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Overview

Top physics: An essential pillar of the program at (higher energy) ete- colliders

* The mass of the top quark
* In the continuum and at threshold

I

- Focused on linear collider studies, |
| with remarks on FCC-ee potential |
for selected examples ,

* Top quarks as a probe for New Physics

* Electroweak couplings

* Global analysis
 BSM decays
* Top Yukawa via ttH
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The Physics Program at Linear Colliders Ve

Energy Stages as seen from the Top MAX-PLANCK-INSTITUT
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* The top quark production cross section
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Top Quark Events ... A

At different Energies MAX-PLANCK-INSTITUT
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* CLIC 380 GeV and 3 TeV, semi-leptonic top quark pairs
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... and their Reconstruction
Key Elements
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* Top quark physics exercises many of the main detector
features of Linear Collider concepts.

Solenoidal Magnet

Fine-grained
Calorimeters

Tracking
Detector

Forward
Region

Return Yoke

with Muon ID detectors

Vertex Detector
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... and their Reconstruction A

Key Elements MAX PLAN R hSik
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* Top quark physics exercises many of the main detector
features of Linear Collider concepts.
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... and their Reconstruction A

Key Elements MAX PLAN R hSik

* Top quark physics exercises many of the main detector
features of Linear Collider concepts.
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... and their Reconstruction A

Key Elements MAX PLAN R hSik

* Top quark physics exercises many of the main detector

features of Linear Collider concepts.
lepton identification
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The Mass
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The Top Quark Mass A

Towards ultimate Precision MAX-PLANCK-INSTITUT
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The Top Quark Mass A

Towards ultimate Precision MAX-PLANCK-INSTITUT
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The Top Quark Mass

Towards ultimate Precision MAX-PLANCK-INSTITUT
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The Top Quark Mass A

Towards ultimate Precision MAX-PLANCK-INSTITUT
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The Top Quark Mass

Towards ultimate Precision

The threshold scan

around 350 GeV
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Kinematic Mass Reconstruction A

Measunng the Mass ”a Ia LHC”
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* Kinematic reconstruction of decay products

* Profits from kinematic fits exploiting constraints:
overall energy, W mass
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e For 1 ab' statistical uncertainties of 20 - 40 MeV

* key challenge: controlling jet energy scales, in
particular b-JES

* Main conceptual problem: Interpretation of mass
value - with significant uncertainties

“old” study, 100 fb™' @ 500 GeV
newer (simpler) studies at 380 GeV consistent

EPJ €73, 2530 (2013)

Frank Slmon (fsmon@mpp mpg.de) 8



The Top Pair Threshold A

Sensitivity to Top Quark Parameters MAX-PLANCK-INSTITUY
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The Top Pair Threshold A

Sens:tlwty to Top Quark Parameters MAX-PLANCK-INSTITUY
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The threshold is sensitive to top quark propertles
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Sens:tlwty to Top Quark Parameters MAX-PLANCK-INSTITUY
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The Top Pair Threshold A

Sens:tlwty to Top Quark Parameters MAX-PLANCK-INSTITUY
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The Top Pair Threshold

Sensrtrvrty to Top Quark Parameters
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The threshold is sensitive to top quark propertles
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* Exploit precise theoretical calculations of cross section in
the threshold region, in well-defined mass schemes (m:s,

m:'S...) -> Can be converted directly into MSbar mass.
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The Mass at Threshold - ILC

Ultimate Precision
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* Extracting mass from measurement of the cross section at
different points along the threshold

* Sensitivity to different parameters depends on position
along the threshold

January 2021
| | | | | | | | |

<1 15 lth’S 171.5 GeV, IL —
—do/dm, [A =20 MeV] — do/dyt [A =0.1]

do/dI, [A = 40 MeV]  ---- Ao, for 10 fb”
— do/dag [A = 0.0006]

--------
-------------------------
----------
- .

do/dX [fb/typ
o
| | 1T 1 | 1 |

)

>
-
-
="
-
- -

-
-
-
--
s - ==

—_———————————
/\efficiencies and signal yields _
from EPJ C73, 2530 (2013) -

345 350




The Mass at Threshold - ILC

Ultimate Precision
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* Extracting mass from measurement of the cross section at
different points along the threshold

* Sensitivity to different parameters depends on position
along the threshold

January 2021
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The Mass at Threshold - ILC A

Ultimate Precision MAX'”’*”C"‘L’&H&E
=0/ T 71 ] * Extracting mass from measurement of the cross section at
?O.G f_fétﬁrfﬁﬂgdL;ﬁiﬁiﬁ;@;ﬁiﬂﬂ'ﬂNNNLO _ different points along the threshold B
I _?n?fj:rl;[a-tir;;s ey R : » Sensitivity to different parameters depends on position
» 0-5 T 1 variations = 0.15 GeV along the threshold
Ak < 40;_ mS1715GeV, ILC 'Jam?ryz%

error source Amf S MeV] EZ 30 —ggg?tt[%: fg&ﬂ:\\//]] _dOf:tlngr100f;]1 E
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‘é.ut’heory (N NNLO sca,lem\;r;;tlons Ps”éfﬁeme}*w 40 3 % 205_ _g
 parametric (a, current WA) (30 MeV/0.001) | 35 | °© 100 E
non-resonant contributions (such as single top) < 40 0 EEEE
residual background / selection efficiency 10 — 20 10 f_ B
luminosity spectrum uncertainty < 10 B | frf;'rf,'eE":je&a?,':sz;%"(Z'o‘{ge)'d -
beam energy uncertainty < 17 -20 sensiivy ;Spllng -
combined theory & parametric 30 — 50 30 F = B -
combined experimental & backgrounds 25 - 50 340 345 350
total (stat. + syst.) 40 - 75 's [GeV]

arXiv:1902.07246; EPJ C73, 2530 (2013)
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Collider Dependence A

The Threshold at Linear and Circular Colliders MAX-PLANCK-INSTITUT
s £t e The key difference between different colliders:
= - —ILC 350 GeV P\ - e | . .
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S 5 ‘ } — 7 - —Beneke et al. NNNLO CLIC350LS +ISR -
s I | ] S - — ISR only FCC-ee 350 LS + ISR
S T - ‘ - = 1.2 _1Lc3s50Ls + ISR =
1072 £ rall E B 4T E
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" ] O -
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Collider Dependence A

The Threshold at Linear and Circular Colliders MAX-PLANCK-INSTITUT
- - Uy =« The key difference between different colliders:
= - —ILC 350 GeV P\ - . .
© | (L350 Gev 90% Charge | _ The luminosity spectrum
:0.1 0 — FCC-ee 350 GeV Ill | B _ | | |
.é. ; normalized over full energy range ,fl \ ; -8-1 4 [ tt threshold - rlnfs 1I71 é Ge\ll I I I l I —
S : ‘ i — 7 - —Beneke et al. NNNLO CLIC350LS +ISR -
5 f | - S . —ISRonly FCC-ee 350 LS + ISR -
g 7 - * - = 1.2 _1Lc350Ls + ISR =
102 | " - ® 4l -
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- - % -
I ] 5 0.8 E
10‘3Hlllllllllllmlll'l|.l|1|111|—_ 0.6 —
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* Assuming an integrated luminosity 0.2 —
of 200 fb-1 ILC 12.2 MeV [stat] = . .
(default for ILC, FCCeeg, x2 of CLIC standard CLIC 13.3 MeV [stat] 340 345 350
scenario - 10 points spaced by 1 GeV) FCCee 10.0 MeV [stat] (s [GeV]
* Standard fit of mass only: NB: Current theory uncertainties ~ 40 MeV
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The Threshold beyond Mass A

Multi-parameter Studies MAX PLANCICINETITOR

_ . __ = R — = p— —_— e =S = = S T — e e ———— — —— S

—_—— = — — = — C—— — —— - — == == — — =

 Here: Simultaneous extraction of mass and width

January 2021
| T

mPS171.5 GeV, IL —
—do/dm, [A =20 MeV] —do/dy [A =0.1]

do/dT, [A = 40 MeV]  ----Aoy,, for 10 fb™
— do/day [A = 0.0006]

—l
O

do/dX [fo/typ A]
o
[ | 1T 1T 1 | 1T T 1 |

--------------------
-----------
-

&)

-
-
-
-
-
-
-

/\efficiencies and signal yields _|
from EPJ C73, 2530 (2013) -

W

_ LY | | | | | | | | | | Janualvry 2021
------------------------------------ = < 15~ mP$171.5GeV, FCC-ee 7
- < - —do/dm, [A =20 MeV] — do/dy, [A=0.1] -
i N - do/dI, [A = 40 MeV]  ---- Ao, for 10 fb’! i
] | ] ] ] ] | ] —Q

== 10| —do/dag[A =0.0006] —
\'s [GeV] S i |
b B 2T e W -

T S

-
-
Y

W

efficiencies and signal yields
from EPJ C73, 2530 (2013)

|IIII\'IIII|

=S—————
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The Threshold beyond Mass A

Multi-parameter Studies MAX-PLANCK-{NSTITUT
. o . | ~ | | : | : IL/Lﬁ’162018 o
* Here: Simultaneous extraction of mass and width  $1.55 . .\ 000 ey o 114>
_ ’ ’ ' —1ocontour
('24'.. 1 — m> = 171.5 GeV —2 ocontour 7 O
— | T T T T | T T T T | Januelzvry2021 L{ '5 — Ft =1.37 Gev - 1 '2 LO
< 15— mfS171.5GeV, ILC = o) - 2D template fit - S
S~ - —do/dm, [A =20 MeV] —do/dy, [A =0.1] - O - — 1 o
£ - —do/dl, [A =40 MeV]  ----Ao,,, for 10 fb™ - = E -
2 10 —do/da, [A = 0.0006] _ s E Lg
o i Z - 11080
3 ! - - S
-8 B ] . ] S
i i - . 0.6 —
: = - 2
- efficiencies and signal yields | 1.25 :_ preliminary . . _: —
e romEPSETS 2930 (2008) = - based on EPJ C73, 2530 (2013) 1 0.2 3
-------------- 1 < 15 mPS$171.5GeV, FCC-ee 1.2 - " = Q
: < - —do/dm, [A =20 MeV] — :....|....|....|....:OE
1 = - —do/dl, [A =40 MeV]  ---- o
N R S 1oL —dofda. [A = 0.0006] 1713 1714 1715 1716 1717
345 350 < - fitted m, [GeV]
s[GeV] D -
@ 2 Y W PR N
T S ~
W ;-_
efficiencies and signal yields i
from EPJ C73, 2530 (2013) N FCC_ee
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do/dX [fb/typ A]

—l
)

—l
o

Multi-parameter Studies

Januar y 2021
B | pS I I I I | I I I I | I
— m>171.5GeV, ILC
- —do/dm, [A =20 MeV] —do/dy, [A=0.1]
i do/dT, [A = 40 MeV]  ----Aoy,, for 10 fb™
— —do/dog [A = 0.00086]
S

..............

W
/\efficiencies and signal yields
from EPJ C73, 2530 (2013) -

—e

The Threshold beyond Mass

June 2018
|

—_—————— ——————— o  —

Ap-Dyz 4t

MAX-PLANCK-INSTITUT
FUR PHYSIK

— T T QN
>1.55 - ' ' 1 114>
@ 199 ~ ILC, flexible, 200.0 fb” l':"ggontour - o
0 - mPS=171.5 GeV IS nei O]
1.5 n=137Gev =4 41210
o) - 2D template fit . - 8
= - 4 -1 o
= - N X
— — O
- 1108
- ] -
- ] o
B 7 06 S~
:_ | —| | | | | | | | | | | | | | | | Fef)ruary 20 ! 9
- = C -
1.25 o D 1.55 ~ FCCee, flexible, 200.0 fb + MPV -
~ preliminary s " Q) - mPS = 171.5 GeV —1ocontour C
— L S B " based on EPJ C73, 2530 (2013) = — ' —2ocontour - __
<1 15~ mPS171.5 GeV, FCC-ee 192K S R - [ =1.37GeV .
< L —do/dm, [A =20 MeV] — o '814 - 2D template fit 1
SN - do/dT, [A = 40 MeV] L145 —
S 10 —do/da, [A = 0.0008] 171.3 171.4 171.5 | 1_:5 - 1
o - L ]
S 5 - E
O T W :_ _:
efficiencies and signal yields 1 25 :_ _:
from EPJ C73, 2530 (2013) _ . - .
e N i N Y A FCC SIS _ efficiencies and signal yields _
1.2 [ from EPJ C73, 2530 (2013) —
B | | | | | | | | | | | | | | | | | | | ]
-10 1713 1714 1715 1716 1717

- I
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The Threshold beyond Mass A

Multi-parameter Studies MAX-PLANCK-INSTITUT
; —————— IJLT62018 ~
* Here: Simultaneous extraction of mass and width g 1.55 | . (.o 2000 oy o 14>
O - mPS = 171.5 GeV _;Gi%r:;fr . Q)
. I | | | | | | | | | | January 2021 LT 1.5 I =1.37 GeV 0 - 1.2 LO
< 15— mfS171.5GeV, ILC = o) " 2D template fi - S
S~ - —do/dm, [A = 20 MeV] —do/dy [A=0.1] - Q C 441 S
= - do/dT, [A = 40 MeV] Oiat for 10 fo ’ + - §
=2 10 - —dofda, [A = 0.0006] - = - E Lé
s | | R
8 5[ 5 I 0.6 2
___ "“»"r'x.,:_“ . E ; — | | | | | | | | | | | | | | | | | | Fef)ru_iry 2019
o o - @ 1-99 -~ FCCee, flexible, 200.0 fb™ + MPV 1 -2
from EPJ 073, 2630 (2013) - - preliminary . O, mS=1715GeV — 1o contour - -
e f/ . from EPJ €73, 2530 (2013) 1 T 15[ Twei715 Gev, Foode 1 5 - based on EPJC73,2530 (2013) = 1.5 - I, =1.37 GeV 2 o contour - |18
. < - —dofdm, [A =20 MeV] — C e _ 2D template fit 1116
8 b Cenbewwen - g743 4714 1715 121400 E P
345 350 < fitter 4410 -

.. /s [GeV] S i ) - 1 1.2
Similarly for mass and y: 8 51 L SRR - - E P
Combined fit increases statistical T g o8
uncertainties wrt marginalized Hicioncios and signal vieds - os b 1 06

. L. . from EPJ C73, 2530 (2013) 4 FCC'ee .29 - - 04
values, typical precision: /A — : | o [ Sficiencies and signal ields E
: _ | S - C o T
mass: 20 - 30 MeV 345 350 1713 1714 1715 1716 1717
Wldth 45-60 MeV,; yi: 10% - 15% (s [GeV] fitted m, [GeV]

p— E—— e - — - — - — — — e —— e =—e——ma— — = = = = = == S
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Mass in radiative Events A

Theoretically safe in the Continuum MAX-PLANCK-INSTITUT

— — — R ———— P e, _ - —— e — P —— — e — = = —— = = = = e —— - —

—_— = — —_ C—— = = — —

* Combining the advantage of well-defined
mass schemes and the convenience of
above-threshold running

¢t €

b
1 l 1 1 1 1 l 1 1 I 1 I 1 1 1 1 I I 1

> F
() L e'e — tty, Vs=380 GeV
O 2
- : — m,(M,)=166 GeV :
B i ,(M,)=167 GeV i
—1.5 .
NCE: :
®) B i
B Ir -
O

0.5F -

O:' i il BT BT
340 350 360 370
/s' [GeV] PLB 804, 135353 (2020)
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Mass in radiative Events A

Theoretically safe in the Continuum MAX-PLANCK-INSTITUT
* Combining the advantage of well-defined cms energy CLIC, /s =380 GeV|ILC, /s = 500 GeV
mass schemes and the convenience of luminosity [fb~']| 500 1000 500 4000
above-threshold running statistical 140 MeV ~ 90MeV  |350 MeV 110 MeV
A theory 46 MeV 55 MeV
. . . ‘ 1a\/ M N\ 7
- matched NNLO + NNLL calculation, lum. spectrum 20 Me\ 20 Me\
Iuminosity spectrum folded in expliCitIy; photon response 16 MeV 85 MeV
/ Extraction of short distance MSR mass  total 150 MeV 110 MeV  [360 MeV 150 MeV
E '-"l"'-'l""l""l" ..@ AT LA LB B A T e
§400 [ e'e > tiy, CLIC, /5=380 GeV § o6 ty, ILC, 15-500 GeV
Lu Theoretical prediction L“‘] 500 - Theoretical prediction
300

l Pseudoexperiments [ Pseudoexperiments

Stat envelope: - 1 o (1000 fb)

200} Ll
100} m’*'J' ] 500

OMA.nl,,11llll1‘, O;,_‘l.“Lll..ln.“L
340 350 360 370 350 400 450
\'s' [GeV] \'s' [GeV]

e —— e

Top Physics at Linear Colliders - FCC-France - January 2021

1000 - Stat envelope: - 1 o (4000 fb)

PLB 804, 135353 (2020)
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Mass in radiative Events

Theoretically safe in the Continuum

* Combining the advantage of well-defined
mass schemes and the convenience of

above-threshold running

S

&

] ‘ ] 1 ] 1 ] ' ' ] L] ] L] l L] ] 1] ' 1 |

4001 e'e » tiy, CLIC, /s=380 GeV
: Theoretical prediction
300
: { Pseudoexperiments I
: e | ]
i Stat envelope: - 1 o (1000 fb') " i
| ﬂ»,lr{”hﬂ :
100} /,H’(H'}J ! ;

R SRy @ g il g poopovy <l _p g
350 360 370
\s' [GeV]

340

EaEa———

matched NNLO + NNL calculation,
luminosity spectrum folded in explicitly;

/ Extraction of short distance MSR mass

2 R B N T
S | ee iy, ILC, Vs=500 GeV
u>_| 1 500 :- Theoretical prediction
: [ Pseudoexperiments
1000 - Stat envelope: - 1 o (4000 fb)
500 |- .. g
! 'n“)“' '
L
.f
O;,g_.l.“;l‘..ll.lll
350 400 450
\s' [GeV]

a
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MAX-PLANCK-INSTITUT
FUR PHYSIK

cms energy CLIC, /s = 380 GeV |ILC, /s = 500 GeV
luminosity [fb 1] 500 1000 000 4000
statistical 140 MeV 90 MeV  |350MeV 110 MeV
theory 46 MeV 55 MeV
lum. spectrum 20 MeV 20 MeV
photon response 16 MeV 85 MeV
total 150 MeV 110 MeV | 360 MeV 150 MeV
=~ T
8 (75 e*e = tty, ILC, Vs=500 GeV i
can provide 50 EE‘—;
evidence for scale =
evolution (“running”) =.170f -
of the top quark MSR L oy \ :
mass from ILC500 " Theory uncertainty \
data alone 103 ) prediction (frevelution )
Ol B 15101 | 1(l)0 B 1éO |
PLB 804, 135353 (2020) R [GeV]
) - tFrank Simon (fsimon@r;pp.mpg:;.de) ?{3



Top Quarks as a Probe for New Physics
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Electroweak Couplings A

MAX-PLANCK-INSTITUT
FUR PHYSIK

= 0 due to
gauge invariance

FZX(]{27 q, q) = 1€ < T (

L i _ \ _

X Z,Y A: axial coupling V: vector coupling

* Accessible through measurements of:

* Total cross-section

* Forward-backward Asymmetry AFB

 Helicity Angle A distribution (related to fraction of left- and right-handed tops)
* For each: Two polarizations e - e*g, er - €*L

~ Polarized beams at linear colliders crucial

— — s m——— _———— = = e e e ———————

Top Ph};sics at Linear Colliders - FCC-France - January 2021 Frank Simon (fsimon@mpp.mpg.de) 15




Electroweak Couplings A

Example Measurement MAX-PLANCK-{NSTITOT
. _ x10° x10°
[ One example. d 25 _I T[T T T[T T[T rr[rrr[rrrrri BN L l;l.; g 40 __1 NI LI L L L L L L LI LB LB UL LB lf.l’_?
forward-backward asymmetry @ [ €&~ 1t @500GeV 1,_55‘ | @ 35 €€~ 1t @500GeV -
'..g. 0 L LO EW matrix element - Whizard 1.95 }!;f AN ..E. 20 - — LO EW matrix element - Whizard 1-9.‘5{"J y
LLJ . —#— IDR-L - 1w ~  —— IDR-L o N
N(cost) > 0) — N(cosf < 0) e DR T : - - :
A%B — %= IDR-S [.g;"‘ \ o5 [ "+ IDR-S o \
N(cos# > 0) + N(cosf < 0) 15F ey 1. : re E
i B 1 IC 20 @_fﬁl N
'6, i 5 \ - o ]
10 - &8 N 15 \
€ (= e Z : 100 g™ \
o \ 5 :
- - o N
i O1111111llllllllllllllllllllIlllllllllll O_1111111|11111111111|111[111|1|1|1|||111—
& -1-0.8-0.6-0.402 0 0.20.40.6 0.8 1 -1-0.8-0.6-0.40.2 0 0.20.40.6 0.8 1
cosb, COS0,

0.5% precision on Arg for

0 .
4 ab at 500 GeV semi-leptonic events

arXiv:2003.01116; JHEP 11, 003 (2019)
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Electroweak Couplings A

Example Measurement MAX-PLANCKCINSTITUT

x10° x10°
. One example: g 25 L I L I L I | I L I LI I I I | I | l | lr;é- g 40 '__'] LI I L l L I L I L I UL l L L I I I | ;
forward-backward asymmetry @ [ €&~ 1t @500GeV * 1 2 35 el tt @500GeV -
.*é 20 e LO EW matrix element - Whizard 1.95 }tﬁj : -g' 30 -~ LO EW matrix element - Whizard 1!.9.55'1 ]
Ll _ —#— IDR-L 2 1w ~ —% IDR-L N
At N (cosf > 0) — N(cosf < 0) 4 IDRS E,fj : b [ b RS "jgé :
FB — - # E - N
N(cosf > 0) + N(cos <0) 15} W - : - :
- S 1 IC 20 - ;-Qj \s
i ,Fi-“-'# ] - - -
f— 10 , N 15 - oy S
: \ - F.;’"" \
e . 9 e T — _ T T 1 T T _ :: - — " " - rrrrrrrrrr -
o - (s =3TeV, P(e) =-80% CLICdp - S 400 - 52 37ev, Pie) = +80% CLICdp
~2000 WHIZARD Pi=4ab" = ™ - WHIZARD Lip=1ab""
— "g . ¢ Corrected pseudo-data —i-'—: "g 300 - ¢  Corrected pseudo-data -
S Fit I e Fit B

& i g 1500 E— Total MC reco. ‘& - g R RLEE Total MC reco. %
o - E ~ Background only BB LLl - BN Background only
0.5% precision on Ars for 1000 i - 2001
- s’ >2.6 TeV ool - - s’ >2.6 TeV
4 ab1 at 500 GeV : LY e - e

* Also studied at higher energy, with of j—— E 5 e i -
1 0.5 0 0.5 1 ~1 0.5 0 0.5 1

boosted reconstruction at CLIC

cos(0%) cos(6%)
arXiv:2003.01116; JHEP 11, 003 (2019)
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Electroweak Couplings: The Role of Energy A

The Choice of Collider Energy Stages MAX-PLANCK-INSTITUT

_— —_—— = _——— —— - S e — — e e —
= ————————— P — e _ S — — — — =

» Studied in the context of CLIC: Choice of the first energy stage a balance between Higgs and Top physics
500 fb1 with 50:50 -80%/+30% +80%/-30% polarisation

6

1V
O
-

® Electron polarisation only

.380 GeV

420 GeV
L

500 1000 1500 500 1000 1500

Vs [GeV] Vs [GeV]

Moving away from threshold is beneficial because of boost

— e —— i — =
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Electroweak Couplings: The Role of Energy A

The Choice of Collider Energy Stages MAX-PLANCK-INSTITUT

e ———————— P — e _ — — = s —— = - = = — _—= — - —_—

» Studied in the context of CLIC: Choice of the first energy stage a balance between Higgs and Top physics
500 fb1 with 50:50 -80%/+30% +80%/-30% polarisation

~ 0.06 < 0.03
- N 360 GeV
0 0.05
® Electron polarisation only R 13T
0.04 0.02 * o :
O | :
— |E 1.2 ]
0.03 0.015 380 GeV " g - i
’ . el [ :
0.02 0.01 420 GeV | 2110 ~
" ~ |<C _ -
- . o - .
0.01 0.005 < 1L =
o - I ]
500 1000 1500 500 1000 ‘ 0.9 N
Vs [GeV] Vs [Ge : :
. . . 0.8} -
Moving away from threshold is beneficial because of boost ;
... and parametric uncertainties. N T T T D T T

360 380 400 420 440 460 480 500
center-of-mass energy [GeV]

— e —— i — =
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Electroweak Couplings: The Role of Energy A

The Choice of Collider Energy Stages MAX-PLANCK-INSTITUT

— P —— I ——— — — I — —_— — —— ————— ——— —— — = —

» Studied in the context of CLIC: Choice of the first energy stage a balance between Higgs and Top physics
500 fb1 with 50:50 -80%/+30% +80%/-30% polarisation

> 0.06 < 0.03
o N 360 GeV
0 0.05
® Electron polarisation only R 13T
0.04 0.02 B o :
O |w© -
0.03 0.015 380 GeV " g - i
’ . el [ :
0.02 0.01 420 GeV | 2110 ~
" ~ |<C _ -
* e o = .
0.01 0.005 < L =
o . i :
500 1000 1500 500 1000 ‘ 09 _
Vs [GeV] s[Ge' | ;
. . . 0.8} -
Moving away from threshold is beneficial because of boost ;
.. and parametric uncertainties. N T T P T T T
360 380 400 420 440 460 480 500
Going too far hurts because of cross section center-of-mass energy [GeV]

— e —— i — =
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Electroweak Couplings

Projected Results for ILC and FCC-ee

—_—— — — —  ———— e — P —

Ap-Dyz 4t

MAX-PLANCK-INSTITUT
FUR PHYSIK

—_———— — — — o — — —— = = = — e e ———— —~ — _ S

—

I llllll|

Uncertainty

10

I IIIIIII

1072

|

10~

I Illlll|

107#

—

- ILC, Vs=500 GeV, L=3200 fb"' (preliminary)

LEP+HL-LHC-S2
arxiv:1907.10619

FCC-ee, Vs=365 GeV, L=2400 fb™’
arxiv:1503.01325

ete” — tt

Y y 4 v 4 Y
F1V F1V F1A l:2V

e
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F2V

* Electron-positron colliders can significantly improve
over HL-LHC

» Different techniques used for ILC, FCC-ee studies:

* |LC using polarized beams to separate helicity in
intial state

* FCC-ee study making use of self-analyzing properties
of top and W decay

~ Complementary approaches!

Details / relative performance depends on
luminosity projections

arXiv:2003.01116

e — - — — S — — e — —
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Global Analysis of Top Pair Data A

EFTs to constrain New Physics MAX-PLANGK-INSTITUT

— . - —— — —_— —— == S — — = — e s S —
— __ B = e ——— - P — . _ — ’ = — e —_— = =

* EFT interpretation of top pair events enables reaching far into the multi-TeV space

102 101 TeV
-0.2 0.2 -0.1 0.1 -0.2 000033 Clq,B — sem(i?-]l::a{)?o(lilli)c tt
0.2 -0.2 BEEE 0.00022 g, w stat?gtoig}a?l\}/fﬁ;ﬁ?g:?/otgefszbles
-0.2 0.1 0.1 0.00018 Cit,B o and App
ol ot 0.0076 Cip I
-0.1 -0.2 0.011 CtW
0.1 0.3 0.059 Cg, /-
-0.2 -0.3 -0.1 0.061 C¢t
10~ 103 102 107" TeV—2

lllustrated for CLIC: Extending beyond cross section and Ars with “statistically optimal observables”
which fully use differential information further increases the potential

JHEP 11, 003 (2019)
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Global Analysis of Top Pair Data

EFTs for Linear and Circular Colliders MAX-PLANCK-INSTITUT

FUR PHYSIK

_ — » — —_— = — —— — — — - — —
— = - — e R — I — —————— e _ — —— = _ e — —_— == = — — N =

0.71 Cly —I
062 C4 ———
20 Chy ——
0.20 CY —I
037 Cgq EL——-
so OV | F I |k
i e - -
0.38 CE, E—1— statistically optimal observables C C ee e
o COR # CC-like run scenario
en YuA -1
oo 200 fb~1 at /5 = 350 GeV
o 340z - WS 15ab7! at /s = 365 GeV
01 -01 062 C] ) — P(et,e”) = (0%, 0%)
/2.8 |
104 10—3 10~2 10~1 10° 10t
0.0019 C{A = < - .
/1.5 Z = statistically optimal observables
0.0019 Céq - ) ILC-like run scenario .
020 C m= 500" at v/5 = 500 GeV Higher energy and
0.0;‘)1‘6 C’l‘; — : P lfb_l) at (\fggtyl Te8\(/;(7)
/1.8 e ,6_ — 0, F A ° . . . .
onts CY, = . ILC-like polarization significantly
0.35 Cy, [—
o053 CF, — extend the reach
792 Cui o
0.091 ct,
0.048 cl, |
10~4 10—3 10~2 101 10° 10t

0.00034 CiA . :
/12 g statistically optimal observables

CLIC-like run scenario
m 500fb~! at Vs = 380 GeV
1.5ab™! at \/s =1.4TeV

3ab~! at /s = 3TeV CLIC_Iike

P(et,e™) = (0%, +80%)

A
0.00037 Ceq

A
0.26 Ccpq

/1.3
0.00027 CY
/1.2 q
0.00032 Cx]
/1.2
1%
023 Coq [—
R
0055 CE;

R
0014 ClYy

... but not with the currently

|
104 103 102 10~1 10° 10*

— R
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assumed luminosity projections JHEP 10, 168 (2018)
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Searching for BSM Decays A

A question of top pair statistics MAX-PLANCKINSTITUT

- ____ - — —— . —~ — = N —_ e ———— e — = —
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* The clean environment at e*e- colliders is a perfect environment to search for FCNC decays:
* t->cy
* t->CcH
* t->CcEmiss (heavy neutral particle)

extensive study for CLIC
1 ab' @ 380 GeV

Builds on excellent charm tagging

—— —= e m——— _———— = = e e e ———————
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Searching for BSM Decays A

MAX-PLANCK-INSTITUT

A question of top pair statistics

—_— = e ————————— ———————————  ——— — = — — T e———— — ———— e ———————— e ——— e —— e —
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* The clean environment at e*e- colliders is a perfect environment to search for FCNC decays:
* t->cy
* t->CcH
* t->CcEmiss (heavy neutral particle)

extensive study for CLIC
1 ab' @ 380 GeV

Builds on excellent charm tagging

ﬂ LANLELEL DL IELNLENLENL A BELNLLL N BNLENLENLEL N BELENLEL L
& 60~ —— Signal CLICdp -
S _ Vs = 380 GeV
\r Background
40 - —
20_— I —

0 50 100 150 200 250
M, [GeV]

BR(t — cy) < 2.6 x 107°

e _——— — = = Sp—

S —
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Searching for BSM Decays A

MAX-PLANCK-INSTITUT

A question of top pair statistics

= p— T e ————— — ——— —_—_————= = = = = T e———— — ———— e ———————— e ——— e —— — —
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* The clean environment at e*e- colliders is a perfect environment to search for FCNC decays:
* t->cy
* t->CcH
* t->CcEmiss (heavy neutral particle)

extensive study for CLIC
1 ab' @ 380 GeV

Builds on excellent charm tagging
BR(t — c¢H) x BR(H — bb) < 8.8 x 10~°
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* The clean environment at e*e- colliders is a perfect environment to search for FCNC decays:

*lt->cy |
e t->cH extensive study for CLIC

| \ 1 ab- vV
* |t -> CEmiss (heavy neutral particle) ab @ 380 Ge

Builds on excellent charm tagging
&' BR(t - cH)xBR(H — bb) < 8.8 x 10°
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The Top Yukawa Coupling &

Direct Measurements MAX-PLANCK-INSTITUT
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The Top Yukawa Coupling A

Direct Measurements MAX-PLANCK-INSTITUT
. . =10° | .
* Energies of 500 GeV and up enable direct =  ~_

— i L _
measurement of top Yukawa via ttH: %102 - ~_ - Energy matters: “sweet spot” in
t ? E 1 therange of 550 GeV - 1.5 TeV
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For ILC: Interesting at 550 GeV:
2.8% with 4 ab-

1 TeV, 2.5 ab: 2%

—

CLIC at 1.5 TeV,2.5ab1. ~2.7% on y;
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Conclusions
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* Top quark physics is an essential pillar of a future ete-program at the energy frontier
* |tincludes:
* A scan of the top quark pair threshold

* Measurements of top quarks in the continuum to study top quark properties, couplings and search for
exotic decays as a comprehensive SM and BSM program

* Energies from 350 GeV, “moderately” above threshold (< 500 GeV), and highest energies (= 500 GeV - 3 TeV)

P Circular Collider

* polarisation significantly contributes to the physics reach at higher energy

‘The linear colliders ILC and CLIC have a rich demonstrated potentlal that extends far beyond HL LHC
' At and slightly above the threshold FCC-ee provides oomparable partlaIIy complementary possibilites.
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* Top quark physics is an essential pillar of a future ete-program at the energy frontier

* |tincludes:
* A scan of the top quark pair threshold

* Measurements of top quarks in the continuum to study top quark properties, couplings and search for
exotic decays as a comprehensive SM and BSM program

* Energies from 350 GeV, “moderately” above threshold (< 500 GeV), and highest energies (= 500 GeV - 3 TeV)

Circular Collider

* polarisation significantly contributes to the physics reach at higher energy

‘The linear colliders ILC and CLIC have a rich demonstrated potentlal that extends far beyond HL LHC

' At and slightly above the threshold FCC-ee prowdes oomparable partlaIIy complementary possibilites.

<~ In a “dream world” with both a linear and a circular ete- collider, top quark physics is the domain of
linear machines, with a natural first-stage energy of 350/380 GeV, and higher-energy stages at 550 GeV

or beyond.
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