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Introduction

We have been studying hadronic decays at
the Z pole in FCC-ee conditions. Our goal is
to minimize systematic uncertainties of the
cross-section so that we can take full
advantage of FCC statistics.

7 The hadronic channel has the highest
cross-section, making it an important
benchmark for the possible Physics reach of
the FCC-ee.



Motivation

e Z pole running will result in an enormous data set (5x10'? events) with
unprecedented precision; At FCC-ee it takes about a minute to accumulate an
entire LEP Z pole dataset;

e At LEP, the motivation was to measure the fundamental parameters of the standard
model and find discrepancies in the measurements indicating the SM is broken or
better that there is physics beyond the standard model (BSM);

e At FCC-ee, consistency between all measurements will be tested more stringently
than before, inconsistencies will immediately invoke new physics;



Goals of our analysis

e Adapt and compare FCC-ee simulations of Z= qq decays to previous results
from L3;

e Compare Whizard and KKMC event generators in FCC-ee conditions to see
whether they agree within uncertainty;

e Study the acceptance generally and as a function of the of the detector hole
(where the beam pipe enters);
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Importance of Monte Carlo

Estimate the number of background events

e Monte Carlo is used for most backgrounds;
e Monte Carlo can predict it precisely in most cases;

Estimating acceptance

e Crucial to calculating the cross-section and its uncertainty;

e Two event generators are in significant disagreement about the Z=»qq
acceptance, which makes it harder to derive systematic uncertainties;

e This is the focus of our analysis.



Monte Carlo Samples

The event generation used

Process Event Generator Cross-Section (pb) Events .
nominal FCC parameters
6
e*e” — Ul KKMC 5353.596845 110 for the Beam Energy
] Spread (0.132 %) and
e*e — dd KKMC 6752.078 210 Bunch dimensions
‘e KKMC 5325.479 2x10° , .
ee —ce : Detector simulation used
6 .
o' — ss KKMC 6763.653 2x10 the IDEA detector with
o105 Delphes (Winter 2023
e*e > bb KKMC 6586.846 campaign).
. _ . , 1x108
e‘e”"— ul Whizard (Pythia 6) 5353.596845
. _ . , 1x108
e‘e”— ul Whizard (Pythia 8) 5353.596845
ete — ptu Whizard 1717.852 2x107
e'e" - T Whizard 1716.135 8.45x10°
e*e" — e*e hadrons Whizard 11367.36 4x108
ete" > e'e Pythia 1462.09 1x107



https://github.com/HEP-FCC/FCCeePhysicsPerformance/blob/master/General/README.md#generating-events-under-realistic-fcc-ee-environment-conditions
https://github.com/HEP-FCC/FCCeePhysicsPerformance/blob/master/General/README.md#generating-events-under-realistic-fcc-ee-environment-conditions
https://github.com/HEP-FCC/FCCeePhysicsPerformance/blob/master/General/README.md#generating-events-under-realistic-fcc-ee-environment-conditions
https://github.com/HEP-FCC/FCCeePhysicsPerformance/blob/master/General/README.md#generating-events-under-realistic-fcc-ee-environment-conditions

L3 Comparison




L3 Results

Table 14. Average centre-of-mass energies, number of selected
events, integrated luminosities and measured cross sections
with statistical errors for ete™ — hadrons(v). The cross sec-
tions are quoted for v/s' > 0.14/s. Apart from the uncorre-
lated part listed, A}™°, systematic errors consist in addition of
a fully correlated multiplicative contribution, §{°* = 0.39%00
and an absolute uncertainty, A2*® = 3.2 pb. Systematic errors
from the luminosity measurement (Tables 4 and 6) have to be
added. The data sets are ordered following Table 6

/5 [GeV]  Nevents £ [pb™ "] o [nb] A" [nb]
91.3217 158736 5.21 30.665 4 0.077 0.003
89.4498 83681 8.32 10.087 £ 0.035 0.001
91.2057 281359 9.34 30.309 £ 0.057 0.003
93.0352 121926 8.79 13.909 £ 0.040 0.001

1993 Totals 645702 31.66
91.2202 1359490 44.84 30.513 £ 0.026 0.001
91.3093 209195 6.90 30.512 + 0.066 0.003
89.4517 75102 7.46 10.081 £ 0.037 0.001
91.2958 123791 4.08 30.493 £ 0.086 0.003
92.9827 117555 8.28 14.232+0.041 0.001

1995 Totals 525643 26.72

Total sum 2530835 103.21

Focus on reproducing the results from 1994 run of L3.

The hadronic Z decays analysis was performed on peak at
91.2202 GeV with luminosity of 44.84 pb! which we are
going to be adopting for our simulations of the L3 results.

The L3 Collaboration., Acciarri et al, M. Measurements of cross
sections and forward-backward asymmetries at the Z resonance and
determination of electroweak parameters. Eur. Phys. J. C 16, 1-40
(2000). https://doi.org/10.1007/s100520050001



Event Selection

1. 05«< Evis/w/s <2.0;

a. E_ isthetotal energy observed in the detector normalised to the centre-of-mass energy;
2. |E/N/E, <0.6;

a. E// isthe energy imbalance along the beam direction;
3. EL/E, <06

a. E._L isthetransverse energy imbalance;

4.  The number of particles per event, N ,isrequired to be:

particles

213 for |cosB,| <0.74 (barrel region),

particles

b. Nparticles 2 17 for | cos 6, | > 0.74 (end-cap region), where 6t is the polar angle of the event thrust axis.
c. Thisdiffers from L3 as they used the number of clusters from energy depositions in the calorimeter while

we used the number of particles reconstructed from the tracker, the calorimeter and the muon chamber.
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Number of Particles/Clusters (Barrel Region, N-1 Plot)
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There is good
agreement between
FCC-ee simulations
and the L3 data.

You can see that
improved tracking at
FCC allows better
discrimination
between signal and
background.
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L3 Plot FCC-ee simulation V5 =912 GeV, 44.84 pb~!
[ L Almost all two photon background (in
gt R T T hdon ) bty pink) does not satisfies the requirement
F Le'e” — hadrons(y) 05 < E  /Vs, explaining the discrepancy
B e hafkons in the amount of this background
10 B ~7vw Ly present the previous plot.
o - You can see that the better
S % l l ) reconstruction at FCC allows better
g i 5 discrimination  between signal and
g k f 103 background.
@10 >, .
-4 10?4 The sharp peak instead of a broad
e kN smoother curve is due to much
"y improved  detector.  The  energy
" S resolution of the IDEA detector is
10 % 1 significantly better than for all LEP
05 1 s e e S S Jetectors.
E. /Vs Eus IV
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Transverse Energy Imbalance (N-1 Plot)

L3 Plot
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The differences in the filters
impact the amount of background,
to the point that there is no visible
e'e’.

Improvements in the detector also
justify  the sharper peaking
behavior towards 0.

The transverse energy imbalance

helps to reject backgrounds not
described by Monte Carlo.

13



I N .
Longitudinal Energy Imbalance (N-1 Plot) I I"

Events / 0.01
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Optimization for FCC-ee

e Since improvements will be made in the detector, we are using different filters
to better suit the FCC-ee conditions and improve the significance.
e The luminosity now considered is a projected FCC-ee one of 75 ab™ on peak.

e Need to choose between Z=+hadrons event generators
o  Pythia for showering
o  KKMC versus Whizard
m Different orders implemented

(For now, we are only going to analyse Z = uu. Further studies will also look at other flavors.)

15



FCC-ee simulation

Vs =91.2 GeV, 75 ab™!

Charged Multiplicity
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T 10734 |1t
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aepr I
Comparison

Both generators (gen-level)
are in fair agreement with
unfolded ALEPH data (in
black), even though they
might differ from each other
in other measurements. The
modelling of hadronization
and multiplicities should still
be improved for FCC-ee.

https://doi.org/10.1016/50370-1573(97)00045-8.

Generator level
particles
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https://doi.org/10.1016/S0370-1573(97)00045-8

Comparing KKMC and Whizard at gen level particles

FCC-ee simulation

Vs =912 GeV, 75 ab!

1012 —— e*e” —»uu, KKMC Pythia 8, Gen

—— e’e” »ud, Whizard Pythia 8, Gen
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Bparticies [radians]
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Significant discrepancy between the

generatorsinthe 6 distribution in the
particles

very forward region affects the analysis.

Differences in the theta distribution are due
to the different treatment of the ISR,

calculation order of the hard interaction and
potential extra radiative corrections applied.

This introduces a difference in the
acceptance of the generators that
decreases if we restrict the analysis to
select particles only away from the end of
the detector.
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Large discrepancy
between generators
that decreases as you
select only particles
away from the end of
the detector.

This is due to different
implementations and
should not account as a
systematic uncertainty.

Generator level
particles
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Events

Ratio

Charged Multiplicities in different detector hole definitions
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N-1 Plots

FCC-ee simulation Vs =91.2 GeV, 75 ab~! FCC-ee simulation Vs =91.2 GeV, 75 ab~!
1
1011 5 E e’e”sptuT, Whizard o mm e'e” -p’u, Whizard
e'e”—se’e”, Pythia e*e " —se’e”, Pythia
10104 - mm e’e” -1t Whizard 1010 mm e'e” 1t Whizard
I ’ e*e”—»e’e” hadrons, Whizard e*e” —se’e” hadrons, Whizard
N o e’e” sud, KKMC Pythia 8 9 e*e” - ud, KKMC Pythia 8
ir 10
107 3§ |
8 108
g 10 2
c c
Z g
w 107 4 o 107
106 3 106
105 El 105
L |
104 3 I 104
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0 10 20 30 40 50 60
Eyis I VS Charged Multiplicity

Filters selected: E /vs 2 0.52, Charged Multiplicity > 4.
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Acceptance & Definition of the detector hole

Gen-Level

FCC-ee simulation

Vs =912 GeV, 75 ab™!

Reconstructed

FCC-ee simulation

Vs =912 GeV, 75 ab™!

Acceptance

e"e” = ui, KKMC Pythia 8, Gen (1)
e*e” —ui, Whizard Pythia 8, Gen (2)

\—‘—‘—

Radius of the hole [radians]

Radius of the hole [radians]

0.25

Great dependence of acceptance with the detector definition that is present in both generators.
The simulations are significantly different.
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FCC-ee Uncertainties

For the process Z » qq, we have for FCC-ee:

A =(99.367 + 0.006) %, ¢ = (30513 + 1.63) pb

Source Absolute Uncertainty [pb] Relative (%)

— 3 For the process Z = qq, the
Statistics 0.02 7x10 L3 results from the 1994 run:
Statistical Uncertainty on 0.03 1x106 _

Background Y o = (30513 + 26) pb
Statistical Uncertainty on 0.3 1x10°

Acceptance

Luminosity 1.6 5x10°

Total 1.63 5x107

Calculated with KKMC sample.
22



Conclusion & Next Steps

e [CC-ee simulations agree nicely with previous results from L3;
o FCC-ee has much better reach compared to existing measurements;

e KKMC and Whizard are in disagreement;
o  They present different distributions in end-cap regions.
o Their acceptance are significantly different.
o These differences come from the different implementations.
o  We are still in need of better Monte Carlo to more accurately simulate hadronic events at the Z
pole and the hadronization and the showering;

e Extend the FCC-ee simulation analysis for different quark flavors.
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Thank you!

Work on lineshape analysis

e Christoph Paus, Jan Eysermans, Luca Lavezzo
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Sources of Uncertainty

2 2
8= (1)

1. Data Statistics

2.  Statistical Uncertainty on
Background

3. Statistical Uncertainty on
Acceptance

4.  Luminosity Uncertainty

2 1
. asel+ (LA

8 +(NSlg) 8 +(NSlg)

Statistical Uncertainty: SSel =+/Nsel

§, = 0.015 ab !

Nsig = Number of signal
events after all cuts

No = Number of signal events
before all cuts

Nsel = Number of signal +
background events after all

cuts

Nbg = Number of background
events after all cuts

A = Acceptance
L = Luminosity
€ = Efficiency (taken to be 1)

n’s represent raw Monte Carlo
count
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Different Event Generators
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Gen level particles with detector definition on 0.3 radians

FCC-ee simulation Vs =912 GeV, 75 ab™?! FCC-ee simulation Vs =912 GeV, 75 ab~!
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You can see much better agreement between KKMC and Whizard away from the edges of the detector.
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Number of Particles/Clusters (End-Cap Region, N-1 Plot)
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Theta distribution with detector definition on 0.1 radians
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Events

Distributions with no filters applied
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