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Studies of high-energy e*e™ colliders
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pact Linear Collider (CLIC): CERN
Vs =380 GeV, 1.5 TeV, 3 TeV
Length: 11 km, 29 km, 50 km

/| Com
Future Circular Collider (FCC-ee): CERN
Vs =90 - 365 GeV
Circumference: 97.75 km

Circular Electron Positron Collider
CEPC): China
s =90 - 240 GeV
Circumference: 100 km

International Linear Collider (ILC):
Japan (Kitakami)

Vs = 250 - 500 GeV

Length: 20 km, 31 km
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Studies of high-energy pp colliders
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\\\\\\\ J“ “"| Future Circular Collider (FCC-hh): CERN
‘ alaz Vs = 100 TeV
Circumference: 97.75 km

e £'1 L.

High-Energy LHC
(HE-LHC): CERN
Vs = 27 TeV
Circumference: 27 km

— see talk by S. Gibson
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Reminder: collider parameters

Collider | Type Vs P %]  Npet  Ling/Det. Z Time
[e /et [10*em2s~"] | [ab '] [years]
. HL-LHC pp 14 TeV - 2 5 6.0 12
pp colliders [®etac pp 27ty - 2 16 150 20
FCC-hh pp 100 TeV — 2 30 30.0 25
FCC-ee ee M, 0/0 2 100/200 150 4
2My, 0/0 2 25 10 1-2
o : 240 GeV 0/0 2 7 5 3
ee COIIIderS 2my,), 0/0 2 0.8/1.4 1.5 5
(ly SD before 2m,,, run) (+1)
ILC ee 250GeV +80/+30 1 1.35/2.7 2.0 11.5
350 GeV  £80/£30 1 1.6 0.2 1
500 GeV £80/£30 1 1.8/3.6 4.0 8.5
(1y SD after 250 GeV run) (+1)
: CEPC ee M 0/0 2 17/32 16 2
+ muon collider, N o0 5 o oo .
advanced e*e” 240GeV 00 2 3 567
: CLIC ee 380GeV  £80/0 1 1.5 1.0 8
COIlIder’ 1.5 TeV +80/0 1 3.7 2.5 7
3.0 TeV +80/0 1 6.0 5.0 8
(2y SDs between energy stages) (+4)
LHeC ep 1.3TeV - 1 0.8 1.0 15
HE-LHeC | ep 1.8 TeV - 1 1.5 2.0 20
FCC-eh ep 3.5TeV - 1 1.5 2.0 25
ILC zgg€:v Zég/éi:V stgéa:v oer"/:: 503.(22\/
=
1.0/ab 2.5/ab 5.0/ab => until +28
cLc 380 GeV 1.5TeV. 3.0TeV.
FCC 150/ab 10/ab 5/ab 1.7/ab hh.eh.
ee, M; ee,2Mw | ee, 240 GeV ee, 2Mygp, =>
LHeC 0.06/ab | | o2ab |  o0727b
FHEC 10/ab per experiment in 20y |
FcC ab per experiment in
et s ESU Physics Briefing Book
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ILC detector concepts

Designed for Particle Flow Calorimetry:
 High granularity calorimeters (ECAL and HCAL) inside solenoid ."ﬁ
» Low mass trackers — reduce interactions / conversions 1V

ILD (International Large Detector):
» TPC+silicon envelope, radius: 1.8 m

SiD (Silicon Detector):
« R_fiald- « Silicon tracking, radius: 1.2 m
B-field: 3.5 T . B-field: 5 T

(small option: 1.46 m /4 T recently studied)
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CLIC detector concept: CLICdet

Basic characteristics:

» B-field: 4 T

* Vertex detector with 3 double layers

» Silicon tracking system (1.5 m radius)
EEEar « ECAL with 40 layers (22 Xo)

« HCAL with 60 layers (7.5 A)

Precise timing:

» = 10 ns hit time-stamping in tracking

* 1 ns accuracy for calorimeter hits

Co'l 4T
S
ot
0
Steel - HCAL
Beam-induced background can be efficiently
suppressed by applying pr-dependent timing cuts on individual
reconstructed particles (= particle flow objects)
ECAL endcap
ECAL plug
LumiCal
BeamCal
CLICdp-Note-2017-001 -
arXiv:1812.07337 e‘e” — tt at 3 TeV with background from yy — hadrons overlaid
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FCC-ee detector designs

— ¢ ["Yoke/u chambers
2
@ o
.. =
% o
£ ofo,, 5
© “Solenoid | @
g
DCH
!!'.¥7 — — ™ Ts ErE—" r = % &2 m
CLD concept (inspired by CLICdet): IDEA detector concept (also for CEPC):
« Smaller magnetic field « B-field: 2 T
(limited by luminosity goal): 2 T * Vertex detector: 5 MAPS layers
- Larger tracker radius (2.15 m) to keep  * Drift chamber with PID, radius: 2 m, 112 layers
similar momentum resolution — low material budget
« Lower Vs — HCAL less deep » Double read-out calorimetry

* Instrumented return yoke
arXiv:1911.12230
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FCC-hh detector concept

» Compared to ATLAS & CMS,

the forward calorimeters are
moved far out to reduce
radiation load and

increase the granularity

* A shield (brown) is needed

to stop neutrons escaping to
the cavern and muon system

FCC-hh CDR

Bay{Muon System

/

Main Solenoid

0 11

Outer Endcap
Muon System

Radiation Shield

EMCAL Forward (EMF)

12 13 14 15 16 17

Reference detector in CDR:
* 4 T solenoid, 10 m diameter
* Forward solenoids

 Silicon tracker

« Barrel ECAL LAr

» Barrel HCAL Fe/Sci
 Endcap HCAL/ECAL LAr
 Forward HCAL/ECAL LAr

HCAL Forward (HF)

z[m]

18 19 20 21 22 23 24 25 26
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Top-quark physics at future colliders

Top-quark pair production at e*e™ colliders
(mainly based on full simulations):

* Measurements of the mass

» Top-quark EW couplings

* Processes at high energy
A few highlights from FCC-hh

Top-quark FCNC
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Top-quark pair production in e*e™ collisions

E EI | vt | _
= - e'e” — tt:
o~ « Production threshold at Vs = 2miep
>_E 10° F =4 +365-500 GeV is near the maximum
= - - — large event samples (for rare decays etc.)
,T 10 E ttZ E e'e” — tEH
L@ : 1« Maximum near 800 GeV
o [ i
© 4 3 = e*e” — ttveve (Vector Boson Fusion):
- :  Benefits from highest energies
10-1 _I L PR [N N R TN SR N S SN SR S
0 1000 2000 3000
ISR included \s [GeV]
z° f
,y*/ ZO* Y*/ ZO* t
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Top-quark mass

;‘ N T | T T T T | T T T T | I: T T | T T T T | T T
L o o 'l 'm, comb. = 1o ]
8 [ 68% and 95% CL contours 1 m. = 172.47 Gev -
= 80.5— Fit w/o M, and m, measurements 1| -- 0=046GeV vt —
E; - Fit w/o M,,, m and M, measurements — 0 =046 ®050,,, GeV a
C Direct M,, and m, measurements ’ i
80.45 — o ]
80.4 oy it
o ) e A
C (e // .
[~ M, comb. = 1o - - B
80.35 - Mx =80.379 = 0.013 GeV y . ]
80.3 — i —
80.25 — .97 . i}q ]
T W i n
C I’/ 1 1 1 1 i: 1 1 | I 1 1

140 150 160 170 180 190

m, [GeV]

Direct and indirect constraints on

top (and W) mass

EPJ C 78, 675 (2018)
CERN-LPCC-2018-03

CMS

Preliminary Projection

t

>
3
O a3 :
E 5 52 -ms JAW, JHEP 12(2016)123
o <Vt ———— o (tt), JHEP 08(2016) 029
E’ C ' sec. vix, PRD 93(2016)2006
S 2;’ ----- single t, arXiv:1703.02530
@ C F l+jets, PRD 93(2016)2004
e 1.5 K mmimmm e
\
S e N e e
z 1 Vi ‘
L ' ;
0.5 oolLlLIlIIIlI
- \.
oF

Runl 0.3ab" 14Tev 3ab’ 14 TeVv

Complementary methods at e*e™ collider:
* Threshold scan

* Direct reconstruction

* Radiative events

— discussed in the following slides

08/09/2021
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Top-quark pair production at threshold

- . . . : . , .
e 1+ Exploit precise theoretical calculations of cross section in
@ [ —theoryprediction-m® 171.5 GeV i the threshold region, in well-defined mass schemes (m:s,
T 1.2 [~ ---- scale variations p = 50 GeV - 350 GeV ] . .
o I ] m¢'S...) -> Can be converted directly into MSbar mass.
+ p—
() i
© 5 Q 1.4 L ttthreshold - m® 171.5 GeV | 7
--------------------------- 7 c - — QQbar_Threshold NNNLO —|LC 350 LS only -
E S 1oL ] Y-
, 5 1.2 - —ISRonly —ILC 350 LS+ISR ] ISR
] o) - i
] o1 - ' o o t
; N Yl i
E o 0.8 - = t
0.6 =
/s [GeV] C ) v
0.4 F . ;.62/‘ 495
C ] -
0.2 L based on CLIC/ILC Top Study | = at
EPJ C73, 2530 (2013
R BT (. ? L of s E
340 345 350
Vs [GeV]
The threshold is sensitive to top quark properties ... and influenced by em physics and collider parameters

Frank Simon
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Mass: expected sensitivity (2)

5‘ 07 T I T T T T I T T T T T Februalry201_9 Z‘ 40 = ” : ; ; : i : i FebrLLi'ﬂ_t
o C ttthreshold - QQbar_Threshold NNNLO 7 -om 171.5 GeV, ILC TDR .
c06F ISR + ILC Luminosity Spectrum B % 300 —do/dm, [A =20 MeV] —do/dy [A= 0-1_]1 E
o — default - m{ ° 171.5 GeV, T, 1.37 GeV . 5 - do/dT, [A = 40 MeV] - Aoy, for 20 fb ]
5 F m, variations = 0.1 GeV 4 &=, - —do/dag [A =0.0006] u=>50...350 GeVW ‘;
% 0.5 — ---- T, variations = 0.15 GeV R x 20— e ]
» theory uncertainty (scale) — R e S - ]
n .8 10 T e ]
© 0.4 - e 1
o - e

_ 0 ===

0.3 - S zo ]
I simulated data points ] - ' § E
0.2 200 fb ™ total ] -10 - """ efficiéncies and signal yields
. _ C from EPJ C73,.2§30 (2013) _
- . . . E —20 :_ sensitivity to ''''' _:
0.1 s efficiencies and signal yields 7 - Yukawa coupling :
e from EPJ C73, 2530 (2013) ] N width ]
P Chd : _30 1 L 1 1 1 | 1 |mass| 1 | 1

34Lo - 34|15 "" séo | 540 o4 e
Vs [GeV]

s [GeV]

— sensitivity on different
parameters depends on position
along the threshold

Example: threshold scan
at ILC with 200 fb™

arXiv:1902.07246
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Mass: expected sensitivity (3)

30.7 i
2
- ISR+

5 0.6

5

© 0.5

B

S 0.4

(&)

o
w

|J\II|IIII|IIII|IIII|IIII

o
(V)

©
—

- {f threshold - QQbar_Threshold NNNLO

— default - m{° 171.5 GeV, T, 1.37 GeV

-------- m, variations = 0.1 GeV

---- Ty variations = 0.15 GeV QUL
theory uncertainty (scale) J— _-_:.'-—-'—"-"" """

.

A

PR
P13

February 2019
T T T T T T T T T T T

ILC Luminosity Spectrum

I simulated data points
200 fb™ total

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

| 345 350
s [GeV]

Example: threshold scan
at ILC with 200 fb™

arXiv:1902.07246

error source Am!S [MeV]
stat. error (200 fb™!) 13
theory (NNNLO scale variations, PS scheme) 40
parametric (a;, current WA) 35
non-resonant contributions (such as single top) < 40
residual background / selection efficiency 10 - 20
luminosity spectrum uncertainty < 10
beam energy uncertainty <17
combined theory & parametric 30 — 50
combined experimental & backgrounds 25 - 50
total (stat. + syst.) 40 - 75

— theory and parametric uncertainties
large compared to statistical precision

with current knowledge

08/09/2021
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Optimisation of the threshold scan

Optimised for mass & width:

. . 0.7 . : , o .
Baseline scenario: Reference Grossection Precision on top mass:
CLICdp Mass and Width @ 35
i) T T T T ' 06 ' ' ' ' ' ' ' clic —
S 04— cLicdp s ¢ § -] or ) cLIc optimizlﬁd —_—
© C g ¢ N ILC optimized ———
C 3 ] FCC
03 — -1 T FCC optimized
L ] 1 o
- 1 <
02 4 8
N ] Q
- . 19 AN
C 1 @ S3so
0.1 — o ] g \\\\\\
L 1 9 \\::::\\
s 1 Il O T E=—
o 11 T
-S 1r i ; I (] s ] (] & § 8 m 01
8 o9 ? | CLICdp
340 345 344 346 348 ° " eyl 355 10 =00 750 200 250 300 350 400 450 500
Vs [GeV] . . . . Luminosity [fb™]
%35 340 345 350 355
10 points of 10 fb™" each Energy [GeV]

» Optimisation of quantity and centre-of-mass energy for
the individual cross section measurements

— 25% better statistical precision on top mass compared
to 10 equidistant measurements

L —ILC 350 GeV
| —CLIC 350 GeV 90% Charge
. FCC-ee 350 GeV

E normalized over full energy range

fraction [%] / 90 MeV
o
|

102

» Main difference between colliders: luminosity spectra —_—

10 b Lo

JHEP 07, 070 (2021) S~
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Top mass in the continuum

Fully hadronic: Semi-leptonic:
Example: CLIC at 380 GeV 2 e | Dihadonc 2 | cucee | Dradonc ]
°>’50000 H [ semi-leptonic 4 o ] [ semi-leptonic ]|
. w F [Jleptonic 1160000 [Jleptonic
» Template fit to reconstructed 40000 R 4+ 4 b e 4+ qq
top candidate mass distributions: 30000 E 40000:— s
30 MeV (40 MeV) statistical 20000 b E ; 1
precision for hadronic g 20000 |- 5
(semi-leptonic) events 10000 ¢ E ;
with 1 ab™ 004 02 o0 o2 o4 0 %4 02 o0 o0z 04
Hadronic BDT response Semi-leptonic BDT response
 Excellent knowledge of jet
(including b-jet) energy scales w N U,
needed — short calibration run ESOOOO - — Allevents CLicdp - g | — Allevents CLiCdp |
at Z-pole each year? G B A ]| o000 L #fraq ]
20000 [ .
* Interpretation of measured ] - ]
mass value induces significant 10000 E ] 5000 -
theoretical uncertainties : ]
O ~""%0 100 150 200 250 O ~""%0 100 150 200 250
m, [GeV] m, [GeV]
JHEP 11, 003 (2019)
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Radiative events: e*e” — tty

» Radiative events allow to extract the
top mass in a well-defined mass scheme

above threshold

» Using matched NNLL threshold
+ N3LO continuum calculation

and CLIC/ILC luminosity spectra

cms energy

CLIC, /s = 380 GeV

ILC, /s = 500 GeV

luminosity [fb™']| 500 1000 500 4000
statistical 140MeV 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

PLB 804, 135353 (2020)

Events

1500

1000

500

 e*e — tty, CLIC, Vs=380 GeV

e Theoretical prediction l

l Pseudoexperiments

i I:l Stat envelope: + 1 o (1000 fb™)

360 370
\s'[GeV]

v AT R R BT
340 350

A L L
| e*e” — iy, ILC, Vs=500 GeV

- —— Theoretical prediction

] Pseudoexperiments

L 1%
— I:l Stat envelope: = 1 o (4000 fb™") .

i _

gt

S ]
3

1

01....[.1..[.1..
350 400 450

I's' [GeV]

08/09/2021
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Running of the top-quark mass

e*e’ — tty, ILC, Vs=500 GeV

— 50 evidence for scale evolution I

(= “running”) of MSR mass form the A B B R

ILC data at 500 GeV 0 50 100 150
R [GeV]

Prediction (R-evolution)

PLB 804, 135353 (2020)
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Top-quark electroweak couplings

 Top quark pairs are produced via Z/y* in electron-positron collisions

» The general form of the coupling can be described as: arXiv:hep-ph/0601112

CP conserving CPV
Fttv(k q, q) = —ie %L k*) 4~ k2 (g +q)" (k?) —1—7 k:2
th

« At linear colliders, the y and Z form factors e
can be disentangled using beam polarisation |3 *| ee-t @ soocev :* 5 | ener=ti@s00Gev oA
— measure 0 and Arg for different polarisation | z 20/ +;§;{me e g E ol Ly e :* ]
configurations I e A 4R ; -

- -i“*ﬁ:& ] 20|~ —i-* “
* The y and Z contributions can also be wwﬂ”‘““ ; J_;—* :
separated using the lepton energy and 5t 1 L \
angular distributions in semi-leptonic events : ILD | : ILD |

. 0Hlhu\u|1‘HI.HMHJ‘Hlulhuhu 0 PR R [N S TSR AN T TSR SR [ T ST SR

— Form-factor measurement also possible ~1-080604020 02040608 o050 05

at circular colliders
N (cos 8,>0)— N (cos 6,<0)
N(cos8,>0)+N(cos 8,<0)

— Both approaches are complementary Ars=
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Top-quark electroweak couplings

 Top quark pairs are produced via Z/y* in electron-positron collisions
» The general form of the coupling can be described as: arXiv-hep-ph/0601112

CP conserving CPV
Y02, 4, 0) = —ie { @k% ' v@(’ﬁ) b O (g4 g <@<k2> +7k2))}
t
« At linear colliders, the y and Z form factors \
can be disentangled using beam polarisation @
— measure 0 and Ars for different polarisation )
configurations b v

W+

» The y and Z contributions can also be 3
separated using the lepton energy and
angular distributions in semi-leptonic events \
— Form-factor measurement also possible = N,
at circular colliders

— Both approaches are complementary
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Sensitivity to form factors

 Top quark pairs are produced via Z/y* in electron-positron collisions
» The general form of the coupling can be described as: arXiv-hep-ph/0601112

CP conserving CPV

Y (K, g, @) = —ie {w @(k2) + v@(kQ)) o g+ )" (@(k% + ka))}

2 L
-E, " [ 1c. Vs=500 GeV, L=3200 tb" (preliminary)
o LEP+HL-LHC-S2
2 1 arxiv:1907.10619
o E FCC-ee, {s=365 GeV, L=2400 fb™
arxiv:1503.01325
eTe” — tt
107" e
1072 3
03l — Lepton colliders provide significant improvement
- compared to HL-LHC
10 R. Pdschl, EPS-HEP 2021

Z
I:1 \ F1ZA FY ng
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Boosted top quarks at CLIC

CLICdp (s=1. Vs'>1. M%) < 0.
> 0.06 oo -p| .S.1.4.T?Y .S.>.1|2.T.eY —— IFO.S(.SQ{‘*).I . (l)i?O_
8 & qq, g=u,d,s,c,b ]
0.05F 7] s amuioct - e*e” detectors (fine-grained calorimeters) and clean
0 0.04 F -'T‘*"“““‘:‘ E environment ideal for detailed jet substructure studies
. — Top-tagge -
C N
o . . .
> 0.03 E « Boosted hadronic top-quark decays reconstructed using
S 0.02 E techniques developed for hadron colliders
< A : (re-clustering, John Hopkins tagger)
£ 0.01 N E
o s sessss
s
Z 0 g;.o.o.o.op.o.u». X o202

0 50 100 150 200 250 300
Jet mass [GeV]

o [ Vs =3TeV, P(e) =-80% CLICdp - S 400 5_37ev, P(e) = +80% CLICdp ]
~~2000 F WHIZARD Fim=4ab ' ~ r WHIZARD ZLim=1ab" ]
2] B ¢  Corrected pseudo-data ] 2] L ¢  Corrected pseudo-data 4
] S [ Fit o 300 [ Fit .
Example: Extraction >1500 [ - Total MC reco. ] > I Total MC reco. % ]
Of AFB at 3 TeV L g [ Background only s 200 :_ I Background only :
1000 - Vs 22,6 TeV - Vs 226 Tev ‘
500: ) ] 100 | T L
0 0
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
JHEP 11, 003 (2019) cos(8”) cos(6)
arXiv:2008.05526

08/09/2021 Philipp Roloff Top-quark physics at future colliders 22



Global EFT analysis of e*e” — tt

Example: full CLIC program with three energy stages
— sensitivity to scales far beyond the centre-of-mass energy

102 10 TeV
-0.2 0.2 -0.1 0.1 -0.2| 0.00033 qu,B ] QLICdP )
semi-leptonic ¢t
0.2 -0.2 0.3 -0.3| 0.00022 Ciq w [EE—m 380 GeV +1.4TeV + 3 TeV
statistically optimal observables
-0.1| 0.00018 Clt,B | o and App
0.2 0.2 0.1 -0.5 -0.7 0.0076 Il
-0.1 -0.2 0.6 0.7 0.011
0.1 0.3 -0.5 0.6 . 0.059
-0.2 -0.3 -0.1 -0.7 0.7 . 0.061

104 103 102 101 TeV—2

— Significant improvement from “statistically optimal observables”, which make
the best use of the fully differential bW*bW-~ distributions, instead of

JHEP 11, 003 (2019)
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EFT analysis: comparison of e*e™ colliders

0.3 -0.3 -0.1 0.1

-0.4 0.5 0.1 -0.1

0.3 -0.7 -0.4

-0.3 . 0.5

-0.1 0.1 0.1
0.1 -0.1

-0.4 -0.7 0.2 0.2
-0.4 0.7 -0.3 0.1 -0.2
ﬂ 0.7 -0.1 -0.2
0.2 0.2 0.5
-0.3 -0.1 -0.3 0.6
0.1 0.2 -0.3=-0.1

0.2 -0.2 -0.2 0.5 0.6 -lll.
u--
m

-0.5 0.2

0.4 -0.3

n

0.2

0.0019 C’l‘g
0.0019 C’;’I
026 C;}q
0.0016 Cl‘(:
0.0018 CXI
/is
033 Cgq
0.083 CE,
0.02 CE,
0091 Ciy

I
0.048 Cyua

0.00034 Cl';
0.00037 C;f}l
924 Con
0.00027 Cl‘g
000032 C.X;
0,23 ng
0935 Cuz
0.014 CE,
008 Ciz
0.028 cr,

10~4

statistically optimal observables
CC-like run scenario
200 fb~! at /s = 350 GeV
1.5ab~! at /s = 365 GeV
P(et,e”) = (0%,0%)

10!

statistically optimal observables
ILC-like run scenario
= 500fb! at /5 = 500 GeV
lab™! at /s = 1TeV
P(et,e™) = (£30%, ¥80%)

100 10!

statistically optimal observables
CLIC-like run scenario
® 500fb~! at /s = 380 GeV
1.5ab7! at /s = 1.4TeV
3ab~! at /s =3TeV
P(et,e™) = (0%, F80%)

=~ FCC-ee

= |LC

— Higher energy (and
polarisation) significantly
enhance the reach

= CLIC

100 ot NB: lower luminosities than in ILC
and CLIC baseline projections

JHEP 10, 168 (2018)
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o

Top-quark compositeness

partial compositeness

CLICdp
semi-leptonic  ff
ttH

\/s=380GeV, 1.4 TeV, 3 TeV |
e, :er =50:50, 80:20, 80:20

50 discovery region

3 5 7 10 20 30 40

m,[TeV]

(o

total tr compositeness

CLICdp
semi-leptonic ft
ttH ’
\/s=380 GeV, 1.4 TeV, 3 TeV |
e :er =50:50, 80:20, 80:20

50 discovery region

5 7 10 20 30 40
m,[TeV]

* “optimistic” (light colour) and “pessimistic” (dark colour) 50 discovery regions

in two benchmark scenarios

« Limits for CLIC derived from tt global EFT fit and from ttH production

m,: compositeness scale
d.: coupling strength of the composite sector

JHEP 11, 003 (2019)
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e*e” — ttH and top-Yukawa coupling

g NN B | Sensitivity to CP mixing
<102 b in the ttH coupling:
+ F . . . .
E O} « Differential information
T ok 7 provides significant
O improvement compared to
R - the cross section alone
10° 6 . I10|0(5 - '20|06 - éOIOO 0.5 ——r— _ _ \‘ls=l1.5lTev,12.5Iabl‘1
\/g [GeV] “-E- . . CL|Cd[I.'onrkin pr;gress _I I, 3 -
»n - C.,=-19 (cos¢-:::sm¢y5)_
“oaf T et
Most important final states: i —+—oCombined 7
ete” — tIH N nglv@b_ 0.3 - e A +o Semi-leptonic _:
e‘e” — ttH — qqbqqgbbb - ]
Roughly similar sensitivit o 7
- gnly y CLIC: 0.2 :
ILC: *Vs=1.4TeV,L=2.5ab™ I ST
+ Vs = 550 GeV, L = 4 ab™ — DGy /9y = 2.7% e :
— Ag,. /9., = 2.8% 0-...|.T.T.T.T.T.T.T.3
o \/g = 1 TeV, L=25 ab—1 0 0.2 0.4 0.6 0.8 sin2¢1
— Agy/9,, = 2%
arXiv:1903.01629
* Very interesting for even higher JHEP 11, 003 (2019)
energies (e.g. muon collider, ...): CERN-THESIS-2020-232

e*e/utu — ttHveve
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e*e” — ttve.ve at high energy

e F T ' >
= I 8
—~ + —
T ok P
0 E c
) i ()
T oL @
10-1I....I....I....I E
0 1000 2000 3000 10_1'.|....|....|....|....|. ]
\'s [GeV] 500 1000 1500 2000 2500 3000
m, [GeV]
Example: CLIC at 3 TeV
1F 71
« More detailed simulation studies needed : CLiCdp
i . Js=3Tev |
107! 13
» Single-operator sensitivities, =
combination with e*e~ — tt could be beneficial T 107 o £
. . . % —10—25— 110 H'U
* Very interesting for even higher - - !
energies (e.g. muon collider, ...) ok 15
Y- 1
Car ) c® Cow

JHEP 11, 003 (2019)
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Top-quark physics at future colliders

Top-quark pair production at e*e™ colliders
(mainly based on full simulations):

* Measurements of the mass

» Top-quark EW couplings

* Processes at high energy
A few highlights from FCC-hh

Top-quark FCNC
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top-Yukawa coupling at FCC-hh

t
production ratio O(ttH)/0(ttZ) = y¢? yb2/ guez 2 I + >,m.,,<t H
measure o(ttH)/o(ttZ) in H/IZ—=bb mode in the boosted - H -

regime, in the semi-leptonic channel
perform simultaneous fit of double Z and H peak

(lumi, scales, pdfs, efficiency) uncertainties cancel out in ratio ttZ
t L
assuming geezand Kp known to 1% (from FCC-ee), 1. = S >,WT<t 7 o+ >m<
_ . -
— measure y¢to | %

10° FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)
> rTrrr|rrrrrrrrprrrro T >70000_1 Tr 111t r|jrrrrrrrr|prrrrprrir—4
8 500; — —ttH n 8 C ~ —HH i
8 | Vs=100TeV B tt+jets i 8 r Vs =100 T?V -ttZ b
S L=30ab’ B tt:bb 600001 L=30ab B

g - tz - Z -
s “oor - g 350000 5 .
C i C o ]
¥ )’t/ Yt <l % 1
300 . 40000 ]
L 30000 -
200 1
20000 —:

100f

i 10000 ]

100 150 200 250 300 00 50 100 150 200 250 300
m;(H) [GeV] m;(H) [GeV]

Michele Selvaggi
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Anomalous top-gluon couplings from pp — tt

Strongly boosted: & m v )_ (G2,
mg > 10 TeV is optimal choice from

cross section analysis

dv(da): chromomagnetic (chromoelectric)
diplole moment

0-02 T T T T | |_ T T T |. T T T T T T T 012 | T 1T 17T T T 17T 1T 17T T 1T 17T | T 1T 17T | LI ]
LHC 14 TeV /,»j—""' i . Tevatron + LHC8
mg;>2TeV -~ : i - i
i 5 | 0.08 - v ]
0.01- o : ] - i
I 0.04 - .
-o< 0 -D< 0 :_ o _:
0.04 - / \ ]
B i LHC14 i
-0.01 FCC J
I 0.08 |

_0.02 Il _0.12 i | I | | I | | I | | I | | I | 1 1

-0.01 -0.005 0 0.005 0.01 -0.04 -0.02 0 0.02 0.04 0.06 0.08
d, d,

FCC-hh CDR
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pp — tttt at FCC-hh

0.20F signal | 0.20F Isignal 1
— ittt SM R — ittt SM
% ‘W . W
‘é 0.15 fake £ ‘é 0.15¢ e fake £
g 5
s K
£ 0.10 £ 0.10
g L 2
0.05 "~ 0.05"
000™""jgo 200 300 400 500 600 0.0 5 5 g 5 6
P4 [GeV] St [TeV]
Example: same-sign di-lepton final state
Composite Higgs
12 . : : . :
sttt | .
FCC-hh*? : A/ e .5 Te lof 4 Fo
COhN 00 Tev, 30an- /Vleu] > 6.5Tev . o.. ‘
+ - n ’lll \'\ : »";
ete —tt . 81 Lo 0
CLICBTeV, 3ap—1 A/\/ ‘Ctt‘ > 7.7TeV . \‘ \'\.E
ILC e+€7%tt_ . A/ ‘ ‘ > 4 1 T V 6 \-“‘ \‘\i\‘ "".,..
1TeV, 1ab~! V [Ctt 4 1e .

FCC-hh: same-sign di-lepton and tri-lepton

final states combined m.[TeV]

95% CL limits from individual operators
JHEP 02, 043 (2021)
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Top-quark physics at future colliders

Top-quark pair production at e*e™ colliders
(mainly based on full simulations):

* Measurements of the mass

» Top-quark EW couplings

* Processes at high energy
A few highlights from FCC-hh

Top-quark FCNC
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Top-quark FCNC: current status

CMS Preliminary Most stringent 95%CL upper limits ~ <— ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS
[1] CMS-PAS-TOP-20-007 ("} 2] JHEP 04 (2016) 035 LHClopWG [1] JHEP 05 (2019) 123 [2] JHEP 02 (2017) 079
July 2021 [3] JHEP 02 (2017) 028 [4] CMS-PAS-TOP-17-017 () [3] JHEP 06 (2018) 102 [4] PLB 800 (2019) 135082 (LH only)
[5] JHEP 07 (2017) 003 " Preliminary September 2020 [5] JHEP 04 (2016) 035 [6] EPJC 76 (2016) 55
o Theory predictons ey 2HDM(FY) [T]2HDM(FC) B [7] JHEP 02 (2017) 028 [8] JHEP 07 (2018) 176
Each It aseumes tat from arXiv-1311.2028 Each limit assumes that [9] CMS-PAS-TOP-17-017 [10] JHEP 07 (2017) 003

mssM [1]rpv Mrs all other processes are zero Theory predictions —SM 2HDM(FV) EE2HDM(FC)

e L romaXvidtiooss  MSSWCIRPY  ORS
® 1] o )]
oHe | toHe | =
t—Hu «—® t—Hu «—@ B
— —e @
t—yc t—yc
—9 [5]
—9 [4]
t—yu t—yu
(—. [5]
— [ ")
t—gc t—gc
-9 Y|
—@9 [6]
t—gu t—gu
«—@ Y|
I e — e @
/ —e@ 8]
t_>zu 1 t_>zu | Al L L L L | 1 L I L | |[1?]
107" 1073 107"° 107 107 107 10°'® 1073 10710 1077 107* 107
Branching ratio Branching ratio

« SM branching ratios strongly suppressed (107'°...107'2)
— strong enhancement in certain BSM models possible
 Current 95% CL limits typically at the level of 107 to 10
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Top-quark FCNC: t—Hq branching ratios

BR x 10° | HL-LHC | HE-LHC ILCsy | CLICsg3y | LHeC | FCC-ee | FCC-hh | FCC-eh
t - Hc Y 15 1.6
t — Hu 150 22
t — Hg 10 2.8
t—27Zq | 24-58 4 2.4 ~ 0.1 0.6
t — yc 7.4 ~ 1 2.6 0.024
t — Yu 0.86 0.018
t— Yq 1 1.7 0.085
t— gc 3.2 0.19
t — gu 0.38 0.056
HL-LHC: B
500 GeV ILC and 380 GeV CLIC: Based on ATLAS studies using H—bb
A few million top decays near threshold, and H—yy
H—bb decays used, best suited for ECC-hh:

decays with charm quarks
ys Wi 44 Large statistics allows usage of clean

H—yy decays, combination of semi-leptonic
and fully hadronic final states

ESU Physics Briefing Book

08/09/2021
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Top-quark FCNC: t—>Zq branching ratios

BR x 10° | HL-LHC | HE-LHC ILCsgy | CLICs49 | LHeC | FCC-ee | FCC-hh | FCC-eh
t — Hc ~ 15 1.6
t — Hu 150 22
t — Hgqg 10 2.8
t—7Zq | 24-538 4 2.4 ~ 0.1 0.6
t — yc 7.4 ~ 1 2.6 0.024
I — Yu 0.86 0.018
I — Yq 1 1.7 0.085
I — gc 3.2 0.19
I — gu 0.38 0.056
FCC-ee:
BR(t—Zq) from anomalous single top HL-LHC:

production: e'e” — Z*/y* — tq (iq)
— further improvement from combination
of both energy stages possible

Based on ATLAS study for
tt - bWgZ — btvqte

FCC-hh:
Estimate using HL-LHC projection

FCC-eh and LHeC:
BR(t—Zq) from DIS production of
single top quarks

ESU Physics Briefing Book
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Top-quark FCNC: t—yq branching ratios

BR x 10° | HL-LHC | HE-LHC | ILCsy | CLICsg, | LHeC | FCC-ee | FCC-hh | FCC-eh
t — Hc S 15 1.6

t — Hu 150 22

t — Hgq 10 2.8

t +7Zq | 24-58 4 2.4 ~0.1 0.6
t — yc 7.4 ~ 1 2.6 0.024

I — Yu 0.86 0.018

t— Yq 1 1.7 0.085
I — gc 3.2 0.19

I — gu 0.38 0.056

500 GeV ILC and 380 GeV CLIC:
FCC-ee:

BR(t—yq) from anomalous single top
production: e'e” — Z*/y* — tq (1q)

FCC-eh and LHeC:
BR(t—vyq) from DIS production of
single top quarks

A few million top decays near threshold, H—bb decays used,
best suited for decays with charm quarks

HL-LHC:

BR(t—yu) and BR(t—yu) from CMS study
of single top production in association with a photon

FCC-hh:

Delphes study focussing on the

boosted top regime (p, > 400 GeV)
ESU Physics Briefing Book
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Top-quark FCNC: t—gq branching ratios

BR x 10° | HL-LHC | HE-LHC | ILCsy | CLICsg, | LHeC | FCC-ee | FCC-hh | FCC-eh
t — Hc S 15 1.6
t — Hu 150 22
t — Hgqg 10 2.8
t—Zq | 24-538 4 2.4 ~0.1 0.6
t — yc 7.4 ~ 1 2.6 0.024
t— Yu 0.86 0.018
t = vq 1 1.7 0.085
I — gc 3.2 0.19
t— gu 0.38 0.056
HL-LHC: = s:.....3°°°.fb.1‘.1”e.v’
BR(t—gu) and BR(t—gu) from CMS study 5 | eciomimt
of single top production i g B 5% cLExpected Limit ]
HE-LHC: N :
BR(t—gu) and BR(t—gu) from CMS study , ]
of single top production 1 E

ESU Physics Briefing Book

0

CERN-LPCC-2018-06

0 5 10 15 20 25 30 35
Br(t — cg), 10°
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Top-quark FCNC: t—gq branching ratios

BR x 10° | HL-LHC | HE-LHC ILCsyy | CLIC3g | LHeC | FCC-ee | FCC-hh | FCC-eh
t - Hc ~ 15 1.6
t - Hu 150 22
t —Hg 10 2.8
t—2Zq | 24-58 4 2.4 ~ 0.1 0.6
t — yc 7.4 ~ 1 2.6 0.024
t — Yu 0.86 0.018
t— Yq 1 1.7 0.085
I — gc 3.2 0.19
t — gu 0.38 0.056

HL-LHC: Conclusions:

BR(t—gu) and BR(t—gu) from CMS study

of single top production

HE-LHC:

BR(t—gu) and BR(t—gu) from CMS study

of single top production

ESU Physics Briefing Book

« Complementary set of possible
measurements in e*e”, ep and pp colliders

By far not all possibilities explored yet!

* Generally improvements by 1-2 orders of
magnitude compared to HL-LHC possible
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Top-quark FCNC: EFT for HL-LHC

Sensitivity to top-quark FCNC effects can be studied using EFT

Input: limits on FCNC branching ratios, limits on e*e™ — {j from LEP Il

Present constraints

e or lefe ™) =i
) or 15 =t
L T
1)) or |elB9)] ¢30.48
e L or levy’ | il
e L or leus’ | R
](i(qif | or \Fl(qu)| 1.6
Croga | or lejens’ | fommm 0-49
eyl or e - 18
0 = 1 (up)

White marks: individual limits

a = 2 (charm)

HL-LHC (3/ab at 14 TeV)

| l—q(a+3)‘ or ‘CI(Z+3)| .-11..%1
|C(a+3 | or \c((l+3)| .-11..%1
g™ | or |5 ==03%
D) or 1] 10,082
e or ley| B2 03,
o 1\
| or [ 1.6
e or e 0| o 0.48
V] or [ef2)| o 0.42
=1 (up)
0 = 2 (charm)

Sec. 8.1 of CERN-LPCC-2018-06
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Top-quark FCNC: e*e” — tj at CLIC

100 TeV 10 TeV 1 TeV
Ctp = —»0.69 =
Cog,ou 0.24 | e
CuA 0.015 7 N « —» 0.076 —
Cuz 0.026 3« 0.073 & - T
cl_q,lu 0.00021 0.00075 0.0094 |8 ete” —tj —
c 380GeV L
eq,eu 0.00028 0.001 0.012 . 380 GeV +1.5 TeV i
S 380GeV +1.5TeV +3TeV
c 0.00031 0.0011 0.012 —
lequ P(et,e™) = (0,40.8)
clq;qu 0.00012 0.00044 0.0048 | —
10~ 1073 10~2 10~ 10°

95% C.L. limits on top-quark FCNC operator coefficients

Black arrows: decays at CLIC (see slide X) * The high-energy runs significantly improve

Red arrows: current LHC the sensitivity for “four-fermion” operators
Magenta arrows: HL-LHC projections » e'e” — tj much more powerful than the
Dots: CLIC without beam polarisation decays at high-energy lepton colliders

CERN-2018-009-M

08/09/2021 Philipp Roloff Top-quark physics at future colliders 40



Summary and conclusions

» The top-quark plays an important role at any future high-energy collider facility

» Well-defined program for an e*e™ collider at and above the pair-production threshold:

- Athreshold scan is the best possible mass measurement with = 50 MeV precision

- Operation well above threshold improves the top-quark EW couplings by at least

an order of magnitude

- A direct measurement of the top-Yukawa coupling requires at least 550 GeV, also access
to CP mixing in the ttH coupling

» Four-fermion operators benefit from the highest possible energies (at e*e™ and
hadron colliders)

» Large amount of complementarity between different collider options and energy stages
for top-quark FCNC-effects

» Many issues still to be studied, in particular for very high energies

Thank you!
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Backup slides
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Hadron and e*e™ colliders

Hadron colliders: e*e” colliders:

e

* Proton is compound object * e’e” are pointlike

— |nitial state unknown — Initial state well-defined (\/g, pOlarisation)

— Limits achievable precision — High-precision measurements

« High-energy circular colliders possible * High energies (Vs 2 380 GeV) require
linear colliders

* High rates of QCD backgrounds

— Complex triggers e Clean experimental environment

— High levels of radiation — Less / no need for triggers

— Lower radiation levels

08/09/2021 Philipp Roloff Top-quark physics at future colliders 43



pp and e*e” collisions

3 TeV 100 TeV
LHC HE LHC VLHC 9
: : : 10

" A 8orders of
magnitude!

o [nb]

S T |
1 0—5 I ; 0 : I  MCFM+ Higgs Europgan ?"ﬂ:i;z - 1.0.5. .............................. 1 .0_ .
\s [TeV]
pp collisions: 107" [ '
Interesting events need to be 1[0 e e
0 1000 2000 3000
/s [GeV]

found in huge number of collisions
e*e” collisions:
More “clean”, all events usable

44
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