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@ Introduction

e Top-quark physics at CLIC
@ Top-quark mass measurement
@ Sensitivity to FCNC decays
@ Yukawa coupling measurement
@ Vector-boson fusion production
o Electroweak couplings and global EFT analysis

© Conclusions

For details see:
e H.Abramowicz et al. (CLICdp Collaboration),
Top-Quark Physics at the CLIC Electron-Positron Linear Collider,

CLICdp-Pub-2018-003, arXiv:1807.02441

For more information on CLIC accelerator, detector and physics see:
e CLIC input to the European Strategy for Particle Physics Update 2018-2020
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Introduction ﬂb -

Compact Lilnear Collider

Drive Beams
these electron beams provide the RF power to the main accelerators
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electron main accelerator electrons positrons positron main accelerator
Main Beams

Conceptual Design (CDR) presented in 2012 CERN-2012-007

@ high gradient, two-beam acceleration scheme

@ staged implementation plan with energy from 380 GeV to 3 TeV
o footprint of 11 to 50 km

@ e polarisation

For details refer to:
P.N.Burrows, The CLIC accelerator project: status and plans,
Accelerators for HEP parallel session, tomorrow
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Introduction &B -

CLIC running scenario
Three construction stages (each 5 to 7 years of running)
for an optimal exploitation of its physics potential

o /s =380 GeV with 1ab™'  + 100 fb ' at tt threshold

focus on precision Standard Model physics,
in particular Higgs boson and top-quark measurements
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Introduction ﬁb -

CLIC running scenario
Three construction stages (each 5 to 7 years of running)
for an optimal exploitation of its physics potential
o /s =380 GeV with 1ab™* - 100 fb " at tt threshold
focus on precision Standard Model physics,
in particular Higgs boson and top-quark measurements

o \/s=15 TeV with 2.5ab™ "
o /s =3TeV with 5ab™ !
focus on direct and indirect BSM searches,
but also additional Higgs boson and top-quark studies

7 years

27 years

Y

380GeV
« Construction
« Installation

3Tev
« Construction
« Installation

380 GeV Physics H 1.5TeV Physics
1ab™! 2.5ab™"

3TeV Physics
5ab™!

Reconfiguration

A.F.Zarnecki (University of Warsaw) Top-quark physics at CLIC July 12, 2019 4/20


https://indico.cern.ch/event/577856/contributions/3420105/
https://indico.cern.ch/event/577856/contributions/3420199/
https://indico.cern.ch/event/577856/contributions/3420146/

Introduction @B -~ w

CLIC running scenario
Three construction stages (each 5 to 7 years of running)
for an optimal exploitation of its physics potential
o /s =380 GeV with 1ab™*  + 100 fb ! at tt threshold
focus on precision Standard Model physics,
in particular Higgs boson and top-quark measurements

o \/s=15 TeV with 2.5ab™ "
o /s =3TeV with 5ab™ !
focus on direct and indirect BSM searches,
but also additional Higgs boson and top-quark studies

Other CLICdp contributions to EPS-HEP'2019:

@ A.Robson, The CLIC potential for new physics,
in Searches for New Physics parallel session, this afternoon,

@ U.Schnoor, The Higgs self-coupling at CLIC, in Higgs Physics, yesterday,
@ E.Leogrande, The CLIC detector, poster session
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Top-quark processes

380 ,G"'\,/I e Top pair-production at and
] above the threshold (380 GeV)

[i=N
o
w

_ @ top-quark mass

@ rare decays

oe’e” ~ fi(+X)) [fo]

10 ttz 3 o electroweak couplings
1¢ E
ttv v, ttH
10tH

71000 2000 3000
s [GeV]

Close to 1.4 million top quarks and anti-quarks expected at the initial stage
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Top-quark processes
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1.5 TeV

tt
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1000 2000 3000
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Top pair-production at and
above the threshold (380 GeV)

@ top-quark mass

@ rare decays

o electroweak couplings
Additional processes open at
high energies

e ttH = Yukawa coupling

and CP properties

@ ttv.V, vector-boson fusion
= BSM constraints

Doubled at high energy: total of over 2.8 million (anti)top quarks

A.F.Zarnecki (University of Warsaw)
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Top-quark mass
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Threshold scan
Top pair production cross section around threshold:
resonance-like structure corresponding to narrow tt bound state.
Very sensitive to top properties and model parameters:

T, 4 Fdtveshola mei78cey T ] @ top quark mass m,
—="" L —QQbar_threshold 1.0 NNNLO 4
2 [ —ISRonl ] 1
1:T"l.2 jchICogé/OGeVNomlnal - ° tOp quark Wldth rt
™ r —CLIC 350 GeV LowCharge 1 )
o 1F - @ strong coupling o,
® t ] .
081 = o top Yukawa coupling y;
06 e’ t
04F -
02 B
CLICdp 1
| L L L L | L L L L | L
340 345 350
s [GeV]

/
Significant cross section smearing due to luminosity spectra and ISR

Smearing due to luminosity spectra reduced for dedicated running configuration (LowCharge)
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Top-quark mass

Threshold scan
Precision top mass measurement possible already with 100 fb!

. . . —1
Baseline scan scenario: 10 cross section measurements, 10 fb™ ~ each

507 T 155 F cLic10x Tom* +input vakie B
Q[ fithreshold - QQbar_Threshold NNNLO ] 2 E <1715 Gev Z68%CLNominal ]
<06 [ ISR + CLIC LS 90% Charge | E 5L =137 GeV —68% CL 90% Charge {
" [ — default- m{ 171.5 GeV, ', 1.37 GeV ] & Lo 20 emplate fit !
ot [om variations £ 0.2 GeV ] £ ]
,ﬁ 0.5 =, variations £ 0.15 Gev B 145 E
S04f 145 E
03 ; 1351 E
r 1 simulated data points E 9
02k 100 o™ otal I 13- i
0] E 150 E
e 12F cLicdp -
C Il Il Il |

340 345 \/%5[066\/] 171.3 171.4 1715 171.6 171.7
fitted m, [GeV]

About 20 MeV uncertainty on mass expected from mass and width fit (2D)
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Top-quark mass
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Threshold scan
Precision top mass measurement possible already with 100 fb?
Baseline scan scenario: 10 cross section measurements, 10 fb~! each

Statistical uncertainty on m; [MeV!
507 — T - 02 y 1 [MeV] o
© [ tithreshold - QQbar_Threshold NNNLO
E 1 018
20,6 [ 1SR+ CLICLS 90% Charge Ei
T [ — default- m* 1715 Gev. T, 137 Gev ] 016 -
, [ mvariations +0.2 GeV ]
¢$ 0.5 E . variations + 0.15 GeV/ E 0.14
S04 0.12 30
3 >01
03F ©
r 1 simulated data points ] 0.08 25
r 100 fb* total 1
021 1 0.06
01 F E 0.04 20
L CLICdp 1 0.02
Y Y SRS N s
0 15
340 345 350 0.0005 0.0010 0.0015 0.0020
s [GeV]

Oq

About 20 MeV uncertainty on mass expected from mass and width fit (2D)
However, a, and top-quark Yukawa coupling need to be constrained from
independent measurements. Total systematic uncertainty ~ 50 MeV.
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Top-quark mass &!B 5

Direct measurement

From reconstruction of hadronic
top-quark decays

[%)
§ — All events CLICdp
11110000 4-f+qq

5000 [~

OO 56 100 150 260 250
m, [GeV]
Statistical precision ~ 30 MeV

Needs excellent control of JES
Large theoretical uncertainties
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Top-quark mass

Direct measurement

From reconstruction of hadronic

top-quark decays

ﬂ [ T T T ]
§ — All events CLICdp
11110000 4-f+qq R
5000 - —
0 " . .
0 50 100 150 200 250
m, [GeV]

Statistical precision ~ 30 MeV

Needs excellent control of JE
Large theoretical uncertaintie
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Radiative events
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efe” = titq,,
From tt invariant mass distribution
1% T T
kS [ | Pseudodata
9600 -_ — Theoretical calculation I i
w L [l systematic scale variation
400 ]
200} .
i CLICdp
r ) ) me 1ab™
830 340 350 360 370 380
Vs’ [GeV]

Statistical precision ~ 100 MeV

Total uncertainty of about

140 MeV

July 12, 2019
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Top-quark FCNC decays &b > -

Predictions
FCNC top-quark decays are strongly suppressed in SM (CKM+GIM):
BR(t — cv) ~ 5-107"
BR(t — ch) ~ 3-107%°
BR(t = cZ) ~ 1-10°*
BR(t — cg) ~ 5-10 "
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Top-quark FCNC decays ﬁb > -

Predictions
FCNC top-quark decays are strongly suppressed in SM (CKM+GIM):
BR(t — cv) ~ 5-107"
BR(t — ch) ~ 3-107%°
BR(t = cZ) ~ 1-10°*
BR(t — cg) ~ 5-10 "

Significant enhancement possible in many BSM scenarios
Maximum branching fractions possible:

Model | 2HDM | MSSM | RSUSY | LH | Qsinglet | RS
BR(t—c~) | 10° | 10° | 10° |107|8-107° |107°
BR(t—ch) | 102 | 10* | 10° |10°| 4.10° |107*
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Top-quark FCNC decays ﬁb > -

Predictions
FCNC top-quark decays are strongly suppressed in SM (CKM+GIM):
BR(t — cv) ~ 5-107"
BR(t — ch) ~ 3-107%°
BR(t = cZ) ~ 1-10°*
BR(t — cg) ~ 5-10 "

Significant enhancement possible in many BSM scenarios
Maximum branching fractions possible:

Model | 2HDM | MSSM | RSUSY | LH | Qsinglet | RS
10°% | 10°° 10° |107] 8.10° | 107°
1072 | 107* 10° |10°] 4.107% | 107*

BR(t—c 7)
BR(t—c h)

Limits expected after HL-LHC running
BR(t — ¢y) < 7.4-10°(CMS)  BR(t — ch) < 210 *(ATLAS)
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Top-quark FCNC decays &b > -

Sensitivity @ 380 GeV
Expected limits for 1 ab™! collected at 380 GeV CLIC CL approach

BR(t = cy) < 26-10°

Signature: Reconstructed cy invariant mass

] ) after BDT selection
@ high energy isolated photon

(E, = 50 — 140 GeV)
@ high energy c-quark jet
(Ec—jer = 50 — 140 GeV) ;
@ one b-quark jet and a pair of 20l
light jets from spectator top I

T T T T T B
Signal CLICdp -
Background om0y

60

Events

40 -

i A vl 1
0 50 100 150 200 250
M, [GeV]
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Top-quark FCNC decays &B > -

Sensitivity @ 380 GeV
Expected limits for 1 ab™! collected at 380 GeV CLIC CL approach

BR(t = cy) < 26-10°
BR(t — cH) x BR(H — bb) < 8.8-107°

Response distribution of the BDT

Signature:
for the t — cH selection

o final state compatible with SM
tt events

4 C T T T
10 gCLICdp —Signal

F {s=380Gev 3
s [ —Background
10 J4-fermion + qq §

Events

@ three b-quark jets in the finals
state + c-quark jet

10? |

. . 10 |
@ invariant mass of two b-quark

jets consistent with h mass !

107 E

-0.5 0 0.5 1
BDT response
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Top-quark FCNC decays &B > -

Sensitivity @ 380 GeV
Expected limits for 1 ab™! collected at 380 GeV CLIC

CL approach
BR(t = cy) < 26-10°

BR(t — cH) x BR(H — bb) < 8.8-107°
BR(t - cf) < 1.0-34-10*

Signature: 95% C.L. limits on BR(t — cF)

] as a function of DM particle mass
@ c-quark jet

@ large missing transverse E | = lowmasseOT  clicdp
o 107 | —e— High mass BDT E
momentum © '
. . 3]
@ one b-quark jet and a pair or <
. . o
light jets from spectator top 2
(9]
S 10 E
[
L>|j 1 Il 1
50 100 150
my, [GeV]
A.F.Zarnecki (University of Warsaw)
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Yukawa coupling ﬂb >
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Threshold scan

Can be indirectly constrained from the threshold scan (9% contribution)
= 0(10%) statistical uncertainty on y,, dominated by systematic effects
Direct measurement

From the measurement of the
ttH production cross section

e t
N
N H
* 0
v/Z
e t

ete” — ttH — bbbbqqrv,
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Yukawa coupling ﬂb >
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Threshold scan

Can be indirectly constrained from the threshold scan (9% contribution)
= 0(10%) statistical uncertainty on y,, dominated by systematic effects

Direct measurement

From the measurement of the
ttH production cross section

Difficult measurement:
@ very low statistics
o large backgrounds

@ requires perfect detector
performance (6-8 jets, 4 b-tags)

ete” — ttH — bbbbqqrv,
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Yukawa coupling

Direct measurement

Fully-hadronic and semi-leptonic top-quark pair decays considered
Focus on dominant Higgs boson decay channel: H — bb

Semi-leptonic event selection Hadronic event selection
o) T fth-Inag-hbb :-% 108 | T tth-6q-hbb
T 10° | —qqqq 4 o
0 qqqqvv *10°
— el —qqqqlv —
10 —qqagll E £ 40t
2103k 2
5] 3 10°
> Lﬁ
L 10 102
10 10
4
1 2L L 1
4 05 0 0.5 1 4 05 0 05 1
BDT response BDT response

Expected precision from combined measurement: % =2.7%
t
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Yukawa coupling

Direct measurement

Fully-hadronic and semi-leptonic top-quark pair decays considered
Focus on dominant Higgs boson decay channel: H — bb

Semi-leptonic event selection Sensitivity to the CP mixing angle
Ay T = 0.3 F T T T T
% ol :22::4q-hbb 1 (.\‘E [ C,, =-ig,, (cosp+isingy ) CLICdp
[Te} qqqqvv D025 o Sem| leptonic fs=14 TeY*
10tk qqqq::’ N < [ -=-Fully-hadronic Sm=253
£ 9999 0.2F -~ Combined 3
2 403k g
c 10 015 :
0 102 :
0 0.1kz tereentpaneents 3
108 0.05F E
1 a Ll L 0 E L L L L
-1 -0.5 0 0.5 1 0 02 04 06 08 1
BDT response sin?g

Expected precision from combined measurement: % =2.7%
t

= uncertainty of ~0.07 on sin2¢ describing CP violation in ttH coupling
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Vector-boson fusion

Measurement of e'e™ — ttv,v, production

At high-energy stages of CLIC contribution of vector-boson fusion to
top-quark pair production becomes significant.

107
10°
10°
10*
10°
10?
_ v 10

1
107

T T T T T
CLICdp Vs =3 TeV

e'e . tive ET'S* > 20 GeV
e*e’ - tT+ ISR/BS EP' > 20 GeV

=
1
el
Events / 100 GeV

2500 3000
m; [GeV]

Background from e"e™ — tt can be reduced to negligible level
using a cut on the total missing transverse energy, ET > > 20 GeV
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Measurement of ete™ — ttv,v, production

At high-energy stages of CLIC contribution of vector-boson fusion to
top-quark pair production becomes significant.

+ V. > 10° Er T T T T T 3

€ e O F ee-tw cLicdp 3

O 10°F —sm+q, Vs=3TeV 3

o E ' E

W t S wfp ™ E

~ 2 10k 3

w t c E E

$ 107 E

L F 3

v 10 F E

- e E E

¢ 1F| E
10k

1 1 1 1 1
500 1000 1500 2000 2500 3000
m; [GeV]
Reconstructed tt invariant mass distribution is sensitive to possible new

physics contributions. Shown as an example is the EFT operator O,

A.F.Zarnecki (University of Warsaw) Top-quark physics at CLIC July 12, 2019 13 /20
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Top-quark pair production

Pair production provides direct access to
top electroweak couplings

Possible higher order corrections
= sensitive to “new physics” contribution

July 12, 2019 14 /20
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Electroweak couplings ﬁb -~ w

Top-quark pair production

Pair production provides direct access to
top electroweak couplings

Possible higher order corrections
= sensitive to “new physics” contribution

New physics effects can be constrained through measurement of:

@ total cross-section
o forward-backward asymmetry

@ helicity angle distribution in top decays
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Electroweak couplings & -

Top-quark pair production

Pair production provides direct access to
top electroweak couplings

Possible higher order corrections
= sensitive to “new physics” contribution

New physics effects can be constrained through measurement of:
@ total cross-section
o forward-backward asymmetry

@ helicity angle distribution in top decays

Additional constraints obtained by:
@ using electron beam polarisation

@ measurements at different /s  (also using radiative events!)

July 12, 2019
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Electroweak couplings

Top-quark pair production
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Forward-backward asymmetry is extracted from the reconstructed
polar-angle distributions for semi-leptonic events.

380 GeV
— T T T T T T T
S 2500 [~ Vs = 380 GeV, D1 CLICdp
1) I —— WHIZARD L =250fb7"
S 5000 b Reco. corrected
© 2000 ?
a3 | —— P(e) =-80%
—— P(e) = +80%
1500
1000
500
0 1 1 1
-1 -0.5 0 0.5 1

A.F.Zarnecki

(University of Warsaw)

Top-quark physics at CLIC

Radiative events at 1.4 TeV

T T T
| Vs=1.4TeV,P(e) =-80% cL|Cdp 1
3000 - B
L WHIZARD Zi= 750 '
+ ¢ Corrected pseudo-data 4
Foon Fit 1
[ - Total MC reco. 1
2000 [ s Background only ]
[ 0.40 < Vs’ <0.90 Tev 3
1000 '_ Radiative events _'
0 . ]

-1 -0.5 0 0.5

cos(6%)
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Top-quark pair production

Forward-backward asymmetry is extracted from the reconstructed
polar-angle distributions for semi-leptonic events.

380 GeV Boosted top decays at 1.4 TeV
S ' ! : ' ) J . - T T T
S 2500 [~ Vs = 380 GeV, D1 CLICdp S2000 |- 5=14TeV, P(e) = -80% cLicdp
8 - —— WHIZARD L= 250107 >~ r WHIZARD e 750101 ]
GC) 2000 | = Reco. corrected -og ¢ Corrected pseudo-data
I —— P(e) =-80% @ 1500 Fit
w | —— P(e) = +80% o Total MC reco.

1500

I Background only

1000
s’ 1.2 Tev

500

A.F.Zarnecki (University of Warsaw) Top-quark physics at CLIC
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Top-quark pair production

Forward-backward asymmetry is extracted from the reconstructed
polar-angle distributions for semi-leptonic events.

380 GeV Boosted top decays at 3 TeV
p i T " T T T " ~— 1000 T T -
2 2500 |- |s = 380 GeV, D*<1 CLICdp o [ Vs=3TeV, P(e) = -80% CLICdp ]
2 I —— WHIZARD L = 250107 ; 800 [ WHIZARD Sn= 1520 ]
GC) 2000 | = Recp. corrected -E L ¢ C_orrected pseudo-data i
o [ — Pe) = -80% S f Fit
—— P(e) = +80% Lﬁ 600 Total MC reco.

1500 I Background only

400

1000 s’ >2.6 Tev

500 200
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Global EFT analysis & o

EFT framework

BSM effects induced by heavy new physics (above the direct reach of
CLIC) are universally described by Effective Field Theory (EFT) operators.

The top-quark pair production process sensitive to seven d = 6 operators
(out of nine) corresponding to direct BSM coupling to top-quark
("top-philic” operators).

Que= (T i) (Er't) Qua=Q% — QW =(¢"i0)(@"a) — (¢ L) @c'v"a)
— (a0 - — - -
Qup=(q0 t);pB’“’, Q= (tYut)(ere + %IYuI) EgM% Qpt + ?W“t D'Byy + ...
Qw= @ t)r gW,, EOM{ Q(l)

Qiq,5=(@r"a)(ev,e + 31v,1) +Zar"a D By + .
EOM 3 — 1 ]
Qiqw = (@c'v*q) (I’ v,0) = Qfaq) - %qr YaD'W,, +...
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Global EFT analysis &b o

EFT framework

BSM effects induced by heavy new physics (above the direct reach of
CLIC) are universally described by Effective Field Theory (EFT) operators.

The top-quark pair production process sensitive to seven d = 6 operators
(out of nine) corresponding to direct BSM coupling to top-quark
("top-philic” operators).

Measurements at one energy stage are insufficient to simultaneously
constrain all couplings in the seven-dimensional EFT parameter space.

Only by combining data collected at different energies (and polarisations)
all Wilson coefficients can be constrained simultaneously!

Sensitivity to the four-fermion operators significantly improves with energy

A.F.Zarnecki (University of Warsaw) Top-quark physics at CLIC July 12, 2019 16 / 20
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Global EFT analysis

Constraints on BSM effects
Summary of the global EFT analysis of measurements involving top quark
Results based on statistically optimal observables

10% 10" TeV
0.00033 CLICdp
0.001 Ciy.B 0.00047. semi-leptonic ¢
- 00025 | 380 GeV -+ 1.4TeV +3TeV
0.00022 0.0000f | 380GeV +1.4TeV
0.00075 Cq,w 00003 | 380GV

0.0031 ]
0.00018 1
100054 0.00045 |

0.0024 |

0.011
0.016 Cywr

0.059

0.076 C7

0.061
0.083

Tev= 104 1073 102 1071 Tev—2

High energy CLIC can reach “new physics” scales in the 100 TeV range
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Global EFT analysis Q!b

Discovery reach
50 discovery range for top compositeness from global EFT analysis

12 I total tR clompositellvess ]
10f CLICdp 1
semi-leptonic {7
8r fiH ® ]
& \s =380 GeV, 1.4 TeV, 3 Tev

6 eL:er=50:50, 80:20, 80:20 -

4r ]

2F ]

3 5 7 10 20 30 40

m,[TeV]

top-quark compositeness can be discovered at CLIC up to ~10 TeV
more than 20 TeV can be reached in favourable configurations
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CLIC

An attractive and cost-effective option for next large facility at CERN

The initial stage of CLIC: optimal for Higgs and top-quark measurements

@ precise determination of top-quark mass
@ searches for rare top-quark decays
@ constraints on electroweak couplings

For details see:  H.Abramowicz et al. (CLICdp Collaboration),
Top-Quark Physics at the CLIC Electron-Positron Linear Collider,
CLICdp-Pub-2018-003, arXiv:1807.02441
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Conclusions &b -~ w

CLIC

An attractive and cost-effective option for next large facility at CERN

The initial stage of CLIC: optimal for Higgs and top-quark measurements

@ precise determination of top-quark mass
@ searches for rare top-quark decays
@ constraints on electroweak couplings

Subsequent CLIC stages:
higher energies, luminosities and cross sections (for many processes)

@ direct measurement of the top-quark Yukawa coupling
@ precision measurements complementary to those at low energy
e indirect BSM searches extending to 0(100) TeV scales

For details see:  H.Abramowicz et al. (CLICdp Collaboration),
Top-Quark Physics at the CLIC Electron-Positron Linear Collider,
CLICdp-Pub-2018-003, arXiv:1807.02441
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Expected CLIC luminosity &B o

Comparison to other project

@ Stage 1 luminosity “per IP" similar to FCC-ee
with half the construction cost and half the power consumption
@ The only ete” project that can go into the TeV domain
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CLIC timeline

2013 - 2019 2020 - 2025 2026 - 2034
Development Phase Preparation Phase

Development of a project plan for a Finalisation of implementation

staged CLIC implementation in line parameters, preparation for

with LHC results; technical industrial procurement, pre-series

developments with industry, and system optimisation studies,

performance studies for accelerator technical proposal of the

parts and systems, detector experiment, site authorisation

technology demonstrators

2020 2026 2035

Update of the European Ready for construction First collisions
Strategy for Particle Physics

@ Compact Linear Collider
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CLIC detector concept ﬁb

CLICdet

Solenoidal Magnet

Fine-grained

Based on detailed
Calorimeters

simulation studies,
detector R&D and
beam tests.

Main Tracking
Detector

12.8 m

Forward
Region

Optimised for Particle
Flow reconstruction

Return Yoke

with Muon ID detectors

Full exploitation of
physics potential from
380 GeV to 3 TeV

Vertex Detector

For details refer to
arXiv:1812.07337

11.4m
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Detector performance ﬁb -

Top-quark event reconstruction
High efficiency of tt event reconstruction thanks to the clean environment

380 GeV

Full reconstruction of the decay
products at the first energy stage.

High energy and mass resolution
from Particle Flow reconstruction.

Based on high calorimeter granularity
and precise tracking.

Flavour tagging with LCFIPLUS: essential for proper event reconstruction
and non-resonant background suppression.
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Detector performance Qb -

Top-quark event reconstruction
High efficiency of tt event reconstruction thanks to the clean environment

3 TeV

F..

\

Full reconstruction of the decay
products at the first energy stage.

At high energy stages, dedicated
algorithms developed for tagging
boosted top-quark decays.

Reconstructing 'fat’ jets and looking
at their substructure

Flavour tagging with LCFIPLUS: essential for proper event reconstruction
and non-resonant background suppression.
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