainty in the total expectation.

The average T lepton polarization referring to an interval of 75-120 GeV of the generated
di-t mass is:

(Pe)7s_190 Gev = —0.140 & 0.006 (stat) & 0.014 (syst) = —0.140 + 0.015. (10.1)

The extracted polarization value is stable with respect to a change of the kinematical
region like pseudorapidity. The polarization is evaluated in three different |172] bins of the Z
boson and the values agree with each other within their uncertainties.

The measurement is limited by systematic uncertainties, predominantly the decay mode
migrations that contribute an uncertainty of £0.008 in the global maximum likelihood fit to
the average polarisation. An additional important contribution of £+0.010 originates from
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Figure 9. Results of the maximum likelihood fits for the average T~ lepton polarization for the 11
event categories and the combined fit as the lowest point in the figure on the left. On the right the
results for the categories are grouped into 4 channels separately and are shown together with the
combined fit. The inner error bars represent the statistical uncertainty, and the outer bars include the
systematic uncertainty.

bin-to-bin fluctuations in the signal MC-data. Other sources of uncertainty contribute less
than £0.005 to the average polarisation.

To compare to previous measurements, such as those at LEP we have to correct the
measured average polarization (P;) of the mass interval of 75-120 GeV to the polarization
value at the Z pole.

To establish a relation between the average polarization and the value at the Z pole we
generated four MADGRAPHS5__aMC@NLO samples of Drell-Yan events at LO in EWK with
different values for the weak mixing angle. For each of these samples of 1 million events, we
count the number of left- and right-handed T~ lepton within the interval 75 < V5 <120 GeV
at the generator level. In this way we calculate the average polarization according to its
definition, eq. (9.1). We find a constant shift of —0.004 between the average and the peak
polarization estimated according to eq. (1.5), independently of the weak mixing angle.

The corrected value of the polarization at the Z pole, which gives directly the negative
of the asymmetry parameter A, is then:

P.(Z) = —A, = —0.144 + 0.006 (stat) & 0.014 (syst) = —0.144 £ 0.015.  (10.2)

Figure 10 compares the measured asymmetry parameter A; with published results of
previous experiments: the four LEP experiments [43], SLD [6] and the combination of LEP
and SLD. The earlier result of ATLAS at /s = 8 TeV [7], which is also included in the
figure is an average over the mass range of 66-116 GeV and was not corrected to the Z pole.
The LEP experiments used the ZFITTER package [44] to translate a measured average
polarization around the peak of the Z resonance to the asymmetry parameter A;. At LEP
the average over a small mass interval was due to initial- and final-state photon radiation.
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Figure 10. A comparison of the T~ lepton asymmetry, A, measured from the T~ lepton polarization
in this paper and other measurements. The value of A; for CMS is obtained based on the Z boson
polarization eq. (10.2) and using eq. (1.4). The green band indicates the T~ lepton polarization value
obtained by combining the SLD measurement [6] with the measurements performed at LEP (ALEPH [2],
DELPHI [3], L3 [4], and OPAL [5]). The measurement performed by the ATLAS Collaboration at
a lower center-of-mass energy of 8 TeV is documented in ref. [7]. The CMS measurement refers to
the result of the analysis presented in this paper. The inner horizontal bars represent the statistical
uncertainly, the outer bars include the systematic uncertainty.

Their observed shift of the average polarization with respect to the pole value is accidentally
of the same size as the correction applied in this analysis. Initial-state gluon radiation of
the incoming quarks, which is more important than photon radiation, is included in the
MADGRAPH5__aMC@NLO simulation. No further NLO corrections have been applied to the
asymmetry parameter, since it is expected that their effect will be significantly smaller than
the systematic uncertainties. It is the most precise measurement of A; at the LHC and of
comparable precision as the SLD experiment.

The measured asymmetry parameter A, by CMS is in good agreement with the LEP
average of A; = 0.1439 £ 0.0043 [43] and compatible with the global SM value for the lepton
asymmetry parameter assuming lepton universality A, = 0.1468 + 0.0003 [45]. The tabulated
results presented in figures 9 and 10 are available in HEPData [46].

The polarization of T~ leptons produced in Z bosons decays is a direct consequence of
the structure of the weak interaction, namely the mixing of the B? and the W° fields, which
is parametrized by the effective mixing angle, sin? 0%13 . In the analysis it is not possible to
distinguish between Z — 1717 and vy — Tt
state. The v — 11" process results in unpolarized T leptons. Because the relative fraction

T, because they produce exactly the same final
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17 events changes as a function of the quark-antiquark invariant mass v/3, the

of Z)y—r
polarization has to be considered as a function of this mass, the effective mixing angle, and
the quark type, specifying whether the Z has been produced via a pair of up- or down-type
quarks, see eq. (9.2). This average has been accounted for in our procedure described in
section 9 to correct the measured polarization to the Z pole. This result can be directly used

in the relation of eq. (1.5) to obtain a value for the effective electroweak mixing angle:
sin’ Q%fvf = 0.2319 + 0.0008 (stat) + 0.0018 (syst) = 0.2319 £ 0.0019. (10.3)

Our result is in good agreement with the most precise value of the effective weak mixing
angle measured in Z — ¢4 decays obtained by the combination of the LEP and SLD
results sin” 65 = 0.2315 + 0.0002 [43].

11 Summary

The CMS detector was used to measure the polarization of T~ leptons in the decay of Z
bosons produced in proton-proton collisions at the LHC at /s = 13 TeV in a data sample
corresponding to an integrated luminosity of 36.3 fb~!. Eleven different combinations of
decay modes of the T leptons were used to study the polarization.

The measured t~ lepton polarization, P;(Z) = —0.144 £ 0.006 (stat) £ 0.014 (syst) =
—0.144 + 0.015, is in good agreement with the SLD, LEP and ATLAS results. It is also
compatible with the world average value of the lepton asymmetry parameter A, [45]. This
result is at present the most precise measurement at hadron colliders and reaches a similar
precision to the SLD experiment.

The measured polarization constrains the effective couplings of T~ leptons to the Z boson
and determines the effective weak mixing angle to be sin” e%éf = 0.2319 £ 0.0019. This result
has a precision of 0.8% and is independent of the production process of the Z boson.
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