STUDY OF TOP QUARK
PRODUCTION AT FUTURE
ELECTRON-POSITRON COLLIDERS
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Motivations for Top quark studies

Unique - Heaviest SM particle
o]0l i[5 * Yukawa coupling = 1

OIS . Short lifetime = 5 107255
decay  Decays before hadronizing
signatu 1=+ | * Direct access spin properties

Probe

 Accurate Reconstruction
BSM needed

physics:
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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Hadron and Lepton colliders

S(o1elg R = « |nitial state unknown
elolqpleleltlalel= « imits in achievable
object: precision

* |nitial state well-defined
* High-precision
measurements

ete are

pointlike

High Energy Circular colliders

possible High energies (> 380 GeV)
I

require linear colliders

Clean experimental

High rates of QCD backgrounds _
environment
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FCC-ee
» 4 Stages

—— CDR baseline runs (21Ps) FCC-ee physics runs ordered by energy
additional opportunities
= total
? A £ = integrated
0(1) 30 90 30 30 12 5 5 0.2 1.5 luminosity
(ab™)
e . : . —s »
L l ] I l energy
203040... 88 912 94 125 157.5 1625 217 240 340 350 365 (GeV)
Z lineshape :
QCD W mass and width
QCD N, Higgs couplings top EW couplings :
precision favedl glection o Higgs mass &8 g Miop higgs VBF production phy§|cs
studies bl e e © e (i and Higes couplings improved)  N1ENIENLS
dark sector flavour (e.g. Vp) H
- #events
0(10"3) 0(10°) 0(2 x 10°) 0(2 x 10°) (4 IPs)
C—
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FCC-ee: Top quark studies

« Radiative corrections connect:

T 1

B V2G i sin® Oy 1= Ar(me, My)

M2
Ar(mt:MH) ~ Ctmg + cy In (—12{) 4
MZ

— Looking for new physics!

GHENT
UNIVERSITY

80.36

80.355

80.35

——FCC-ee (Z pole)
——FCC-ee (Direct)
—— ILC (Direct)
—— LHC (Future)
---- Tevatron

- Standard Model

171.5 172

172.5 173 1735 174 1745 175
Myop (GeV)

6



ANALYSIS OF THE TOP




Measuring the Top quark properties

Cross section threshold scan

E'l.il __1'Elthnelshntzlrllnzl-llnf'51li'1.5| GE‘IU T _
E E — QQbar_Threshold NNNLO —FCCee 350 LS ﬂnlyz
o \/E — 345 — 350 Gel/ 'E 1.2 E_—ISF{nnly —FCCee 350 LS+ISR_
: : o -
*Exploit resonant behavior 2 | s :
oV-oer —
.Shape V¢, Ug, Ft, me 0.63— v E
* Fit theoretical prediction " -
0-25_ based on CLIC/LC Top Study
EPJC73,2530 (2013) 3

340 345 350
= /s [GeV]
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Measuring the Top quark properties

Direct reconstruction

e /s = 365 Gel
* Exploit final state kinematics
* Compare to simulation

*\Varying mH¢
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Analysis strategy

* Decay Channels:

G

Fully Hadronic 46.2 6 jets

Semi-leptonic  43.5 4jets, 11%,1v

‘Fully’ Leptonic 10.3 2jets, 21%,2v

tt — bbW W™ — bbgqaq
tt — bbW W™~ — bbggl v(1"v)
tt — bbW W™ — bbl vl v
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Simulation framework: Key4HEP

Event Generation:

Detector Simulation:

Data Format:
EDM4HEP

FCCAnalysis:

Machine Learning

GHENT
UNIVERSITY

Madgraph: Hard-scattering
Pythia8: Hadronization

Delphes (IDEA)

Contains full information about simulation and
reconstruction

Preform associations: Generator-/ Detector-level

Event Selection and Reconstruction, ...
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Event generation T
’ dqq :
o Jetp =25 GeV f £
[ )
106 E o
* 10 000 events | 5%
I '.. g
— - ! 2 S
> W W~,ZZ,ZH, tt -
—_ 10“; 5%107
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103§
10° ¢ R G 2
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Z fusion ol
il | 15%10°
= | / / ;
A 50 100 150 200 250 300 350 400

\'s /GeV



BACKGROUND

SUPPRESSION




Signal vs Background Classification

Recursive Feature

Elimination (RFE)

« 7 features remained

¢ % @ / P | .
Hyperparameter i % { % | ) W
Optimization ;‘; : n .

]
¢ G rl d S e a rC h Decision Tree 1 Decision Tree 2 Decision Tree 3 Decision Tree K
(Weak classifier) (Weak classifier) (Weak classifier) (Weak classifier)
s " "‘. ’J' e -
L - -
L

-
""'h.‘_
""h,‘_

Boosted Decision Tree | -

- -
o -
- b -
™ LY &, -

(BDT)
* /5% train / 25% test split ooy
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Signal vs Background Classification

FCC-ee IDEA V's = 365 GeV

| ]
/

r

* Greatly improves signal £ 1.0

purity 0.8f -
0.6 .

» Better performance :
* AUC score = 98.63% 0.4 ;
0.2 -
0.0_—(/ . — RO.C CL|JrveI(AUIC=IO.9EI363)|_‘
0.0 0.5 1.0
— FPR
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Signal classification

1e3 FCC-ee IDEA Vs = 365 GeV

||||||||||||| |||||||||||||||||||| ||||||||||||||||||||||||||||||
B 1 Full hadronic tt ]

| 1 ]
3.0 | =

* Highest-energy lepton cut: _
e 20 GeV : i . Enorgy e 20Gov -

Counts

+ no leptons — fully hadronic = | ] | :
» Selection efficiencies: E L -

- | ]
1.0 | =

° glep — 8370%, :
* Chad = 80.15% 0_05..|r...|....i.... . RIS
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highest lepton energy [GeV]
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TOP QUARK

RECONSTRUCTION




Baseline reconstruction performance

» Estimate best case reconstruction (IDEA)
» Jet-parton matching: AR <0.15

» Comparing Durham-k; and anti-k;:
* Best results: Durham-k;

» Crystal ball/Breit-Wigner fit results:

Channel rpee riy>

Fully hadronic 171.55 134 79.70 7.59  39.30%
Semi-leptonic 172.88 9.85 80.14 8.01 73.28%
I
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Normalized counts

Normalized counts
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FCC-ee IDEA Vs = 365 GeV

| | | | | [
| anti - llq R=0.6 data
| 1 anti-k; R=0.7 data
anti — k; R=0.8 data
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Fully hadronic reconstruction

» Kinematic fitting:

2 (mb1j1j2 — My )2 (mb2j3j4 — My )2 | (mj1j2 — mw)z (mj3j4 — mw)z
Xhad = 2 T 2 | 2 T 2
o o o o
my me myy myy

 Jet permutations

* 6 jets or more

« v value < 20 to be retained
» With and w/o b-tagging

NN
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Fully hadronic kinematic reconstruction

FCC-ee IDEA Vs = 365 GeV

He

| | | | | | | | ] |
ull hadronic Durham-k; data

169.01 £ 0.30 GeV
23.79+0.61 GeV

[ S

T
F
H
I

Normalized counts
w

fmatch =20.31%

N
I I I | | I | | I I | | I | | | I

L | L | L l L | I

] ‘ ] [ | |

] L ] | L
0
80 100 120 140 160

Invariant top quark mass
Using y? - fit

NN
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Normalized counts

1e- FCC-ee IDEA Vs = 365 GeV.
[ | L | L | L | L L | L | L l L | ]
i Full hadronic Durham-kt data with b-taging |
n M=170.15+0.34 GeV |
gl =24.13:0.68 GeV n
11— ]
0 ] | ] | L ] 1 ] | l | 1 | 1 1 l | l | 1 ] | l | L

80 100 120 140 160 180

Invariant top quark mass
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Semi-leptonic reconstruction

» Kinematic fitting:

had 2 lep had 2 lep
Xz _ (mbljljz mt ) | (mb2lv — mt )2 : (mjljz mw) : (mlv — mw)z
lep 752 72 52 52
me me¢ mW mW

» Jet permutations

* 4 jets or more

« vZ value < 20 to be retained

» With and w/o b-tagging

* One isolated lepton p = 20 GeV

NN
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Semi-leptonic kinematic reconstruction

1e-2 FCC-ee IDEA Vs = 365 GeV
-

| | | | | I | | | | | | | I | | | | | | | I | | | l | l | I | | 1
- [ Semi-leptonic Durham-k; data

M=173.05+0.30 GeV
[=16.94+0.73 GeV

(9]

N

Illlllllllllllllllllllll

Normalized counts

fmatcn = 48.15%

Ill‘lIlIlIJIllIIlI‘lIIIlI
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Invariant top quark mass
Using y? - fit

NN
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Normalized counts

.

e-2 FCC-ee IDEA Vs = 365 GeV

I:l_

Semi-leptonic Durham-k; data with b-tag

b =173.08+0.30 GeV
[=14.01+0.67 GeV

(&)

N

fmatcn = 63.97%

|

] | == |  — Ll | L | I — | L

L | L | L | L | L | L | L l L | T

80 100 120 140 160 180 200

Invariant top quark mass
Using y? - fit with b-tagging

220 240
miee° [GeV]

22



Kinematic reconstruction: BD T approach

Both fully hadronic and semi-leptonic

Training data construction:

* All jet-parton permutations
« Labeled using AR <0.15
* 715% train / 25% test split

== [ecatures:

* [nvariant masses & p; of top and W candidates
* Angular separations jets and partons/leptons

Performance:

e AUChqq = 96.76%, AUCye, = 94.47%

UNIVERSITY
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Normalized counts

BDT reconstruction results

 Fully hadronic * Semi-leptonic
1e-2 FCC-ee IDEA v's = 365 GeV 1e-2 FCC-ee IDEA v's = 365 GeV
| | | | | | | | | | | | | | | | | | | | | | | | | I | | | | | _'(L) | | | | | | | | | | | | | | | | | | | I | | | | | | | | | l | | | | 1
i Full hadronic Durham-k; data ] S L Semi-leptonic Durham-k; data i
°— (s07) | ] 8 [ = ®om |
- u=171.62+0.11 GeV i S| u=172.99+0.18 GeV 1
i =14.68+0.21 GeV i N 6" =10.06+0.51 GeV —
‘r . g I |
- i 2 | i
3l _ _ i _ i
- fmatch = 27.28% i 4__ fmatch = 66.57% |
2| - i i
i i ol _
1 __ —_ B ]
O _I | | — IJJ_ | | | | | | | | | | | | o | | | | | | I_ 0 —I | | | — I | | | | | | | | | | | | | | | | | I—
80 100 120 140 160 180 200 220 240 80 100 120 140 160 180 200 220 240
miee° [GeV] mie®° [GeV]
—
I
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FORWARD-BACKWARD
ASYMMETRY




FB Asymmetry

* Semi-leptonic channel

| le-1 FCC-ee IDEA Vs = 365 GeV

At N(cos 8 > 0) — N(cos 6 <0) ¢ [ rnagoneiimn

B N(cos 8 > 0) + N(cos 6 < 0) Bl - -

 Np—Ng | _

N J.VF + J.VB 4__ 4'_|—|—|7 __

* Reference using MC truth info | -
AME = 0.1781 +0.0044 :

40 05 00 05 1.0

cos 6

» Compare y“2-fit with and
w/o b-tagging

NN
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FB Asymmetry

* Results from semi-leptonic reconstruction

2] 1 e_1 I I | F|CCI-eIe IDEA| \/IE =| 36|5 GeV wn —1 e-1 I | I | I | | | | Ichl-ele IDEA| \/lg =| 36|5 Ge\{
§ o | Full hadronic tt reconstruction | | l ] § 6_—||:| Full hadronic tt Ireconstruc:tion | | _I—| —
S I no b-tagging S I with b-tagging .
g5l — g s — [ E
g - g - T
2 4 = =2 S— -
of - of E
ot - of -
8 - 5 -
Nl e I o[ | IR NSRRI TR
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
cos 6; cos 6;
At = 0.0999 + 0.0050 At = 0.1249 + 0.0061
e
m
GHENT ‘ Relies on reconstruction performance!

UNIVERSITY
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Summary
* Top quark pair production at FCC-ee

 |IDEA detector at /s = 365 GeV
« Simulated datasets with Key4HEP: fully hadronic & semi-leptonic

» Great classification of signal vs backgrounds & signal channels

* Kinematic reconstruction:
* y? reconstruction:
* Fast and easy to implement, b-tagging improves assignment accuracy

« BDT outperforms y? —based methods
« Better resolution and higher accuracy, Computational resources

 FB Asymmetry:

T Performed a preliminary study on the measurement of FB asymmetry at FCC-ee

GHENT
UNIVERSITY
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NEXT STEPS

» Future directions include:
» Refining reconstruction algorithms (additional constraints,
better neutrino treatment, deep learning).
» Extending analysis to full GEANT4 detector simulations.
» Evaluating alternative detector concepts.
 |nvestigating threshold scan scenarios.

NN

GHENT
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QUESTIONS?
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Summary of reconstruction methods

» Reconstruction fully hadronic & semi-leptonic
 IDEA detector at /s = 365 GeV

 y? reconstruction:
« Fast and easy to implement
» B-tagging improves assignment accuracy

« BDT outperforms y? —based methods
+ Better resolution and higher accuracy
- Computational resources

—
i

GHENT
UNIVERSITY
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Background processes topologies
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Feature Correlation

1.0

II|IIII|I-I—

Missing p -0.02 -0.01 -0.01 -0.01 —

Missing pt 0.01 -0.53 0.01

b-tag —-0.02 0.01

Jet Mass —-0.01 0.01

0.0

Jet Count -0.53
Jet Const — 0,01 0.01 _O - 5
Jet p 001 0.01 -0.10 -0.38 0.50
-r|||||||||||||| |||||||||| _10
Q “ g & & Q ]
@% @,\"o BQ, Bé’\
—
I
GHENT
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1.0

e e Y Y B

Missing p SR . -0.11 -0.05 -0.45 -0.06 -0.04—

Missing pr 0.12 -0.35 0.07

- =0.5

b-tag 011 -0.02 : : : : N
Jet Mass —-0.05 0.12 . : . . O O
Jet Count —-0.45 -0.35 : : : N
Jet Const —-0.06 0.07 _ : _ _ 0 - 5
Jetp —0.04 0.03 -0.12 0.35 -0.36 0.18
SRR R N I I _10
Q Q" rc9 &2 Q o Q )
X N N X
.c,é\(@ 50 0 NS ® ¥
A\ N ¥ ¥ ¥
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Baseline \W boson reconstruction performance

FCC-ee IDEA Vs = 365 GeV

T —
G
—

PN Ry

Normalized counts

I I I I | I |

anti - k; R=0.6 data
| anti-k; R=0.7 data

anti - ky R=0.8 data |

anti - ki R=0.9 data
1 Durham - k; data

—_
(@]

NIl oo H P I

| L1 1 | L1 | ]

o :
00)
[T T T ] T 11 | T

o
»

0.4

0.2

L I L | L
I I L1 | Ll

L 1 ] | ] | - | |

0.0

40 60 80 100 120
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Invariant W boson mass
Using MC truth information
-=> Fully hadronic
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Normalized counts

»

I
| | | | | | | | | | | | | | | | | |

—
i (q))

-2 FCC-ee IDEA Vs
| | | |

= 365 GeV
! |

anti - ki R=0.6 data
| anti-k; R=0.7 data

anti — ky R=0.8 data

anti - k; R=0.9 data
| Durham - k; data
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] | | ] ] | ] ]
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] ] I I 1 ] ] | ]
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Invariant W boson mass
Using MC truth information
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Fully hadronic W boson kinematic reconstruction

1e-2 FCC-ee IDEA v's = 365 GeV

_'(L) B | | | | | | | | | | | | | | |
S | 3 Full hadronic Durham-k; data |
3 U=80.13+0.18 GeV
ST [=12.96+0.44 GeV 7
N gl —
(4]
e | _
@)
=z B i

4 | |

2 _

0 |

40 60 80 100 120

miece [GeV]

Invariant W boson mass
Using y? - fit
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1e-2 FCC-ee IDEA Vs

| | | I | | | | I |
B &I Full hadronic Durham-kt data with [Bytagging

H=79.18+0.14 GeV
=11.86+0.28 GeV

= 365 GeV

Normalized counts
ELN (@) »

w
IlllllIII|IIII|IIII|IIII|II

IJIIIJIII|IIII|IlII|lIJI|IJlI

40 60 80 100 120
miece [GeV]

Invariant W boson mass
Using y? - fit with b-tagging



Semi-leptonic W boson kinematic reconstruction

FCC-ee IDEA V's = 365 GeV
I | | | I I I I I I | | | | | |
Semi-leptonic Durham-k; data
M=80.68+0.16 GeV
[=10.12+0.32 GeV

FCC-ee IDEA V's = 365 GeV

I | | | I I I I I I | | | | | |

Semi-leptonic Durham-k; data witifb-tagging
M=80.40+0.19 GeV

[(=10.33+0.39 GeV

—h
1D
4
—h
1D
4

Normalized counts
(e)]
|
Normalized counts
(o))

L _ Al _
| _ | _
0 | | | | | | | | 0_ | |
40 60 80 100 120 100 120
miece [GeV] miece [GeV]
Invariant W boson mass Invariant W boson mass
Using y? - fit Using y? - fit with b-tagging
—
i
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BDT reconstruction ROC curves

» (fully hadronic vs semi-leptonic)

FCC-ee IDEA V's = 365 GeV FCC-ee IDEA V's = 365 GeV

a 1.0 | -] | T
= B R

08 __ //, —_ —]

06 :— ,// —_ —

0.4 __ ,//, —_ ]

7/
— , —
4
r4
o .
- d
4
4

! //’ —— ROC Curve (AUC = 0.9676) : - // — ROC Curve (AUC = 0.9447) :
00 _| ! ! ! ! | | | | | |_ 00 _| ! ! ! ! | | | | | |_
0.0 0.5 1.0 0.0 0.5 1.0
FPR FPR

NN
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BDT \W boson reconstruction

FCC-ee IDEA Vs = 365 GeV

1 9-1 FCC-ee IDEA \/_ = 365 GeV 2] :Ie|-2 T T T | T T T | T | T T T
% o —_||:I Fé’é')_{_‘)adromc Durham-k data | | | B % - I (SBeEr)r]BIeptonic Durham-k; data :
= | —79.6740.07 GeV i 8 8| 1=80.19:0.09GeV _
g | S A ’ ST M=7.1320.19 Gev ]
S 0.8 — E T -
S| ] s | |
o =
p - . 6| —
0.6} — i ]
i i o B
04 — : :
I ] ol _
0.2} - - .
i 1] 0 I _
0.0 100 120 40 60 80 100 120
m(ﬁco [GeV] m{f\’,c" [GGV]
Invariant W boson mass Invariant W boson mass
Using BDT approach Using BDT approach
Fully hadronic Semi-leptonic
—_
LTI}
GHENT
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The IDEA detector

* [mportant features:

* Tracking system
« MAPS

» Calorimeter system
* DR crystal and fiber
» Detector solenoid
« 3T HTS 20 K
* Muon system
. * MPGDs

GHENT
UNIVERSITY

lDetector height 1100 cm

Preshower

DCH Rout = 200 cm

DCHRin = 35c¢cm

Cal Rin = 250 cm

Cal Rout = 450 cm

v
Yoke 100 cm

) Magnet z = +300 cm
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Jet clustering algorithms
* Anti-kt:

1 — cos 0;;

di; = min(E;*, E;°
J mzn( () Y ) 1 . COSR

J

e Durham-kt:

di; = 2min(E; Ef)(l — cos0;;).

GHENT
UNIVERSITY
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DISCUSSION ON BACKGROUNDS

8 TeV 14 TeV 33 TeV 100 TeV

109 LI-':C LI'-'IC HE Il_HC ".I'LH'C 109
10% ot f 10°
1nT ............. E ............................................................................................................... -“],

o [nb]

L]
- i v i . rJCF'ﬂlf Higgs Eupopean I'-.-l.li.i.l‘_'{'.'

10 Js [TeV] 10
pp collisions:
Interesting events need to be
found in huge number of collisions

_ A 8orders of
magnitude!

5107 F R 3
E 1 06 - 1qq(g=u,ds.c,b) _!
X  F :
2 10°F E
o 10°F 1
4:9_3_,1035‘ 3
°10°y 1
E ttH 3

1 E- HHwv v, -g
10‘1: HHZ -
il A ([ am——
0 1000 2000 3000

/s [GeV]

e*e” collisions:
More “clean”, all events usable
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FUTURE LEPTON COLLIDERS LUMINOSITIES

Z WW H tt

o4

1000

Total luminosity [10** cm™s™]
S
/
=
~~
A

5000

= Vs (GeV)
GHENT
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Normalized counts

Signal vs Background Classification Extra

FCC

Normalized counts
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Signal vs Background Classification Extra

1e-2 FCC-ee IDEA V's = 365 GeV
_'(LJ _I | | L | L L L L | L | L | L | L I_
S sl [ ttsignal a
8 i W+*W- background |
E i 1 ZZ background
T k [ ZH background i
= o i
o
2 | _
4 - —]
2 ]
0 _l | | | | | | | | | | | | l |
20 40 60 80 100 120 140 160
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1
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Normalized counts
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Extra reconstruction plots

 Fully hadronic kinematic reconstruction:
* (mean) Jet-parton assignment accuracy

FCC-ee IDEA Vs = 365 GeV FCC-ee IDEA Vs = 365 GeV
_'(L) | 1 I 1 | I I I | | I I I | I _'(L) [ I I | I I | | I I I | I I | | ! ]
S | Full hadronic Durham-k;, no b-tagging S 2.5 B — Full hadronic Durham-k;, with b-tagging _
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Normalized counts

Extra reconstruction plots

« Semi-leptonic kinematic reconstruction:
* (mean) Jet-parton assignment accuracy

FCC-ee IDEA Vs = 365 GeV FCC-ee IDEA Vs = 365 GeV

o — [
o) o N

O
»

0.4

0.2

Semi-leptonic Durham-ki, no b-tagging
Mean jet assignment accuracy: 48.15%

I | | l I I | | ] - I | | | | I | | | | l |

=

| T
Semi-leptonic Durham-k;, with b-tagging _
Mean jet assignment accuracy: 63.97% |

Normalized counts
(@)
I
I

1.0 —]

0.5 ]

lII|IlI|IIIIlII|Illlllllll

] | | ] ] | | ] ] | 0-0 ] | | ] ] | ] ] ] | ] |

0.0

GHENT
UNIVERSITY

25%

50% 75% 100% 0% 25% 50% 75% 100%
Fraction of Correctly Assigned Jets per Event Fraction of Correctly Assigned Jets per Event

47



Normalized counts

Extra reconstruction plots

 BDT reconstruction:
* (mean) Jet-parton assignment accuracy

FCC-ee IDEA Vs = 365 GeV FCC-ee IDEA V's = 365 GeV
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B-tagging
* |dentify b-jets using Delphes

o Cone: e -
---=-=-= b hadron \

impact

AR = /(e = m)? + (D — 0

= secondary
vertex
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Jet-parton matching and b-tagging figures

-Angular separation: AR = /(An)2+(A¢)? < 0.15
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TOP QUARK RECONSTRUCTION
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EDM4hep DataModel Overview (v0.99)
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FCC TIMELINE

The tentative timeline is:
« 2025: Completion of the FCC Feasibility Study

« 2027-2028: Decision by the CERN Member States and international partners
« 2030s: Start of construction
 Mid-2040s: FCC-ee begins operation and runs for approximately 15 years

« 2070s: FCC-hh begins operation and runs for approximately 25 years
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EXTENSIVE TOP QUARK RESEARCH AT LHC

Aug 2023 CMS Prellmlnary

5.02 TeV CMS measurement (L <302 pb™)
@ 7 TeV CMS measurement (L<5.0 fb™)
@ 8TeV CMS measurement (L<19.6 fb™)
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13 TeV CMS measurement (L <138 fb™")
13.6 TeV CMS measurement (L<1 fb™)

—— Theory prediction
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