Measuring A%, and R, with exclusive b-hadron decays
at the FCC-ee

Lars Rohrig®®, Kevin Kroninger®, Romain Madar’, Stéphane Monteil®, Fabrizio Palla,

Emmanuel Perez®

@Department of Physics, TU Dortmund University, Dortmund, Germany
bUniversité Clermont-Auvergne, CNRS, LPCA, 63000 Clermont-Ferrand, France
¢INFN Pisa, Pisa, Italy

YCERN, EP Department, Geneva, Switzerland

E-mail: lars.roehrig@tu-dortmund.de

ABSTRACT: This paper presents a novel tagging technique to measure the beauty-quark
partial decay-width ratio Ry and its forward-backward asymmetry A%B at the FCC-ee,
using O(10'?) Z-boson decays. The method is based on the exclusive reconstruction of a
selected list of b-hadron decay modes in Z — bb events at the Z pole, which can provide
the flavour and possibly the charge of the hemisphere. This approach effectively eliminates
the contamination from light-quark physics events and reduces the leading systematic
uncertainties arising from background contamination, tagging-efficiency correlations, and
gluon-radiation corrections by exploiting the geometric and kinematic properties of beauty
hadrons. This results in a total relative uncertainty of the order of 0.01% for both
observables. Furthermore, this precision allows to obtain a commensurate precision on the
weak mixing angle sin2(0%1\c,f) compared to the muon forward-backward asymmetry on the
order of 0.002 %.
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1 Introduction

The discovery of the Higgs boson at CERN’s Large Hadron Collider (LHC) in 2012 marked
an important step towards the completion of the Standard Model of Particle Physics (SM) [1,
2]. Despite its indisputable success to describe short-scale fundamental interactions, it
does neither account for the existence of dark matter nor the observed magnitude of the



asymmetry of matter and antimatter in the universe, among others. In absence of a definite
energy scale for Beyond Standard Model (BSM) processes, it is therefore mandatory to
push the limits of precision physics further by studying the properties of electroweak (EW)
particles with even greater accuracy. However, even though the LHC experiments recently
provided breakthroughs in precision [3-6], the latest benchmarks in this field are mostly set
by measurements from the Large Electron Positron (LEP) collider that was in service until
2000. It allowed to study the electroweak interaction from centre-of-mass energies ranging
from /s ~ mz up to /s = 209 GeV. From about 2 - 107 Z-boson decays, fundamental
parameters of the SM like the weak mixing angle sinz(ﬁ%g) could be determined with a
precision of 0.1 %. Furthermore, the data revealed a 2.9 o tension with the SM prediction
of the beauty-quark forward-backward asymmetry A%B, an observable that is sensitive to
radiative corrections to the Z-boson propagator and Zbb vertex-corrections. The latter
are better captured by the partial decay-width ratio R,. The measurements of these two
observables at the Future Circular Collider (FCC) as an electron-positron collider (FCC-ee)
are discussed in this article.

The FCC-ee features operations at energy stages from /s = my up to the ¢t energy
threshold [7]. The sheer amount of Z-boson decays would allow to study beauty-quark
EW precision observables (EWPO) with exceptionally high statistical precision. However,
methods to overcome the systematic limitations of the measurement of R, and A%B are
required to improve the overall uncertainty of the measurement. One of these methods is
presented in this paper, which is structured as follow: Sec. 2 motivates the measurement of
EWPOs at FCC-ee; the measurement principle and quark-identification techniques from
LEP-times are discussed in Sec. 3; the proof of concept of the exclusive hemisphere-tagger
is provided in Sec. 4 with a performance evaluation in Sec. 5; the application for the
measurement of Ry, and A%B is presented in Sec. 6 and Sec. 7, respectively; the paper is
concluded in Sec. 8.

2 DMotivation for the Z pole at FCC-ee

Beyond its role in precision EW measurements, the immense dataset provided by the
FCC-ee at the Z pole offers the potential for discovery, including the identification of new
long-lived [8] or axion-like [9] particles, as well as the detection of subtle deviations from SM
predictions in EWPOs. The couplings of the Z boson to quarks and leptons are therefore
useful to directly probe BSM physics, but the abundant production of heavy flavours at the
Z pole makes FCC-ee a multiple heavy-flavour factory as well: it is simultaneously a tau, a
charm, and a beauty factory. Measurements of rare ¢- and b-hadron decays, as well as 7
decays, will complement the EWPO constraints, offering a coherent picture of New Physics.

Fundamental SM parameters will be measured with exquisite statistical precision,
such as sin?(6%), which can be inferred from the measurement of the forward-backward
asymmetry AéB of a fermion f, arising from the vectorial-axial parity-violating coupling
of the Z boson to fermions. Although the standard way to measure sin2(9€,f,f) is through
A’PﬁB, it would require a precise validation in the case of a potential deviation from the
SM prediction. This can be brought about by A%B, which, among any other forward-



backward asymmetry, has the highest sensitivity to sin2(0\e{,f). Additionally, the combined
measurement of LEP [10-13] still has the highest tension of 2.9 o with the SM prediction
out of all EWPOs [14]. However, the precision of A%y at the Z pole is strictly limited
by the systematic uncertainty and requires a fundamental revision to reach competitive
statistical and systematic uncertainties.

Furthermore, the partial b-quark decay width with respect to all hadronic Z decays, Ry,
provides direct access to vertex corrections at the Zbb vertex from top-quark and W-boson
loops, since higher-order radiative corrections to the Z propagator cancel out in

Ry— 1 (2.1)

I'zhad.

This allows for unique tests of modifications to the Wtb coupling (as well as the indirect Ztt
coupling), potentially offering a higher precision than any direct top-quark measurement.
Although both observables will be measured with outstanding statistical precision, the
limitations are given by the control over systematic uncertainties. In the following chapters,
a new measurement philosophy will be presented and discussed in detail. If not stated
otherwise, the index Z — had. as in Eq. (2.1) is replaced by simply stating Z as the index,
which accounts for the hadronic fraction of Z-boson decays.

3 Measurement principle and lessons learnt from history

Both b-quark observables, R, and A%B, share the need for an unambiguous identification of
the quark flavour, also called tag. Although this is sufficient for Ry, for A%B it is necessary
to identify the charge of the quark and its direction. Since the most precise measurements
have been made at LEP and SLD, it is worth looking back at the tagging techniques used at
the time. Principally, two main methods of flavour identification have been used in decays
of the Z boson, whose event topology is briefly highlighted before going into further detail
of the tagging techniques used by the time.

3.1 Event topology and equations

The initial quarks produced by the Z-boson decay can radiate high-energetic gluons before
they hadronise and form at least two sprays of particles; the hadronic decay products
therefore emerge back-to-back from the interaction point. The plane perpendicular to the
direction of the thrust defines the two hemispheres of the event. The thrust axis in the first
approximation models the direction of the initial quark. It has often been used at LEP in
analyses of A%y [10-13] or the strong coupling constant ag [15].

For the measurement of Ry, the b-flavour identification of the hemispheres is required
and is based on a double-tag method. This allows for the simultaneous determination of
Ry as well as the b-tagging efficiency ¢; directly from the data. The number of single- and
double-tagged events IV, and N is given by

Ny, =2Nz - (Rb5b172 + RcEcLz + (1 — Ry — RC)€Ud31,2) )

(3.1)
Nyy = Nz - (Ryep,€5,Cp + Reeei€e,Ce + (1 — Ry — Re)euds, Eudsy Cuds) -



In Eq. (3.1), €;,, and &;,&;, are the single- and double-tagging efficiencies to identify the
flavour of the quark ¢ and C; is the hemisphere efficiency correlation (further simply referred
to as hemisphere correlation). The correlation term accounts for a biased tagging efficiency
of the other hemisphere, if the first hemisphere has been identified to originate from a quark
of flavour . Its mathematical expression can be derived from Eq. (3.1)

Ei €
C; =272 (3.2)

11,2

The efficiencies €., and €45, account for the mis-identification (ID) of a ¢ or light quark as
b quark. Their size depends on the technique for tagging b quarks, where state-of-the-art
methods are presented below. However, the impact of actual b quarks in the hemisphere
from gluon radiations is discussed in Sec. 6 in the case of the novel approach introduced
below.

While €p; and Ry are determined from data, e, and £,45; must be estimated from
Monte-Carlo (MC) simulations. The same is true for C,. Due to the small values of ., and
Euds;» Cc and Cygs have been assumed to be unity in the former measurements.

In addition to the simple knowledge of the flavour of the hemisphere, the charge
information as well as the direction of the inital b quark have to be known with high
precision for a measurement of the b-quark forward-backward asymmetry A%B.

For both observables, an effective reduction of systematic uncertainties to the scale of
the statistical one for Rp and A%B requires a more accurate b-hemisphere tagging. Therefore,
the latest b-flavour tagging techniques that have been used in measurements at LEP are
discussed in the following paragraphs, and their limitations in an application at the Tera-Z
programme at FCC-ee will be described afterwards. However, it must be stated that the
main goal and challenge of tagging the flavour and charge of the hemisphere is to use
flavour-specific properties of the hemispheres, such as longer lifetimes of b hadrons or higher
masses, to reduce misidentification from udsc physics as much as possible. Due to the similar
physics properties of ¢ quarks compared to b quarks (lifetime, semileptonic decays, etc.),
the main challenge is therefore the suppression of the contribution of ¢ quarks compared to
b quarks.

Lifetime-mass tag (hemisphere-flavour tag) The lifetime-mass tag combines two
tags into a single one. The sole lifetime tag is based on the large displacement of the b
hadron from the primary vertex (PV) due to its comparatively long lifetime of about 1.6 ps
and the boost at the Z pole. However, due to the similar decay lengths of b and ¢ hadrons,
additional information is required to purify the event selection. This information is taken
from the invariant mass of the particles that form secondary vertices, since b hadrons have a
significantly larger mass than ¢ hadrons. The highest b-tagging purity following this flavour
technique has been achieved by the OPAL Collaboration with 98.6 % with an efficiency of
29.6 % [16].

Lepton tag (hemisphere-flavour and charge tag) The decay signatures of heavy b-
and c-hadrons can provide (additional) identification and separation power. The identifi-
cation of high-momentum leptons produced in semileptonic decays is an example of such



a tagging property. Although both quark flavours produce high-momentum leptons, the
transverse momentum pr is larger for b hadrons, since it is kinematically limited to ™nadr. /2.
Nevertheless, a flavour identification using only the lepton tag on its own is not competitive
with the lifetime-mass tag, but is used to identify the quark charge. Actually, the charge of
the lepton corresponds to the flavour of the decaying b hadron. It must be noticed that
the correspondence to the initial quark charge is diluted in the presence of neutral b-meson
B°— BY mixing or secondary semileptonic b — ¢ — ¢* cascades.

Jet charge (hemisphere-charge tag) From the average charge of particles in a jet or
hemisphere, the initial quark charge can be inferred. In combination with other taggers,
such as the vertex charge, very high purities have been reached for the measurement of
App [10].

Although the tags using techniques such as the lifetime, mass, high-energetic leptons,
or the vertex charge have made the most of the statistics available at the former lepton
collider generation, their application at a Tera-Z programme becomes challenging: the
estimation of the quantities . and €,45 would simultaneously require enormous amounts of
simulated events and much more accurate control of the physics details of the simulation to
achieve a precision comparable to that obtainable with data on &y.

3.2 Limitations

In the following, a new hemisphere-flavour tagger is motivated in the context of the Tera-Z
programme at FCC-ee with approximately 1012 Z — bb events. Although with this amount
of data at hand, statistical precision is no longer a limiting factor, efficient control over
the (sources of) systematic uncertainties becomes inevitable to improve the measurement
uncertainty for Ry and A%B to actually reach O(ogyst.) = O(0stat.)-

The breakdown of systematic uncertainties from the ALEPH measurement of R points
to the region in the measurement, which can bring the largest improvement to shrink the re-
spective source of systematic uncertainty. The three main sources of systematic uncertainties
are briefly summarised below, indicating their percentage weight in parentheses [17].

Monte-Carlo statistics (16 %) The finite number of MC events leads to a small
uncertainty in determining e.; and €yq4s;. Studying systematic effects from ¢ and light-quark
physics modelling would require unfeasible amounts of simulated events. This is directly
linked to the next point.

udsc physics (62 %) Systematic uncertainties on e, and €4, arise from two main
sources: in the simulation of tracking and in the physics modelling of charm- and light-quark
events. Momentum and angular dependencies on the impact-parameter resolution affect
the tagging efficiency, and have been treated as systematic uncertainty. Furthermore,
uncertainties on the physics inputs to model udsc events have been propagated to estimate
the impact on Rp. The modelling of hadronisation fractions, which control the production
of different charm states, is particularly important due to the hierarchy in lifetimes and,
therefore, influence e, ;- T he main uncertainty in Euds; Originates from the modelling of
gluon-splitting events, where e.; and €,4s, depend on the g — bb rate.



Hemisphere correlation (22 %) The departure of the hemisphere correlation value Cj,
from unity is a source of systematic uncertainty, which contributes to the total uncertainty
budget. A detailed study of Cj, discussing its sources and how to overcome its implications
for Ry is given in Sec. 6.

For Ry, it can be concluded that approximately 80 % of the systematic uncertainty
arises from the contamination of udsc-physics events and the estimation of their respective
tagging uncertainties in b-quark events. This leads to the two main requirements for R} at
FCC-ee:

1. b-quark events need to be identified with a purity of 100 %, which in turn results in
Ec; = Euds; = 0%.

2. The hemisphere correlation Cp, must be controlled to the per-mille level around one.

For A%B, the systematic uncertainty budget consists of about 50 % referred to corrections
that have to be applied to account for gluon radiations from the b quark (Quantum
Chromodynamics (QCD) corrections). Further uncertainties arise from the knowledge on
hadronisation and modelling parameters, contamination from udsc-physics events, and
detector-related uncertainties. Similarly to Rp, two main conclusions can be drawn for the
measurement of A%B at FCC-ee:

1. The charge and the flavour of the b-quark events need to be identified with a purity
of 100 %.

2. The QCD corrections need an effective reduction up to a level such that their impact
on the systematic uncertainty does not inflate the overall measurement uncertainty.

All of the aforementioned lessons from the LEP measurements are addressed with a new
hemisphere-flavour tagger, which is based on the exclusive reconstruction of b-hadrons in
the hemispheres. This leads to a background-free, up to a charge-unambiguous tag when
using only non-mixing b hadrons, which reduces the systematic uncertainty budget for both
measurements by about 70 %. In the following section, the exclusive reconstruction and its
implications for R and A%B are detailed.



4 Exclusive b-hadron reconstruction

The following section describes the fundamental principle of tagging hemispheres with
exclusively reconstructed b-hadrons. For this, the statistical precision is evaluated first for
the tagger before the simulated events used for the reconstruction and further studies are
detailed.

4.1 Statistical precision

The basic principle lies in the reconstruction of a list of b-hadron decay modes that, if one of
them has been reconstructed in an event, gives an unambiguous tag of the b-quark flavour in
Z — qq events with light-quark contribution only from g — bb gluon-splitting. Furthermore,
the charge ambiguity in the application for A%B can be removed by considering only charged
b-mesons and -baryons as a flavour and charge tagger, namely B* and Ag.

In turn, this means for Ry, that e, = yugs;, = 0 and Eq. (3.1) simply reduces to!

Nb = 2Nsz€b1,2 (4.1)
NbE = NZRbEblgbZCb-

With these updated equations at hand, the statistical uncertainty can be calculated to serve
as a benchmark for the systematic uncertainty.

Statistical uncertainty of Ry Since charge information is not required for Rp, the list
of b hadrons to be used can be extended to neutral b mesons so that it covers the decays
of B, BY, B* and AY. Due to the limited branching ratio (Br), only decay modes with
sufficiently large probabilities (typically greater than 10~3) are considered. In addition,
a maximum number of two neutral pions in the final state and no leptonic modes have
been selected. The complete list of the decay modes included is presented in App. A.1.1.
In conclusion, an overall tagging efficiency of &, , = 1% is within reach. From this, the
statistical precision is calculated from the known Gaussian uncertainty propagation

2
(B = | 3 (gR"W> ST (43)

)

i€[Z,b,55) 0417
with the correlation expressions
ORy ORy,
kN, N; (Rp) = 2cov(N;, Nj) ———. 4.4
o () = 2e0v(Ny, Ny 5 e (44)

Taking into account the correlations between Ny, Ny and Nz, 0gat. (Rp) is derived numeri-
cally with the ForwardDiff package [18] and results to

Ustat.(Rb) =2.22. 1075 y (4.5)

which is an improvement of a factor of 30 with respect to the most precise measurement [19].

'Here, gluon radiations and splitting into a bb pair has been neglected in this first, simplified approach



Statistical uncertainty of A’]}B In case of A%B the list of b-hadrons is reduced, which
results in a lowered b-tagging efficiency of &, , ~ 0.45 %. However, for A%B, only single-
tagged forward and backward events Ny and Np are needed, and &, , does not scale to the
square as for Rp. In this context, forward and backward refer to the angle between the
incoming electron and the outgoing b-quark. The statistical uncertainty follows from the
definition of AIIZ“B expressed in terms of Ny and Np

Np — Np
Abp= - 46
"B Np + Np (4.6)
Again, the statistical uncertainty is derived numerically and gives
Ostar. (A2g) = 1.56 - 1075 (4.7)

This bare statistical precision translates into an improvement of about a factor 60 compared
to the statistically most precise measurement [10].

In the following sections, the new tagging method is applied to simulated events in
order to test the purity assumption of 100 % in an FCC-ee environment.

4.2 Event samples

Simulated events have been used to perform different stages of the analysis. A summary is
given is Tab. 1. The hard scattering as well as the hadronisation of inclusive Z — qq events

Table 1: The tabular summary of all samples used throughout this paper.

Dataset and analysis ‘ Simulation type Exclusive/Inclusive Sample size
@ Hemisphere-tagger performance Fast (IDEA) Inclusive 4-107
@ Application for Ry Full (CLD) Exclusive 106

@ Application for A%y Fast (IDEA) Exclusive 5-107

have been centrally simulated using PYTHIA8 [20] with a parameterised IDEA detector [21]
response (dataset @) Observable-specific samples have been exclusively simulated forcing
the decay in both hemispheres to be

e Hemisphere 1: b — Bt — [Kt7n 7|50 "
e Hemisphere 2: b — B~ — [K 7t]pon~

For this, EvtGen [22] has been used together with either a fully simulated CLD detector [23]
response using GEANT4 [24] (dataset (2)) or the IDEA detector card using DELPHES. In the
following, statistical uncertainties for R; and A%B are derived and the principle of the
exclusive b-hadron reconstruction is detailed.

4.3 Representative decays: one of the six

Out of the O(200) decay modes to be considered, a comprehensive selection of six has been
made to serve as representative modes for the rest. These six modes are characterised by



the number of tracks and the number of neutral pions in their respective final state and
have been exclusively reconstructed from the simulated dataset @ as indicated in Tab. 1.
They are grouped into three classes.

Including one ¢ meson Bt — DY7rT with Br = 4.61 - 1073, considering different D°
decays:

Fully charged: D° — K+n~, with Br = 3.947%

One neutral pion: DY — K+7~ 7% with Br = 14.4 %

Two neutral pions: D° — KT~ 7970, with Br = 8.86 %

Four charged tracks at the decay vertex: D° — K¥n~n~nT, with Br = 8.22%

Including two ¢ mesons Bt — DD} with Br = 9- 1073 and the fully charged decay
of D - K*7n~ and D — K*K~ 7", which has a Br of 5.37 %

Including a cé meson BT — J/¢ K+ with Br = 1.02 - 1072 and fully leptonic decay of
J/p — 010~ with Br = 11.932% for £ € [e, y]

In the following, the mode B* — D%+ — [KT7n~]pom™ has been chosen to exemplary
present the reconstruction process and to quantify its tagging performance. If not stated
otherwise, the charge-conjugated decay is considered likewise. The results of the remaining
five decay modes are presented in App. A.1.2.

BT reconstruction A pair of oppositely charged kaon and pion is required to have a
common vertex with less than 50 pm disagreement. At this stage, no vertex-fitting tools
have been applied, since neutral pseudotracks have not yet been made available in the
DELPHES tool [25]. Hence, the sole four-vectors of the reconstructed particles have been
used. The invariant mass of the D° candidates has been modelled with the sum of three
Gaussian distributions from which the mass window of (1790 < m(D°) < 1940) MeV has
been chosen to accept the candidates for the B reconstruction.

In the second step, an additional charge-matching pion has been added to the D° to
form BT candidates. Similarly to the D° reconstruction, a vertex resolution of 50 pym has
been emulated. To further remove the contribution from background events and to make
use of the boost at the Z pole, a cut on the B* flight distance of 300 pm with respect to the
PV has been applied. In Fig. 1, the left panel shows the invariant-mass distribution at the
particle and object level of the truth-matched B signal candidates, including an unbinned
maximum likelihood fit to the object-level distribution. Further exclusion of contamination
from background events in the signal region, which enter only from gluon splitting through
q — q+ [bb] g with ¢ € [u, d, s, |, has been achieved by inspecting the energy spectrum of
the background candidates, which is expected to be softer than from the signal, as shown in
the right panel of Fig. 1. The limited amount of data at hand does not allow for a proper
statistical evaluation of a suitable energy cut; therefore, an opportunistic one has been set
at Eg+ > 20 GeV, which removes most of the background B™ candidates.

In the following section, the performance of the tagger in terms of purity and recon-
struction efficiency is evaluated from the invariant-mass spectrum of the reconstructed BT
candidates.
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Figure 1: Fit to the invariant-mass distribution around the signal peak in Fig. a and the
BT -energy distribution in Fig. b. An opportunistic cut on the energy is set to Eg+ > 20 GeV.

5 Performance of the tagger

So far, neither the direction of the hemisphere has been considered nor has the question
of whether events have one or two tagged hemispheres been considered. However, the
bare reconstruction and tagger performance can be evaluated from the invariant B+-mass
spectrum, which serves as observable to quantify the purity of the hemisphere-flavour tagger.
The spectrum is presented in the range from (2000 < m([K 7~ 7%z ") < 5500) MeV in Fig. 2,
distinguishing between different contributions: the grey peak shows the candidates from
the signal Bt mesons, while the partially reconstructed? and combinatorial background
candidates from Z — bb events are coloured red and black, respectively. The overall
background contribution from Z — ¢q events with ¢ € [u, d, s, c] is shown in green, while
each contribution is weighted with their respective fraction R,.

For the purpose of flavour (and charge) tagging the event, candidates within the mass-
peak region of (5100 < mp+ < 5500) MeV have been selected, also to first assess systematic
uncertainties in this region. The purity P, where every contribution except the udsc-physics
background is taken as signal Ng, results in

Ns

p=_"5__
Ns + N

= (99.81 +0.07) %, (5.1)
where the uncertainty given is statistical and Ng refers to the number of background events.

Here, it can already be concluded that the exclusive reconstruction as tagger achieves

*Partially reconstructed particles refer to the (intermediate) particles where not all decay products are
fully reconstructed. In case of BT — D%z, this can include BT — D°rtntn~ with a Br of 5.5- 1072 and
two missing charged pions.

~10 -
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Figure 2: Invariant mass-spectrum for the BT — [K 77| o™ decay mode. The different
contributions from the signal, partially reconstructed, and combinatorial background, as
well as from the udsc-physics background events are shown in grey, red, black, and green,
respectively. The purity in the mass region of (5150 < mp+ < 5400) MeV has been evaluated
to be (99.89 £+ 0.09) % with Eg+ > 20 GeV. Lowering the mass constraint to also include
partially reconstructed events greatly increases the efficiency of the exclusive tagger.

ultra-high purities, which are only contaminated from physical, non-reducible background
arising from gluon splitting. Their impact on the systematic uncertainty, also in comparison
to the hemisphere correlation, is studied in further detail in Sec. 6.

The performance of the other representative decay modes is summarised in Tab. 2.
As can be seen, for all decay modes a purity above 99.7 % has been reached, where the
uncertainty stated in the table refers to the finite statistical precision of the dataset. For
the decay Bt — D} D°, no energy cut has been applied, since no background events have
been found, also due to the smallest Br among all modes. However, the energy cut will
probably be required with the full event statistics in place.

The reconstruction efficiencies e, are calculated as the ratio of reconstructed candi-
dates with respect to the generated ones. Therefore, the efficiency includes all cut efficiencies,
namely the cut on the flight distance, cuts on invariant masses of intermediate particles, and
the final BT-meson energy. This section closes the motivation, description and evaluation
of a new b-hemisphere tagger for the application at the Tera-Z programme at FCC-ee. Its
validity and feasibility have been shown and the principle has been demonstrated with the
exclusive reconstruction of the BT — [KT7~ 7% pom ™ decay. The next section presents the
application of the reconstructed b-hadrons for the measurement of Rj and A%B.

- 11 -



Table 2: Reconstruction efficiencies and purities for the six representative decay modes
in the mass-peak region. In total, purities above 99.7 % are in reach for all considered B™
decay modes.

BT decay mode ‘ Ereco | 0 Purity / %
D7t — [Kt7~ | pon™ 7717 £2.99  99.93+0.11
D7t — [Ktn—n% porr™ 64.89 &+ 1.41  99.89+0.09
Dont — [Kt7 m97%) port 49.95 + 2.68  99.81+0.07
Dzt — [Ktn—nnt)pont 72.63 £6.90  99.73+£0.27
DIDY — [KTK-nt] o [KTn 7] po | 78.57422.39 100.00

J/Yp K+t — [6*6—]J/¢K+ 85.87 + 4.13  99.9040.24

6 Application to the measurement of R,

For Ry, only the flavour tag of the hemisphere is of interest; therefore, information about
the direction or about the charge of the hemisphere is not necessary. This specificity allows
to significantly increase the tagger efficiency ¢y, , from the targeted 1% by including also
partially reconstructed candidates as hemisphere taggers. This approach is mainly driven
by the absence of udsc contributions outside the signal-peak region. The possibility of
releasing the mass-peak constraint and its impact on the purity and tagging efficiency are
discussed below.
The left panel of Fig. 3 illustrates €5, , as a function of the invariant B*-mass cut,
where €y, , is determined by
Néall

Ep = —— .
Ngen

(6.1)
In Eq. (6.1), Ngen = 9.5 - 10° represents the number of generated events and N§ all §5 the
number of all candidates originating from the Z — bb decay, respectively. As anticipated,
the efficiency for all decay modes increases significantly with the mass threshold, even
reaching the 1% threshold for the modes with neutral pions within the mass window studied.
In addition, the combined efficiencies of the decay modes studied are highlighted in black
and are referred to as Superposition. The plot indicates that the six representative decay
modes with a lower invariant-mass cut of mpg+ > 4800 MeV are sufficient to achieve a
tagging efficiency of g, ~ 1 %.

Consequently, the purity at the same invariant-mass cuts, as calculated in Eq. (5.1),
is displayed in the right panel of Fig. 3. A convergence towards purities exceeding 99.8 %
can be observed for all decay modes. Even tighter cuts on the BT energy can be applied
when the mass window constraint is released, which would further reduce the impact
from gluon radiation and would lead to even higher purities. However, the release of the
invariant-mass constraint would require a dedicated investigation into the impact on the
systematic uncertainties for Rj, which is beyond the scope of this paper. The impact of
systematic uncertainties has only been examined assuming the candidates in the signal-peak
region. Their sources and handling are discussed in the following sections.
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Superposition. cluded in the final state, the lower the purity of
the mode.

Figure 3: Already with the six representative decay modes and a cut at mg+ > 4800 MeV,
the targeted 1% tagging efficiency is reached without loss in purity.

Sources and impact of systematic uncertainty Systematic uncertainties arise from
two main origins:

1. Gluon radiation from a light quark and subsequent splitting into a bb pair through
q — q[bb], for q € [u,d, s, c]. These enter the signal region when the b quark hadronises
and decays into the channel under study. The probability of gluon splitting is given
by g,; and its precision and impact on ogye. (Rp) are examined.

2. Correlation of single- and double-tagging efficiencies between the two hemispheres,
Cp. The sources of this correlation and the appropriate methods for addressing it in
the measurement of R}, are discussed.

The impact of both sources of systematic uncertainties on ogys. (Rp) is first worked out,
assuming that each contribution adds in quadrature to the total systematic uncertainty

from g, 2 Tom 2
Ouyet.(Ry) = J (oo (By)) "+ (o (Ry)) (6:2)

For this analysis, the most precise measurements for g,; (where the average value has been
calculated from all LEP and SLD measurements [26-30] as described in Ref. [31]) and the
hemisphere-correlation coefficient Cj, obtained by the ALEPH Collaboration [17] are used
as reference values

gy = 0.00247 + 0.000 56, (6.3)
ACPEPH — 00376 4+ 0.0025(stat.) + 0.0027(syst.) = 0.0376 + 0.0037.  (6.4)
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Because in most measurements of Ry, the difference to unity, AC, = 1 — C}, is stated, it
will also be used in the following. A value of AC, = 0 would refer to no bias in the tagging
of the hemispheres.

Both values have been used to compute the systematic uncertainty on Rp. To individu-
ally study the effect of gluon splitting on Ry, Eq. (3.1) is adjusted as follows

Ny = 2Nz - (RyeZ e 1 (1 — Ry)gyped P9 | (6.5)

with the efficiency of the energy cut on the B-meson candidates, individually for the
signal and background events, ELZ;_wB = 88 % and E%_)bb = 8%, respectively. Furthermore,
52%’1’ ~ €bZ —bb — 19 neglecting any kinematic difference for signal and background events.
Rearranging Eq. (6.5) gives the following for R,

g—bb _g—bb
Nb - 2Nzﬁb €n

Z—bbZ—bb _ , __g—bb_g—bb)
2Nz (% € T 9wy CE

Ry = (6.6)

The left panel of Fig. 4 illustrates the systematic uncertainty of R as a function of the
relative uncertainties due to g,; and ACy, depicted in orange and blue, respectively, arising
from the central values from Eqs. (6.3) and (6.4). The figure indicates that the bias from the
gluon-splitting uncertainty is suppressed by more than two orders of magnitude compared to
the effect of the hemisphere correlation. Furthermore, the systematic uncertainty on Ry is
highly dependent on the precision of the respective inputs g,; and ACj,. Although measured
with a higher accuracy at FCC-ee, the current precision on g,z is sufficient such that it does
not limit the measurement of R}, where the statistical limit at ogat. (Rp) = 2.22 - 107 is
indicated by the lighter grey colour. Therefore, the systematic uncertainty on R, simply
reduces to

Tsyst. (Rp) _ o(ACy) . (6.7)

Ry ACy

In conclusion, the primary influencing factor arises from the hemisphere correlation, whose

effect on the measurement is described in the following discussion.

6.1 Hemisphere correlation

The hemisphere correlation AC}, measures the bias introduced in the probed hemisphere by
the tagged one. The precision of AC}, has been shown to be a handle to reduce oy, (Rp).
Furthermore, its nominal value is another crucial factor in minimising its effect on the
systematic uncertainty of . This is shown in the right graph of Fig. 4, which shows the total

uncertainty oot (Rp) = \/ 02 (Rb) + 0% (Ry) as a function of the relative uncertainty on
AC, for two different cases: the first case represents the best current determination from
the measurement of the ALEPH Collaboration [17]. The second case emulates a reduced
hemisphere correlation by approximately a factor of ten, resulting in AC, = 0.005. It can
be seen that the reduction of the nominal value of AC} directly impacts the measurement
uncertainty of Rp, reducing it by about a factor of ten.

Therefore, the primary causes of AC} deviating from zero are examined in the next
paragraph, starting with the findings from Ref. [17]. Four sources of hemisphere correlations
have been identified:
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Figure 4: The importance of the hemisphere correlation on the measurement precision of
Ry. Other sources such as the gluon splitting rate (contamination of the background in the
signal region) become negligible.

Detector-acceptance effects Due to the back-to-back configuration of the two b quarks
initially, if one enters a region with lower detector acceptance, such as the very
forward or backward region, the other hemisphere is likely to present a similar lower
acceptance.

Hard gluon radiation In events where a high energetic gluon in the initial state has been
radiated (Z — bbg), the momenta of the b hadrons in each hemisphere will decrease,
making the reconstruction of the other b hadron less probable.

Shared PV When both hemispheres share a single PV, increased measurement uncer-
tainty of the PV affects the probability of tagging both b hadrons; a bias of the PV
measurement towards one hemisphere increases the likelihood of tagging the b hadron
in the opposite hemisphere.

Unequal flight distances A longer flight distance of one b hadron caused by a higher
b-hadron momentum reduces the number of fragmentation tracks that form the PV,
decreasing its measurement precision. As a consequence, the reconstruction of the
second b hadron is less likely.

The first two effects have been identified as less significant, whereas the third and fourth
factors are particularly influential in determining the hemisphere correlations. The latter
two share a similar origin, which can be attributed to the reconstruction of a common
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Figure 5: Distribution of v as defined in Eq. (6.8) with a fit of a truncated Gaussian
function, from which the size of the LR of g, = 5.96 pm is extracted.

and shared PV in the event. Consequently, measurements at LEP have reconstructed
two PVs (one in each hemisphere) to mitigate the bias caused by a single PV per event.
Although this method has proven effective, a simpler alternative approach based on a
different track-selection procedure has been pursued to address the limitations imposed by
the measurement uncertainty of the PV. Nevertheless, all results are compared to the method
of using a shared PV. To thoroughly investigate the impacts of detector imperfections,
the following studies have been outlined using the fully-simulated dataset within the CLD
detector, named dataset @ in Tab. 1. The alternative track selection is described below.

Tracks outside the luminous region The accurate knowledge of the beam-spot region
(LR) as well as its smallness is used to select tracks issued from the primary and secondary
vertices. The LR refers to the area where the two beams intersect, also referred to as the PV
at the truth level. Given the finite sizes of the beams, their intersection point has specific
dimensions in the (z,y, z)—r plane. In order to define variables that measure the agreement
of track origins with the IP, the IP region in the (z,%)' plane has been translated into a
single transverse variable, v, defined as

V= \/(PVrParticle—level)2 + (]:_)\/'yPaLrticle—level)2 ’ (68)

where the size of the transverse beam-spot region is given by the width of the distribution
of v, 0, and is taken as the LR. The resulting distribution of v is presented in Fig. 5 and
has been derived from the exclusive dataset @ The superscript Particle-level indicates
that the true collision point of the electron and positron beam has been used. In order to
identify whether reconstructed tracks of an event are consistent with the beam-spot region,
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track-wise variables v1 2 have been introduced

do 20

2 ’ V2 = 2 5
,/Jdo—i-dg V0z0+gv

where 04, and o, are the respective uncertainties of the impact parameters. Although v

vy = (6.9)

uses the longitudinal impact parameter zy and quantifies its agreement with the transverse
extension of the beam spot, at this stage of the analysis it has served its purpose to find
thresholds up to which tracks are taken as consistent or inconsistent with the beam-spot
region. These thresholds have been determined by independently varying v; and vg and
maximising the significance S of the D°- and B*-meson reconstruction, along with the
number of remaining tracks after selection. The significance is defined as

Nsi
[ —" - T (6.10)

/Nsig + Nokg

where N represents the number of truth-matched meson candidates and Ny, denotes
the number of background events (where background refers to partially reconstructed and
combinatorial background events, since only Z — bb events have been used) in the region
of interest. Here, in the considered mass region, the background rate is approximated to
be uniform. The dependence of S as a function of v; 2 thresholds and the mean number
of tracks inconsistent with the LR are shown in Fig. 6. The significance of the BT meson
shows a maximum around 1.7 for v, which has been chosen as the optimal cut. In contrast,
v shows only a slight dependence on the significance, so its threshold has been determined
based on the mean number of tracks that are inconsistent with the LR. This threshold,
where a similar number of tracks is observed as with the given vy cut, has been set at eight.
Given that the v; and vy distributions are symmetric around zero, the absolute value is
used to decide whether tracks have been used in the BT-meson reconstruction process.

Particle reconstruction The evaluation of AC} requires a full reconstruction of the
charged BT mesons in both hemispheres. In contrast to the exemplary reconstruction in
Sec. 4, the decay BT — [KT7 |50 7 has been simulated in the hemispheres (plus the
charge-conjugate decay). In contrast to the reconstruction method described in Sec. 4, the
vertexing features of the DELPHES package have been used [32]. During this phase of the
analysis, the neutral vertexing capabilities have been made available for the reconstruction of
neutral intermediate D tracks. As in the reconstruction method detailed in Sec. 4, a pair of
oppositely charged kaon and pion tracks has been combined to a common vertex, constraining
their mass to the D° pole-mass. The fit provides updated momenta for the tracks, which
then have been used to form DY candidates. Candidates with (1800 < mpo < 1930) MeV
have been further vertexed with another pion track, resulting in B* candidates that fall
within (5150 < mp+ < 5400) MeV and have a vertex quality of X%;+ < 25.

Subsequently, the single- and double-tag efficiencies &5, , and &, &, have been calculated
and then differentially assessed in distributions that are sensitive to deviations of AC} from
zZero.
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Figure 6: Optimised parameters for the determination of the LR and to select tracks that
are inconsistent with the LR. They have been further used to perform the reconstruction of
D and BT mesons.

6.2 Integrated and differential hemisphere-correlation

The integrated AC} value has been determined for both the shared PV and the LR, taking
into account detector-acceptance effects by excluding events where the absolute value of the
thrust-axis polar angle | cos(Ornrust)| exceeds 0.9. The inclusive values are determined to be

ACshared PV — 0 035 + 0.003,

6.11
ACER = —0.001 + 0.003, (6.11)

where AC’,{JR is statistically consistent with zero, unlike the shared PV approach. There-
fore, eliminating dependencies caused by intrinsic biases from the PV by choosing tracks
independently of the PV already reduces the hemispheric correlation to the required level
for an accurate measurement of Rp. Nevertheless, the potential causes of a non-zero AC)
value are examined in the following, with an emphasis on detector-acceptance effects and
displacement from the IP.

Dependence on detector acceptances The influence of detector acceptance has been
analysed in bins of the maximum allowed | cos(fhust)|- A finer binning has been chosen for
the extreme forward/backward region where | cos(fhust)| > 0.9. The results are illustrated
in Fig. 7, indicating that for |cos(Orprust)| > 0.9, AC, decreases for both methods and
converges for | cos(fnust)] < 0.9, which also sets the cut value. The dependence and
inclusive value of AC} have been validated using the high-statistics fast simulation dataset
within the IDEA detector (dataset @), also depicted in Fig. 7 with black dots. It shows a
less pronounced drop in the extreme forward/backward region due to the larger acceptance
area of the IDEA detector compared to CLD. Therefore, a precise measurement of Ry also
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Figure 7: AC, as function of the maximally allowed | cos(Orppust)|, comparing the shared
PV and the LR approach. Although both drop towards higher values in the very for-
ward /backward region, AC}, becomes compatible with zero within the statistical precision
when | cos(O st )| < 0.9 for the LR approach. The value of AC}, has been confirmed from
the fast simulation dataset.

requires a detector with a wide acceptance range, which would increase the fraction of
accepted events while reducing the hemisphere correlation at the same time.

Displacement from the PV The deviation of the PV at the object level from the true
collision point (PV at the particle level), defined as

. . 2
dpy = Z (PViObJeCt-leVel _ PVFartlcle—leV&zl) (6.12)

i€(z,y,z]

encapsulates two metrics simultaneously. Firstly, dpy introduces a bias in one hemisphere,
increasing the likelihood of tagging the b-hadron in that hemisphere, while decreasing the
reconstruction probability for the b-hadron in the opposite hemisphere. Secondly, dpy
serves as an indicator of the PV reconstruction quality, which diminishes with increasing
dpvy. Fig. 8a shows AC} in bins of dpy, separately for the shared PV and the LR approach.
In addition, a x? test has been used to evaluate the agreement of the points with zero,
with the result presented in the legend as p-value. Values near one indicate support for the
hypothesis that there is no deviation from zero, whereas p-values less than 0.05 generally
lead to the rejection of this hypothesis.

It can be seen that there is a strong dependence of ACY for the shared PV approach,
already for PV displacements above 0.01 mm, for which an ALEPH-like size of the hemisphere
correlation is reached. As already discussed in Fig. 4b, the overall uncertainty in R} would
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(b) ACp in bins of the B-meson momentum.
Higher momenta mesons induce a correlation
when a shared PV is used, due to the bias in the
other hemisphere coming from the PV which is
shifted towards the tagged hemisphere.
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reconstructed PV from the true collision point.
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lation increases for the shared PV, while staying
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Figure 8: The displacement of the PV has strong impact on the hemisphere correlation.
When the PV has been reconstructed preferring one hemisphere, the b-hadron reconstruction
probability decreases for the other hemisphere. All dependencies have been removed when
using tracks for the reconstruction which have been selected due to their inconsistency with
the LR.

be significantly affected. In contrast, no dependence within the statistical precision can be
observed for the LR ansatz.

Flight distance / Momentum The flight distance is directly related to the momentum,
which allows to use the momentum as a proxy for the flight distance. This resolves any
ambiguities with respect to the reference point for the flight distance (either (0,0, 0)T or
the PV) in the two methods. Concerning AC}, the higher momentum B-meson introduces
a bias, reducing the likelihood of reconstructing the oppositely-charged B meson in the
opposite hemisphere. Fig. 8b displays AC), in different BT-meson momentum bins. Both
methods show good agreement within the statistical uncertainty in the low-momentum
range, but the correlation increases at higher momenta for the shared-PV method. This
also leads to the rejection of the hypothesis that AC} is consistent with zero for the shared
PV.

6.3 Conclusions for Ry

In summary, the use of exclusively reconstructed b-hadrons as b-hemisphere taggers enables
unprecedented purity levels during the Z-pole run at FCC-ee. For six representative decay
modes and a target efficiency of 1%, purities exceeding 99.8 % are achievable, leaving AC)
as the sole unknown in the set of equations (refer to Egs. (4.2)) due to the minimal impact
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of gluon radiation on the systematic uncertainty. From fully-simulated events, ACj, has
been found to be consistent with zero by eliminating dependencies from a shared PV and
selecting tracks outside the LR. With the current dataset, ACj, has been found to be

ACy = —0.001 + 0.003(stat.) . (6.13)

Given the nominal value of AC}, from Eq. (6.13) and assuming that the precision of Ry
only depends on the precision of ACj, achieving a relative precision of 10% on AC) is
necessary to determine Rj, with exclusive b-hadron decays such that ogat. (Rp) = Osyst.(Rp)-
Consequently, AC, must be derived from a simulation dataset of at least Nz =~ 10° events,
where in both hemispheres the b-hadron decays according to a list of approximately 200
decay modes. Based on this, R results in

Ry = p(Ry) + 2.22- 107 (stat.) & 2.16 - 107 (syst.),
= u(Rp) £ 3.10-1075(tot.).

The simultaneous use of both, a novel ultra-pure tagger and a selection of the secondary
tracks based on the inconsistency with the LR, which have been presented in this paper,
enables the precision on R;, to be improved by at least a factor of 20 [33] with respect to
the state-of-the-art while keeping a measurement dominated by statistics of the sample.

7 Application to the measurement of A%,

The forward-backward asymmetry of the b quark is of particular interest for the hemisphere
tagger based on the exclusive b-hadron reconstruction. To date, it still has the highest
tension [14] among all EWPOs with the SM prediction of

b,SM
Agp = 0.1037 £ 0.0008,, (7.1)
which is in 2.9 ¢ tension with the average of the LEP measurements
Abs = 0.0992 + 0.0016 . (7.2)

Similarly to Rp, the primary challenge of the measurement is the effective reduction of the
systematic uncertainty given the raw statistical precision available at FCC-ee. However, in
addition to the hemisphere flavour tag, which is sufficient to measure Ry, an estimation of
the charge and direction of the initial b-quark is necessary. This leads to two consequences:

1. The criteria for the decay modes to be considered are more stringent. To mitigate
one source of systematic uncertainty that comes from the charge confusion of neutral
B-meson mixing, only the modes of the BT meson and the AY baryon can be used as
taggers.

2. Various estimators of the b-quark direction can be employed, such as jets, the thrust
axis, or the flight direction of the b hadron. In the latter, only fully reconstructed
b-hadrons can be used, restricting the selection of candidates to those from the
mass-peak region.
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Nevertheless, the exclusive b-hadron reconstruction provides all tools in order to overcome
limitations induced by the main source of systematic uncertainties, which is the accounting
for the correction of the direction estimation from high-energetic gluon radiations, the QCD
corrections. Therefore, the application is described in this section. However, the principle
of the A%B measurement is discussed first, before going into detail about the remaining
systematic uncertainty.

7.1 Measurement principle

The forward-backward asymmetry can be calculated by counting the number of forward
and backward events (see Eq. (4.6)) or by extracting the value from a fit to the differential
cross-section distribution

do 1
dcos(fy) 1+ f1

(g(l + cos?(8y)) + ZfL(l - cos2(9b))> + Abgcos(6y).  (7.3)

The parameter fi, represents the fraction of longitudinally polarised Z bosons along the
quark’s flight path and has been set to zero in the fit>. The b-quark polar-angle distribution
before gluon radiations, shown in the left panel of Fig. 9, has been taken to extract A%’%.
For all the following studies, the exclusively simulated dataset @ has been used. Although
at this stage the kinematic properties of the b quark are not affected by radiation effects
in the final state, ISR from the colliding beams can reduce the energy of the b quarks. In
order to account for effects from ISR, a minimal energy-cut on the b quarks has been set to
45 GeV. In addition, the correction factor to account for v exchange and Z/~ propagator
interference even at /s = myz has not been considered here, since it introduces a constant
bias.

The result of the fit and the counting leads to

Fit:  AZ% = 0.1009 + 0.0001,

(7.4)
Counting:  A%% = 0.1010 = 0.0001

where the fit result is shown as green line in Fig. 9a. Both results are in precise agreement
with each other. However, since the fitting procedure is insensitive to angular acceptance
and/or efficiency effects and provides a generally smaller statistical uncertainty, it has
been used as default method to compute A%B from angular distributions. Yet, since the
b-quark polar angle is experimentally inaccessible, different estimators have been used to
approximate the initial quark direction cos(6,) in Eq. (7.3). They are presented below.

7.1.1 Experimental access to the quark direction

In the following paragraphs, different quark-direction estimators are presented, before their
accuracy to model the b-quark direction is examined.

First, the thrust axis is considered, which has been the conventional event-shape variable to
assess the b-quark direction at LEP [10-13]. Second, a revision of A%, at FCC-ee [34] has

3In a first approach, fi, is expected to be zero without considering effects that might distort the b-quark’s
direction of flight from the radiation of gluons.
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Figure 9: Proof of concept, that extracting A%g from the fit and counting leads to the
same result in Fig. a. In Fig. b, different approximations of the b-quark direction have been
examined.

explored the possibility of utilising the reconstructed b-tagged jet direction, also to reduce
the impact of QCD corrections. A recapitulation of this approach is discussed in Sec. 7.3.
Finally, the list is extended by incorporating the reconstructed b-hadron, which, when fully
reconstructed, also approximates the original b-quark direction. All of the aforementioned
direction estimators are discussed in the following.

Thrust The thrust has been calculated from all particles at the object level

3 5T
T = max M , (7.5)

with ¢ running over all particles in the event with their momentum vector p. The thrust

direction corresponds to the thrust-axis polar angle, where the sign of the z component is
extracted from the hemisphere with the higher energy.

Jets Jets at both the particle and object levels have been reconstructed using the anti-k;
jet-clustering algorithm with a cone-radius parameter of R = 0.4. To account for additional
jets from radiated gluons, the jets have been clustered inclusively with a minimum transverse
momentum of 5 GeV. For this analysis, the flavour and charge of the jet have been determined
from a matching procedure with the nearest b hadron. However, dedicated algorithms
must be installed for a more realistic analysis. Details of the matching are provided below.
Furthermore, the jet polar-angle distribution at the object level has been corrected for
acceptance effects in the very forward and backward region of the detector using the
polar-angle distribution from the jets at the particle level.

~93 -



B* meson Similar to the b-hadron reconstruction described in Sec. 6.1, BT candidates
have been reconstructed by vertexing DY candidates in a first stage from the fast-simulation
dataset. They have been furthermore combined with a charged-pion track. The final BT
candidates must have a reconstructed vertex-quality x> < 25 and must meet the mass
criteria (5150 < mp+ < 5400) MeV. In the following, it is generally referred to as the b
hadron.

An important aspect arises from the reconstructed b-hadron: usually, the b-jet flavour
tagging achieves efficiencies of the order (10 — 90) % depending on the background-rejection
rate. This is at least an order of magnitude larger compared to the presence of a reconstructed
b-hadron from the list of possible decay modes to consider with efficiencies of the order
0.5%. However, in the case of a reconstructed b-hadron in the event, valuable information
can be obtained from it to identify the jet flavour and charge. This can be achieved by
matching the b hadron with the jet that is closest to it to minimise the effect from jet-charge
confusion using traditional methods discussed in Sec. 3.1 and the mis-ID of the jet flavour.
In addition, the same procedure can be applied to tag the hemisphere charge and flavour
when using the thrust axis as a direction estimator. The matching criterion is based on a
distance measure AR, defined via

AR = \/(mx —nB)? + (¢ — ¢B)2, where k € [Jet,, Thrust], (7.6)

considering the pseudorapidity n; and the azimuth ¢;. In case of at least two jets per
event, the index n considers all of them. Given that the sample used is biased and has
been produced so that each hemisphere contains a b hadron, the jet or thrust-hadron
pair with the smallest opening angle has been selected to act as the charge and flavour
tagger for the hemisphere. This choice has been determined by finding the smallest angle
w between the b hadron, represented as B= (Bz, By, B.)", and either a jet or the thrust
vector, ¢ = (qz, ¢y, q.) " using the known formula

w = sin~! <|§ x ﬂ) (7.7)

Bl |

This method ensures that the pairing reduces the impact of hemisphere confusion caused
by high-energy gluon radiation that might change the b-hadron direction. Experimentally,
with typically only one b hadron per hemisphere, minimising AR from Eq. (7.6) is usually
sufficient. The result, shown as the relative difference in the polar-angle distribution in
the right panel of Fig. 9, compares the different estimators to the b-quark direction before
gluon radiation, from which A%’% has been extracted. A narrow, zero-centred distribution is
obtained for all estimators; however, the novel approach based on the b-hadron reconstruction
method serves as the most precise approximation of the b-quark direction. The jet and
thrust axes produce similar results in terms of precision.

Nevertheless, as pointed out earlier, the direction of flight can be distorted by the
radiation of gluons, referred to as QCD corrections. An introduction is given in the following,
with a focus on experimental handles to minimise their effects.
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Figure 10: Since the QCD corrections Cqcp affect the precision of A%B, regions in the
phase space are found, in which their impact is minimised.

7.2 Angular distortions: QCD corrections

In the determination of A%, at LEP [10-13] and their combined analysis [14], QCD
corrections have contributed to about 50 % of the systematic uncertainty budget and are the
leading uncertainty after excluding contamination from udsc-physics events. These QCD
corrections are mainly due to the emission of high-energy gluons from the b quark before
it hadronises, causing the quark’s initial direction to change, potentially even reversing
it. The degree of this distortion depends on the energy of the emitted gluon(s) and the
chosen method for estimating the b-quark’s direction, since the quark direction cannot be
directly measured in experiments. Consequently, a correction factor must be applied later
to account for the distortion, which is further detailed below.

Typically, the uncorrected b-quark forward-backward asymmetry A%% without gluon
radiation is adjusted using a scaling factor Cqcp (i) to derive the experimentally measurable
A

Ay = (1= ZCqen(m)) A4 (7.8)

where p1 = 2Ma//5 is the quark-specific energy-scale parameter of a quark with mass m,.
In the following, w is set to 0.107 for b quarks with m; = 4.8 GeV and has been neglected
in notations. The main challenge is to reduce the impact of Cqcop, making sure that its
uncertainty does not increase the total uncertainty of the measurement by using experimental
methods that are sensitive to Cqcp.

A sensitive parameter identified is the acollinearity between the two b quarks. This
method has been explored in earlier studies (see, for example, Ref. [35]), but has been
first implemented in an experimental FCC-ee setting in Ref. [34]. Mathematically, the
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acollinearity angle cos(¢(x,z)), defined as

Car+pr 21—z —2)
\/x2—ﬂ2\/ﬁf2—ﬂ2 ’

is a measure for the angle between the two b quarks when projected onto the plane orthogonal

(7.9)

cos(((z,))

to the initial beam-direction. It solely depends on the energy of the b and b quark, x = 2Fb /s
and T = 2Es//s. Furthermore, the analytical expression of Cqcp is written in App. A.2.1.
However, to illustrate the main conclusions of the formula, the differential correction I(x, Z)
in the integral of Cqcp, expressed via

(22 4+ 22) - (1 — cos(¢(z, T)))
3(1—2)(1—2x) ’

I(z,7) = (7.10)
is presented in the left panel of Fig. 10 as a function of E} and Ej on the z- and y-axis,
respectively. It represents a measure for the amount of QCD corrections, where higher
values of I correspond to larger values of Cqcp. The possibility of radiating gluons from
either the b and /or b quark is accounted for by symmetrising I accordingly to the expression
in Eq. (A.1).

It can be seen that the QCD corrections are largest for the lowest energies possible for the
b quarks. The reason for this is the reduction of the b-quark energy when gluons have been
radiated beforehand. In the figure, constant acollinearity angles at cos™*(¢) = [0.3,1.5,2.5]
are shown as black lines and indicate the cut in the phase space when the acollinearity of
the b quarks is required to have a certain value.
The effect on the actual QCD corrections Cqcp as a function of the upper limit on the
acollinearity angle is shown on the right side of Fig. 10. Without cuts, Cqcp = 0.78,
indicated as a horizontal black line. For tighter cuts applied, Cqcp reduces significantly
by about an order of magnitude for cos™!(¢) < 0.3, therefore mitigating its impact on the
systematic uncertainty of AbFB. However, a direct approach to reduce I would be to select
the highest energetic b-quarks, which requires, in addition to the direction estimation of the
b quark, an estimation of Ej, and/or Ej. The potential of the reconstructed b-hadron as
an energy estimator is discussed in the second part of the following analysis. Furthermore,
f1. also influences the measurement of A%B, and becomes nonzero when including QCD
corrections. The impact of fr, has been examined in Refs. [34, 36] and is expected to have a
minimal effect on A%B when kinematic cuts are applied with the aim of reducing the effect
of QCD corrections.
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Two strategies have been followed, which are described in detail in the following:

1. A recapitulation of the analysis in Ref. [34] is performed using acollinearity cuts on
reconstructed jets as direction estimators. Since cuts on the jet acollinearity require
the reconstruction of at least two objects in the event that approximate the b-quark
direction, limits on the b-hadron acollinearity are not directly applicable because
typically only one b hadron per event is reconstructed. However, the b hadron has
been used to extend the study by serving as an unambiguous charge identifier for the
hemisphere in the unlikely case of a reconstructed b-hadron in the event (details are
given in Sec. 7.1). Furthermore, the impact of incorrect pairing of the b hadron with
a jet is greatly reduced when acollinearity cuts on the jets are applied, as these cuts
are designed to lower the probability for scenarios with three or more jets originating
from gluons.

2. A more straightforward and novel approach is presented to experimentally reduce
the effects of QCD corrections, which involves leveraging the kinematic properties of

the reconstructed b-hadron. This approach is based on also estimating the b(b)-quark
energy Ey(Ej) from the energy of the b hadron.

For both, the proof of principle is demonstrated at the parton level first, before applying
the concept at the object level.

7.3 Acollinearity cuts

In the following section, a recapitulation of the analysis in Ref. [34] is performed. As a
further development of the presented method in Ref. [34], the assumption of a perfect flavour
tag in an inclusive Z — bb sample can be adapted by using the exclusively reconstructed
b-hadron of the event. However, since only one b hadron is expected to be reconstructed for
the measurement of A%B, an inclusive tag of the other hemisphere jet would be needed to
apply acollinearity cuts. In the following, the method is presented first at the parton level.

Parton level The impact of acollinearity cuts is first studied at the parton level, consid-
ering the b quarks after gluon radiation. According to Ref. [34], the quark acollinearity cuts
have been chosen to

max (cos™ ' (¢)) = {r,1.5,1.0,0.5,0.3,0.2,0.1} . (7.11)
The size of QCD corrections has then been estimated from Eq. (7.8) to

b70 b
C _ App — Apg
ag Agp

(7.12)
Given that A%’% and A%B have been derived from the same dataset, there is no statistical
uncertainty associated with Cqcp. The numerical values for A%B and Cqcp are shown in
Tab. 3. The decrease in Cqcp due to acollinearity cuts results in A%B approaching A%’%.
Consequently, this reduces the influence of Cqcp on the overall uncertainty of A%’g, which
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Figure 11: The fit result for different Table 3: A%B and Cqcp computed
cuts on the b-quark acollinearity. The from the b quarks after gluon radia-
b-quark forward-backward asymmetry tion for different cuts on the acollinear-
without gluon radiation is shown as a ity. A convergence of A%B towards
dashed line. For tighter cuts, the results A%’% = 0.1009 can be observed due to a
converge. significant reduction of Cqcp.

is derived from the propagation of the uncertainty and is considered as the only systematic

uncertainty

rasAbpo(Cqep)
(m — asCqcp)?

Osyst. (A%]%> = 5 (7.13)
with the uncertainty on Cqcp, 0(Cqep). The impact of acollinearity cuts is visualised in
Fig. 11, which presents the interpolation result for cuts at max(cos~*(¢)) < [r,1.0,0.1]
together with the result from A%’% in the dashed line. It can be seen that towards tighter
cuts, the effect of QCD radiations becomes negligible.

Consequently, cuts on the b-quark acollinearity impact the longitudinal fraction fi, as
shown in the left panel of Fig. 12, while f1, has been determined from the simultaneous fit
at the parton level to Eq. (7.3). The errorbars represent the uncertainty of the fit. Again,
a significant decrease towards fr, = 0 can be seen for tighter acollinearity cuts. With the
result obtained at the parton level, the study has been extended to use the experimentally
accessible jet acollinearity in the following.

Object level At the object level, acollinearity cuts have been implemented between the
two jets identified as b jets. In an analysis with actual data from an FCC-ee experiment,
specialised tools are required to identify the flavour of both b jets. Additionally, employing
a jet-flavour tagging algorithm requires careful handling and consideration of factors such
as detector-acceptance effects, since the performance of these algorithms typically depends
on the polar angle of the jet.

Compared to the acollinearity cuts applied at the quark level, the acollinearity between
two reconstructed jets derived from the jet angles can be greater than one due to inaccuracies
in the jet-energy estimation. Consequently, imposing 0 < cos™!({) < 7 inherently results
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tion of the cut. About 30 % of the events remain
for max(cos™1(¢)) < 0.2, for which the effect of
QCD corrections is reduced by about one order
of magnitude.

Figure 12: The longitudinal component f1, as function of the acollinearity cuts at the parton
level for the b quarks after gluon radiation. Experimentally, cuts on the jet acollinearity
reduce the number of events. The remaining fraction of events is presented in the one-
dimensional distribution of the jet acollinearity in Fig. b.

in an event cut, which has been determined to be insignificant. The jet-acollinearity
distribution for the b jets at the object level is shown in the right panel of Fig. 12. This
distribution indicates that a substantial portion of events has jet acollinearities below 0.2,
thereby reducing Cqcp by about an order of magnitude at this working point (refer to
Tab. 3).

In a manner similar to the parton-level studies, cuts on the jet acollinearity have
been applied and A%B has been determined from the fit. Due to the lack of experimental
sensitivity to the longitudinal fraction, the values of fi, have been fixed to those obtained
at the parton level. The fit has been performed on the polar-angle distribution of the jet
that has been assigned the negative charge in the event.

To establish a threshold where the systematic uncertainty matches the statistical
uncertainty, two scenarios have been considered for the systematic uncertainty due to Cqcp.
For clarity, the QCD-corrected result from

b0 _ 1 b
AFp = 1 % Cqon App (7.14)
has been evaluated below, and the uncertainty from Eq. (7.13) has been computed. The
first scenario considers a relative uncertainty on Cqcp from Tab. 3 to be 1%, while the
second, more conservative scenario, assumes an uncertainty of 5%. The statistical precision
is derived from the nominal statistical precision of og;at. (A%B) =1.56-107° and its reduction

has been assumed to follow the remaining fraction of events from the jet-acollinearity
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Figure 13: Jet-acollinearity cuts are valid estimators for the amount of direction dis-
tortion of the b quark and the jet direction. For tighter cuts, both converge towards
A%’g. By applying the QCD corrections, optimal thresholds at max(cos™(¢)) < 0.66 and
max(cos~1(¢)) < 0.24 have been found for two scenarios of the uncertainty on the QCD
corrections, for which Ustat.(A%B) = Usyst.(A%B)-

distribution. Fig. 13 illustrates the results as a function of jet acollinearity, employing a
finer binning for the maximum allowed acollinearity cuts compared to previous analyses.
The left panel displays A%B without any QCD corrections at both the object and parton
levels following gluon radiation in black and green, respectively. Both results converge
towards the horizontal line, which indicates the parton-level value prior to gluon radiation
and includes the expected statistical precision as an uncertainty band. It is evident that
the statistical uncertainty grows considerably with very stringent acollinearity cuts. The
discrepancy between the object-level and parton-level results stems from selection criteria
and the impact of jet acollinearity, such as the requirement for at least two b-tagged jets.
Further factors include the detector-acceptance effects of additional gluon jets. However,
this effect reduces with tighter acollinearity cuts, thus reducing the discrepancy, since the
general event topology of the jets becomes more back-to-back. For acollinearity cuts below
0.8, the difference becomes almost negligible.

In contrast, the QCD-corrected value A%g from Eq. (7.14) is illustrated on the right
side of Fig. 13. In this context, A%B has been derived from the object-level distribution to
overcome the discrepancies between the object- and parton-level quantities, as previously
discussed, since the aim of this study is to determine an appropriate cut on the jet
acollinearity, where the systematic precision matches the statistical precision. The systematic
uncertainty is shown for the two scenarios ?(Cacp) /oo = [1,5] % in darker and lighter
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Figure 14: The fit result for different Table 4: A%B and Cqcp computed
cuts on the b-quark energy. The b-quark from the b quarks for different cuts on
forward-backward asymmetry without the b-quark energy. A convergence of
gluon radiation is shown as a dashed A%B towards A%’% can be observed due
line. For tighter cuts, the results con- to a significant reduction of Cqcp.

verge.

orange, respectively. The result shows that in both cases the systematic uncertainty reduces
with tighter jet-acollinearity cuts. From the intersection O’stat.(A%’%) = Usyst.(A%’%), the
optimal thresholds have been determined to be max(cos™!(¢)) < 0.66 and max(cos™(¢)) <
0.24 and the uncertainties on A%’% result to

C
o(Cqcp) _ 5o _, ABO — 1 (A%D) + 45107 (stat.) + 4.5- 1075 (syst.)

C;?CD (7.15)
o(Cacp) _ ¢ ALD = p(AR%) + 221075 (stat.) + 2.2 1075 (syst.) .
Cqcp
Here, it is assumed that in a more realistic scenario the statistical uncertainty behaves
similarly when only one hemisphere has been exclusively reconstructed and the other one
decays inclusively. With this result, the analysis of jet-acollinearity cuts as a means to
reduce the QCD corrections is concluded. Nevertheless, the effects of the jet-clustering
algorithm, b-jet tagging, and the transverse-momentum cut still require further investigation.
To inherently address the aforementioned issues, the next section studies the potential of
minimising the QCD correction through kinematic cuts on the b hadron, eliminating the
necessity of clustering and tagging b jets in the event.

7.4 b-hadron energy cuts

In order to minimise the QCD corrections, the kinematic characteristics of the reconstructed
b-hadron in the event can be used. Analogously to the investigation of acollinearity cuts,
the feasibility has initially been confirmed at the parton level with energy cuts on the b
quarks after gluon radiation. It is mentioned that, because both hemispheres are compelled
to contain two b hadrons, there are events with one or two reconstructed b hadrons in the
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(a) The f1, parameter as function of the maxi-  (b) The energy distribution of the b hadron, indi-
mally allowed b-quark energy. cating also the fraction of events when applying
the different energy cuts.

Figure 15: The longitudinal component fi, as function of the energy cuts at the parton
level for the b quarks after gluon radiation. Experimentally, cuts on the b-hadron energy
reduce the number of events, where the remaining fraction of events is presented in the
one-dimensional distribution in Fig. b.

event. If both b hadrons have been reconstructed, one has been chosen randomly to avoid
biases in the determination of A%B. To comply with this strategy at the parton level, only
one of the b quarks is randomly required to meet the energy criterion.

Parton level As first step, suitable energy cuts have been chosen to be
min(E) > {10, 20, 30, 35, 40,41, 42, 43,44} , (7.16)

with an emphasis on the higher energies, since it is expected that the reduction of the QCD
corrections is driven by the highest-energetic b quarks or hadrons.

The parton-level result is illustrated in Fig. 14 and is numerically detailed in Tab. 4.
As expected, the magnitude of the QCD corrections is significantly reduced for higher
b-quark energies following gluon radiation. Consequently, the QCD corrections are reduced
by approximately an order of magnitude for b-quark energies above 43 GeV.

The impact on fi, is presented on the left side of Fig. 15, which shows a similar trend
towards zero compared to the acollinearity cuts for higher-energy cuts on the b quark. This
result motivates the use of an effective reduction of the QCD corrections by applying cuts
on the b-hadron energy in the paragraph below.

Object level Since the cuts on the b-hadron energy aim to improve the direction estimation
of the initial b-quark prior to gluon radiation, a differential analysis of the relative polar-
angle difference has been carried out, showing the mean of the relative difference in bins of
the b-hadron energy in the left panel of Fig. 16. For clarity, the standard error of the mean
has been increased by a factor of ten and is shown as an error bar on the points. The bias
in the distribution, expressed by the difference of the points to the zero line, reduces to
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Figure 16: The impact of energy cuts applied on the reconstructed b hadrons on the
accuracy of the b-quark direction estimation.

zero for the highest-energetic b hadrons. Accordingly, the 68 % and 90 % smallest intervals
of the relative polar-angle resolution are shown in the right panel of Fig. 16, which decrease
significantly with increasing energy. The remaining ranges of the order 0.03 and 0.1 for the
smallest 68 % and 90 % intervals at energies above 44 GeV are due to hadronisation effects.

Although a notable reduction in bias and a gain in direction-estimation precision can be
achieved for the highest-energetic candidates, the loss in statistical precision is significant.
This is evident when examining the b-hadron’s energy distribution in the right panel of
Fig. 15, where only a small fraction of candidates of the order 10 % remains after placing
cuts on the b-hadrons energy above 40 GeV.

Nevertheless and similarly to the study of the jet-acollinearity cuts, the primary focus
is on the threshold value that reduces the impact of Cqcp on A%B to a level such that the
systematic uncertainty on A%B becomes competitive with the statistical precision. Following
this, A%B has been derived from the polar-angle distribution of the negatively charged
b-hadron.

In analogy to the studies in Sec. 7.3, a finer binning of the energy cuts has been chosen
to properly identify the threshold, at which astat,(A%B) = Usyst,(A%B) for the two scenarios
of the relative QCD-correction uncertainty (€acp) /cqop = [1,5] %. The left panel of Fig. 17
presents the result normalised to the object level as a function of the reconstructed b-hadron
energy, similar to Fig. 13b. The statistical precision is again shown in the grey uncertainty
band, while the systematic uncertainty for A%’% for the more conservative and optimistic
estimations for 7(Cacp) /coep, are presented in lighter and darker orange, respectively. The
threshold values have been found to be min(Ep) > 32 GeV and min(Ep) > 38.1 GeV for
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(b) The total uncertainty on sin®(fyw) as func-
tion of the total uncertainty on A%y for i € [, b],
assuming that oy, (sin(fw)) only arises from
variations in ALg. With the exclusively recon-
structed b hadrons as hemisphere tagger, a com-

petitive method has been developed to challenge
the precision on sin?(fy) from Afg.

Figure 17: The energy of the b hadron directly serves as estimator for the amount of gluon
radiation, which distort the initial b-quark direction. With a cut of min(Ep) > 32 GeV and
a knowledge of the QCD corrections of 1%, sin(fy) can be derived with similar precision

I
compared to Appg.

7(Caep) Jogep = 1% and 5 %, respectively. This results in the final uncertainties for A%’%

C
U(C—QCD) =5% = A = u(A%L) + 5.6 1077 (stat.) + 5.6 - 1077 (syst.),
QCD

C
U(C an) _ 15 AR = p(AR) £ 2.3-107° (stat.) + 2.3-107° (syst.).
QCD

(7.17)

The total uncertainty on A%’% in the conservative and optimistic scenario results to 7.9-107°
and 3.3 - 1077, respectively. Consequently, this would improve the measurement uncertainty
from the LEP average in Eq. (7.2) by about a factor of 20 and 50.

7.5 Constraints on the weak mixing angle

The constraints on sin?(fy) are expected to be competitive with those in reach from the
muon forward-backward asymmetry, Afg, with a notable improvement in the measurement
of A%g. The impact on sin?(fy) is discussed in the following. From the b-quark forward-
backward asymmetry, the weak mixing angle sin?(fw) can be extracted via

2upay

—_. 7.18
Ug-l—ag ( )

Abp = erAb, with A4, =
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using the explicit formulations of the vectorial (vp) and axial (ap) coupling of the Z boson
to the b quark

ap =Ty,

Ly (7.19)
Vp = Tb - 2Qb S1n (Qw) .

In Eq. (7.19), Ty is the third component of the weak isospin and @ refers to the charge of
the b quark. Although the standard method for extracting sin?(fw) is through Afg, A%y
can provide a competitive method for comparing both methods to probe departures. This
is because the sensitivity of A%B is approximately three times higher than that of Afp.
Consequently, the uncertainty on sin?(fy) derived from A%y is about three times lower
than that derived from Afy, given the same total uncertainty.

Therefore, it is worthwhile to calculate oo (sin?(fy)) using the latest estimation [37]
for the precision of ALy

Tior, (Akg) = /(2 - 10~6(stat.))2 4 (2.4 - 106 (syst.))> (7.20)

and oyor.(A%g) (see Eq. (7.17)). In oot (Alsg), the systematic uncertainty mainly arises
from the knowledge of the COM energy. Numerical methods from the scipy library have
been used to calculate

sin(Bw) = f(Apg),
0f(App)

i s 0) = (P45 ) o ()
FB

(7.21)

for sin?(fw) = 0.23089. The result is presented in the right panel of Fig. 17 for the muon
and b quark in orange and blue, respectively. The grey-shaded area indicates the most
precise uncertainty of sin2(6?w) to date. The filled points represent the currently most
accurate measurements of A’}i’Bb [33]. The shaded and white blue dot show the pessimistic
and optimistic scenario, where the pessimistic scenario assumes 7(Cacp) /coon = 5% and
the optimistic scenario assumes (CQCD)/CQCD =1%.

The figure reveals a bias between both representations, which originates from the higher
sensitivity of A%y to sin?(fy). In the pessimistic case, an improvement in the precision of
sin?(fw) of about one order of magnitude is within reach. In contrast, the result becomes
comparable to the one obtainable with A%y in the optimistic scenario, where the precision
from A%B compared to Ak is worse by about a factor of three.

8 Conclusions

Although a powerful collider concept like FCC-ee unlocks unprecedented statistical pre-
cision with an enormous amount of O(10'2) expected Z-boson decays, it requires careful
consideration of controlling systematic uncertainties, which are not automatically reduced
collecting more data. To substantially improve on fundamental SM parameters and to
provide a competing method for their validation, new approaches to measuring the quan-
tities of interest are needed. This has been demonstrated in the field of b-quark EWPOs
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by tagging the hemisphere flavour with exclusively reconstructed b-hadrons, eliminating
over 75 % of the systematic uncertainty in the measurement of R; and A%B. Historically,
both observables have suffered from contamination by lighter quarks. It could be shown
through six representative decay modes that purities above 99.8% are achievable using
exclusively reconstructed b-hadrons as hemisphere-flavour tagger. Further studies have
addressed subleading systematic uncertainties, specifically the hemisphere correlation and
the QCD correction for Ry and A%B, respectively. The sources of these uncertainties have
been identified and mitigated by removing the PV dependence and using the energy of the b
hadron to estimate the angular distortion from radiated gluons prior to hadronisation. For
A%B, QCD corrections must be known with a relative precision of 1%, while it is sufficient
to estimate the hemisphere correlation with 10 % precision. With these assumptions, Ry,
Abp and sin?(fy) are expected to be measured with the following precisions at FCC-ee

Ry = u(Ry) + 2.22-107° (stat.) 4+ 2.16- 107° (syst.),

Abp = u(Aby) £ 2.30- 1075 (stat.) & 2.30- 1075 (syst.),
= sin?(Ow) = p(sin?(w)) £ 6-107°.
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A Appendices

A.1 Ry analysis

The following sections provide additional material for the R; analysis.

A.1.1 List of b-hadron decay modes

In this section of the appendix, the list of all b-hadron decay modes to be included to
reach a tagging efficiency of ~ 1% is first presented before the results of the remaining
representative decay modes are presented.

The following tables present the b-hadron decay modes, separately for the different b
hadrons: B* in Tab. 5, B® in Tab. 6, B? in Tab. 7 and for the A) baryon in Tab. 8. If
available, the subsequent decay of, for example, heavy c-hadrons and baryons is indicated in
the third column. The sum of Brs in percentage values, which quantifies the overall tagging
efficiency, is given in the last column. Heavy c-hadron decays in the B?S) and Ag decays are

expected to be the ones of Tab. 5.
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Table 5: List of possible B decay-modes. The decay modes in bold indicate the first
decay stage of the BT meson followed by the subsequent decays in the third column. The

hadronisation fraction of a b quark to a BT is 40.7 % and is not included in the branching

fraction calculations.
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Table 6: List of possible BY decay-modes. The subsequent decays of the .J/1 and ¢ mesons
are not shown as they can be found in Table 5. The hadronisation fraction of a b quark to
a BY is 40.7 % and is not included in the branching fraction calculations.

Mode Br(BY — final state) / % ‘ > Br/%
J/p KT~ 0.014 | 0.014
D*(2010)~ ntata—m0 0.473 0.487
D*(2010)~ ntx° 0.403 0.891
D*(2010)~ ot~ 0.194 1.084
D= ntoto— 0.094 1.178
D*(2010)~ «t 0.074 1.252
D*(2010)~ D} 0.069 1.321
D—nt 0.039 1.360
D~ DY 0.036 1.396
D*(2010)" D° K+ 0.026 1.422
D~ DK+ 0.007 1.429

Table 7: List of possible BY decay-modes. The subsequent decays of the ¢ mesons are not
shown as they can be found in Tab. 5. The hadronisation fraction of a b quark to a BY is
10.1 % and is not included in the branching fraction calculations.

Mode Br(B? — final state) / % ‘ > Br/%
Dy [nt w0+ 0.218 0.218
D, ntnta™ 0.195 0.413
D*(2010)" ntata— 0.194 0.607
D, nt 0.095 0.702
D} D7 0.045 0.747
DYK—nt 0.041 0.789

Table 8: List of possible Ag decay-modes. The hadronisation fraction of a b quark to a Ag
is 8.4 % and is not included in the branching fraction calculations.

Mode Br(AY —» XY) /% ‘ Br(X — final state) / % ‘ > Br/%

AY > pKnt 6.280 £+ 0.320

0.082
A} — pK—7t7%  4.460 £ 0.300

A) > Afntr=w™  0.760 £ 0.110
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A.1.2 Reconstruction of the remaining b-hadron decay modes

The characteristics of the decay modes in the aforementioned tables are represented in the
listing of six decay modes in Sec. 4.3. As an example, the decay BT — [KT7 7% por™
has been reconstructed. In the following, the results of the remaining five decay modes
are shown. In general, the assumptions made for the vertex-resolution emulation and for

kinematic cuts on intermediate particles have been applied similarly.

Fully charged D° decay The invariant-mass distribution of the B* meson from Bt —
[KT7m~ | o™ is shown on the right side of Fig. 18 after an energy cut on the B candidates
of 20 GeV has been applied. The distribution of the energy is presented on the left side
of Fig. 18. With an energy cut of Eg+ > 20 GeV, a purity of (99.93 £ 0.11) % has been
achieved, where the uncertainty originates only from the size of the available sample.

USU‘H.,.H,, — T = L B B o B L
= 3 1 () ”
5 B* from Z — bb, j1 = 33.35GeV & 0.75E)_quark O FCC 1 = 104 I = ;‘2‘4‘:"]“ tructed O FCC 1
L + from Z — ) b ¥ E artially reconstructec -
10 o 2 3 B* from Z = qq (g % L 1), = 12.18 GeV Z pole, IDEA ] 2 E 3 Combinatorical Z pole, IDEA E
R 3 ~ I [ wdsc-background
- 8. . 3 Object-level
Ee = 100 E
0.20 F ] T e,
Sl e ]
0.15F - < : E
r 1 A ale
0.10F ] 10y E
0.05 [ H ] 83 -
b b Db 1
0 10 20 30 40 50 2000 2500 3000 3500 4000 4500 5000 5500
E([K*n¥]po n%) | GeV m([KEr¥] 7%) / MeV
(a) (b)

Figure 18: Energy and invariant-mass distribution of the signal and background candidates
in Figs. a and b, respectively. The energy cut has been set to 20 GeV.
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D decay with two m® The invariant-mass distribution of the BT meson from Bt —
[KT 7~ 7979 o™ is shown on the right side of Fig. 19 after an energy cut on the B
candidates of 20 GeV has been applied. The distribution of the energy is presented on the
left side of Fig. 19. With an energy cut of Eg+ > 20 GeV, a purity of (99.81 + 0.07) % has
been achieved, where the uncertainty originates only from the size of the available sample.

5 B* from Z — bb, 1 = 33.99GeV ~ -k O FCC é Signal O FCC
— [ 3 B from Z — qq (q #b.t), p = 15.87G 7 pole, IDEA 1 L’S 107 = 1 Partially reconstructed Z pole, IDEA —|
— s ' . Q [ Combinatorical
) E ) [ wudsc-background
= s ¢ Object-level
i E
0.1 ? ’; &)
0.01F .
10-3 | | | 35 A N N I I B B
0 10 20 30 40 50 2000 2500 3000 3500 4000 4500 5000 5500
B([K*a72r po %) / GeV m([K*aF2n"] 7t) / MeV
(a) (b)

Figure 19: Energy and invariant-mass distribution of the signal and background candidates
in Figs. a and b, respectively. The energy cut has been set to 20 GeV.
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Four charged tracks at the D° decay-vertex The invariant-mass distribution of the
B* meson from Bt — [KTn 7 7| 507m" is shown on the right side of Fig. 20 after an
energy cut on the BT candidates of 20 GeV has been applied. The distribution of the energy
is presented on the left side of Fig. 20. With an energy cut of Eg+ > 20 GeV, a purity of
(99.73 + 0.27) % has been achieved, where the uncertainty originates only from the size of
the available sample.

- T e e -~ 10° g g
o~ B* from Z — bb, p = 33.35GeV ~ 0.75E)_quarc O FCC A e E b E
o ; ; — 11100Ga = F Signal FCC 1
= P Brhom Z = aq g #b.0), 4= LL19Ge Z pole, IDEA 1| Sk = Pastally reconstructed dee DEA ]
- 3e) E 1 Combinatorical ' 3
= 1F E ~ F T udsc-background
< £ 10tL T Objectlevel ]
) H o = 10k 3
{5‘
0.1 a

0.01 ! 7 7
: e P B N R S S ] 0 L | | I HWM H% I HJ-‘HH:

0 10 20 30 40 50 '21000 2500 3000 3500 4000 4500 5000 5500
B([KE2r¥rE] po %) / GeV m([K*2n% 7% 7%) / MeV

(a) (b)

Figure 20: Energy and invariant-mass distribution of the signal and background candidates
in Figs. a and b, respectively. The energy cut has been set to 20 GeV.
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Including two ¢ mesons The invariant-mass distribution of the B™ meson from B+ —
DYDY with the subsequent decays D° — K*7~ and D} — KTK 7t is shown in Fig. 21
without any energy cut on the BT candidates, since with the limited amount of simulated
events, no udsc events have been found in the signal mass window. Therefore, a purity
of 100.00 % has been achieved, which is expected to be slightly lowered with more events

available.
% 35 : T T T | T T T T I T T T T I T T T T I T T T T T T T T | T T T T :
= B Signal < ' FCC |
[ [ Partially reconstructed 7 nole. IDEA ]
% 30 r [ Combinatorical pare: ]
>~ [ [ wudsc-background ]
g 25 [ $  Object-level n
= ZO
2 N ]
= F % ]
rt: - -
g 20 ]
< C ]
@) L ]
15F -
10 |- =
5 L ]
E = I Nt R [ e T HHA s ]
0 ANE=yuN s I L o ld

4000 4250 4500 4750 5000 5250 5500
m([K* K- ps [K+7 ] po) / MeV

Figure 21: The invariant-mass distribution without any energy cut. However, it is expected
to have some light-quark contamination when considering the full event statistics.
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Including a cé meson The invariant-mass distribution of the BT meson from BT —
(0775 Kt with £ € [e, u] is shown on the right side of Fig. 22 after an energy cut on the
BT candidates of 20 GeV has been applied. The distribution of the energy is presented on
the left side of Fig. 22. With an energy cut of Ep+ > 20 GeV, a purity of (99.90 £ 0.24) %
has been achieved, where the uncertainty originates only from the size of the available
sample.

> L e B S S B S S B . — ————————
® B* from Z — bb, 1 = 33.42GeV & 0.75E)quark FCC A Z . ]
9 0.4 3 B* fiom Z - qq (/q%b.f).uf 10.30 GeV 9 = = L 5'3"“? ) O FCC ]
L pole, IDEA | - 3 [ Partially reconstructed Z pole, IDEA
— L s 10° F 3 Combinatorical ' 3
js) L [\l E [ udscbackground
= L > ¢ Object-level
0.3F B 2 r A )
r =100 =
0.2 - S i
i 3
0.1 B 1 i_LkI'I.‘
()07.‘ b ..\..H.l‘.‘.|‘..‘7 0417' m . ﬂ .|ﬂﬂ R I'j
0 10 20 30 40 50 4000 4500 5000 5500
E([[ifi]J/L, K#)/GeV m([ﬁi(ﬂj/w K*)/MeV
(a) (b)

Figure 22: Energy and invariant-mass distribution of the signal and background candidates
in Figs. a and b, respectively. The energy cut has been set to 20 GeV.
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A.2 A%B analysis

In the following additional information for the analysis of A%B is provided.

A.2.1 Theory of QCD correction and longitudinal boson-polarisation

In the following, the theoretical basis is provided, mainly motivated and adapted by the
studies in Ref. [34]. The analytical expressions for Cqcp are provided as follows

Tmax  (Tmax(r) 972 1 —cos(¢(w, 2, 1))
e dzd Al

min IIlll’l (ZI!

with the energy fractions of the b and b quark z = 2Eb/\/E and T = 2E5/\/s, respectively. The
acollinearity here is written explicitly as a function of (z,z, 1) and the definition is given
according to Ref. [35] as

2+ pt+2(1 -z — )

\/xQ _ #2\/3—52 _ M2

The integral limits in Eq. (A.1) are derived from the possible configurations for the b

cos(¢(x, T, p)) =

(A.2)

and b quarks. This means i, = iy, Tmax = 1 (either carrying no momentum or the full
momentum of v5/2), such that

2 _ 2 2
TEVEITR K (A.3)

a?min(x) =1-

2 2—x— /12— 2
22 2
Frax(x) =1 — 2 VT 7, a : (A.4)
2 2 2
2—x+T*— 1

The analytical expression for f, is given as

Tmax Zmax (T 4@8 $2 (1 _ COSQ(C(:Q z, N))) )
/33mm /Imm 37.‘.(1 — .’E)(l — [,E) dzdz. (A5)
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