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Top quark mass:

cannot be calculated from the Standard Model, it is an input parameter
important for calculation of electroweak radiative corrections

connected to strong coupling constant, Higgs Yuakawa coupling, Higgs
mass, etc.

is not unambiguously defined
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Motivation & the goal

Top quark mass:
@ cannot be calculated from the Standard Model, it is an input parameter
@ important for calculation of electroweak radiative corrections

@ connected to strong coupling constant, Higgs Yuakawa coupling, Higgs
mass, etc.

@ is not unambiguously defined

Goal of the simulation:

= determination of statistical and systematical uncertainties of the top
quark mass and the strong coupling constant measurements at future
linear colliders
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Motivation & the goal

Top quark mass:
@ cannot be calculated from the Standard Model, it is an input parameter
@ important for calculation of electroweak radiative corrections

@ connected to strong coupling constant, Higgs Yuakawa coupling, Higgs
mass, etc.

@ is not unambiguously defined

Goal of the simulation:

= determination of statistical and systematical uncertainties of the top
quark mass and the strong coupling constant measurements at future
linear colliders

Method: scan of top quark production cross-section around production
threshold energy (2x Top mass)
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International Linear Collider (ILC):

@ +/s =500 GeV, length 31 km
e /s =1 TeV, length 53 km (upgrade)

@ two interchangeable detector systems

@ super-conducting RF cavities

ApDyz it
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uture linear e"e™ colli

International Linear Collider (ILC):

@ +/s =500 GeV, length 31 km
e /s =1 TeV, length 53 km (upgrade)

@ two interchangeable detector systems

@ super-conducting RF cavities
Compact Linear Collider (CLIC):

o /s =500 GeV, length 13 km
o /s =3 TeV, length 48 km (3rd stage)

@ “two beam acceleration”

@ 0.5 ns bunch spacing (Y. PN
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op mass measurement alternatives

o Top mass is not unambiguously defined
= cross-check of several measurement methods needed

Invariant mass reconstruction
+ experimentally well defined

+ can be conducted at any above-threshold energy
+ high integrated luminosity
- cannot determine which Top mass was measured

(T
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Top mass measurement alternatives

o Top mass is not unambiguously defined
= cross-check of several measurement methods needed

Invariant mass reconstruction
+ experimentally well defined

+ can be conducted at any above-threshold energy
+ high integrated luminosity
- cannot determine which Top mass was measured

Threshold scan:
+ theoretically well understood

+ potential of simultaneous measurement of correlated quantities

+ together with known Top invariant mass can shed light on Top mass
definitions

- needs a dedicated accelerator run by 45
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Introduction

positron

Future linear colliders

op

decays used

isolated lepton
. missing energy

electron

@ 4-jet final state (BR = 45%)

o identified by isolated lepton and

b-jet

The top quark

Top threshold scan Summary

or reconstruction

Je:
jet

& electron

positron

]et
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jet ]et

o 6-jet final state (BR = 46%)

o identified by b-jet and
reconstructed jet energy
originating from W decay
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o top quark production cross-sections are
“measured” around the expected tt pair
creation threshold

0.8 i threshold - 1s mass 174.0 GeV -
— TOPPIK NNLO + CLIC350 BS + ISR 1
 Simulated data ]
0.6 [ — Top mass+ 200 MeV B

Cross section [pb]

345 350 355
Nominal CMS energy [GeV]
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Top threshold scan Summary

trategy of the threshold scan template fit

@ top quark production cross-sections are
“measured” around the expected tt pair
creation threshold

@ in parallel, many of these dependencies
are simulated with different parameter
values (my, as, ...)

= fit template

Cross section [pb]

0.8 } i threshold - 1s mass 174.0 GeV -
— TOPPIK NNLO + CLIC350 BS + ISR 1

* Simulated data ]
0.6 [ — Top mass+ 200 MeV B

345 350 355
Nominal CMS energy [GeV]
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Strategy of the threshold scan template fit

@ top quark production cross-sections are
“measured” around the expected tt pair
creation threshold

= = :
H H 0.8 }t threshold - 1s mass 174.0 GeV -
o in parallel, many of these dependencies 208 LT GPPIKNNLO + GLIGS50 BS + ISR |
are simulated with different parameter i<l * Simulated data :
‘0 0.6 — Top mass+ 200 MeV B
values (m, as, ...) S I
ot
. @ 0.4
= fit template 8 i
o the “measured” data points are fitted with 0.2}
the templates 0 . ‘ .
] 345 350 355
o top mass and a; are extracted from the fits Nominal CMS energy [GeV]
Aplyztt
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Strategy of the threshold scan template fit

@ top quark production cross-sections are
“measured” around the expected tt pair
creation threshold

= :
i H 0.8 }t threshold - 1s mass 174.0 GeV -
o in parallel, many of these dependencies 208 LT GPPIKNNLO + GLIGS50 BS + ISR |
are simulated with different parameter ke * Simulated data :
‘0 0.6 — Top mass+ 200 MeV B
values (m, as, ...) S I
oI
. @ 0.4
= fit template 8 i
o the “measured” data points are fitted with 0.2}
the templates 0 . ‘ .
] 345 350 355
o top mass and a; are extracted from the fits Nominal CMS energy [GeV]
@ in principle, also further parameters fan be
fitted, but would need higher measurement
precision Up By 2
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cross-section [pb]

Future linear colliders The top quark Top threshold scan Summary

tt production cross-section generator

o theory based next-to-next-to-leading order (NNLO) calculation (“TOPPIK”)

o input parameters: Top mass, Top Width, strong coupling constant, Higgs
mass, Yukawa coupling

@ production channel: ete™ — Z*/y* — tt
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L —top mass = 173.75 GeV \ B _5 [ —a=01180 \ il
0.g[ —topmass = 174.00 Gev R 5 [ —o=-01215 \ ]
O —top mass = 174.25 GeV 7 & 0.8 =
[ —topmass=174.50 GeV 7 a r B
0.6 / / . S oef .
0.4F . 0.4F .
0.2F ] 0.2F ]
g ] I 7
O\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7 07\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7
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nominal cms energy [GeV] nominal cms energy [GeV] ™\
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varying m; varying as
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Effects of ISR and BS on cross-section shape

to get tt production cross-section at a e* e~ collider, two effects have to
be taken into account

o Initial State Radiation (ISR)
@ Beam Spectra (BS)

these two distributions are folded with pure physical cross-section

0 10°F T 12r
S ; Collision energy spectrum = [ ti-1S mass 174 GeV
S jotb — I1sRony S 1.0 — TOPPIKNNLO
** E —— CLIC350 BS only g r —ISRonly \
o[ — CLIC350 BS+ISR & 0.8~ — CLIC350BS only
10°k 2 "°F — cLicaso BS+SR / u
E o —
E g [ J—
R 0.6F —
10°¢ r / B
E 0.4
10E r
E 0.2
ik L =
i P I N A R P P e AR SN RN R IR RN I
0 50 100 150 200 250 300 350 400 0.0 342 344 346 348 350 352 354
collision energy [GeV] nominal cms energy [GeV] Ap-Lyz
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emplate y

. i 2
omeas . measured cross-section , B[ gmeas _ glempiate
glemplate simulated cross-section o= — rees
ryees ..., measured cross-section uncertainty

in n-th energy bin
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emplate y

. i 2
omeas . measured cross-section , B[ gmeas _ glempiate
glemplate simulated cross-section o= — raees
ryees ..., measured cross-section uncertainty

in n-th energy bin

m=10
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emplate y

omeas . measured cross-section , B[ gmeas _ glempiate .
glemplate simulated cross-section i (W]
rmeas ... measured cross-section uncertainty !
in n-th energy bin
A
=100 =5

m=10 m=20
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emplate y

A i 2
omeas . measured cross-section , B[ gmeas _ glempiate
glemplate simulated cross-section o= — raees
ryees ..., measured cross-section uncertainty

in n-th energy bin

=100 =5 =60

>

m=10 m=20 m=30
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emplate y

A i 2
omeas . measured cross-section , B[ gmeas _ glempiate
glemplate simulated cross-section o= — rees
ryees ..., measured cross-section uncertainty

in n-th energy bin

T T T 7

= 1 00 2=5 2=60 top mass template fit ]
x x X CLIC 350 GeV,a, = 0.1180
© template fit 2

— parabolic fit
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emplate y

A i 2
omeas . measured cross-section , B[ gmeas _ glempiate
glemplate simulated cross-section o= — rees
ryees ..., measured cross-section uncertainty

in n-th energy bin

T T T 7

= 1 00 2=5 2=60 top mass template fit ]
x x X CLIC 350 GeV,a, = 0.1180
o © template fit 2
—parabolic fit

JEAN |
N VA

template fit 22 ()
3 )
L

<

L l\ ]
r N b
> 0 1737 1738 1739 1740 1741 1742 1743
m=1 0 m=20 m=30 template top mass (GeV) I
Repeat the fit 5000x with different measurement sets %ﬁi
pDyzt

= statistical uncertainty
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op threshold scan results (at

Simulation input &
o m; = 174.000 GeV 0120k 26 |
o a5 =0.1180 ' |
0_118; eV; 0.1179];
Simultaneous fit of m; and a;
o my = 173.999 + 0.034 GeV 01181 ]
o a5 =0.1179 +0.0009 17395 17400  174.05

top mass [GeV]

(T
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Top threshold scan results (at CLIC)

Simulation input o

o m; = 174.000 GeV o120k 20 |

o as = 0.1180 1
0.118; eV; 0.1179];
Simultaneous fit of m; and a; I
116] .
o m; = 173.999 « 0.034 GeV 01161
o as = 0.1179+0.0009 173.95 17400  174.05

top mass [GeV]
Further studies done:
e systematics induced by as and theory uncertainties
o influence caused by scan points position and number %
e sensitivity to Top width, Yukawa coupling and Higgs mass Rauiat
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ummary

Future et e~ colliders:
@ linear accelerators with program from 250 to 3000 GeV (ILC, CLIC)

e equipped with highly precise tracking systems and highly granular
calorimeters to reach excellent jet-energy resolution

o offer clean experimental environment for precise measurement of top quark
mass

ApDyz it
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Summary

Future et e~ colliders:
@ linear accelerators with program from 250 to 3000 GeV (ILC, CLIC)

e equipped with highly precise tracking systems and highly granular
calorimeters to reach excellent jet-energy resolution

o offer clean experimental environment for precise measurement of top quark
mass

Top threshold scan:
o (t pair production cross section measured around production threshold
e top quark mass can be extracted from that curve
@ simulation for the CLIC and ILC has been completed
e top quark mass and strong coupling constant as have been obtained with a

help of the template fit technique A
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ccelerating principles

ILC:

@ should use technology of classical m

super-conducting RF cavities

o average electrical field gradient for
Vs =500 GeV is 31.5 MV/m
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Accelerating principles

ILC:

@ should use technology of classical
super-conducting RF cavities

o average electrical field gradient for
v/s =500 GeV is 31.5 MV/m

CLIC:

o due to limitations of RF cavities:
X:><| |><\/_<: = two beam acceleration



Accelerating principles

ILC:

@ should use technology of classical
super-conducting RF cavities

o average electrical field gradient for
v/s =500 GeV is 31.5 MV/m

CLIC:

o due to limitations of RF cavities:
X:><| |><\/_<: = two beam acceleration
WW >

@ low energy/high intensity beam
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Accelerating principles

ILC:

@ should use technology of classical
super-conducting RF cavities

o average electrical field gradient for
v/s =500 GeV is 31.5 MV/m

VAR VAR VAR VAR
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CLIC:

o due to limitations of RF cavities:

= two beam acceleration

@ low energy/high intensity beam
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Accelerating principles

ILC:

@ should use technology of classical
super-conducting RF cavities

o average electrical field gradient for
v/s =500 GeV is 31.5 MV/m

CLIC:

o due to limitations of RF cavities:

= two beam acceleration

> @ low energy/high intensity beam
-'-'-'-'_ — high energy/low intensity bea
OpDyz it



International Large Detector (ILD)

o effort of ILC and CLIC collaboration overlap extensively

@ CLIC uses modified ILC detectors
o despite classical onion design of the detector, new concepts are employed
to meet the demands
o highly granular calorimeters
o high resolution tracker

= excellent jet energy resolution




op quark properties

o mass: m; = 172.0 £ 0.6(star) + 0.8(sysr) GeV
o width: I} < 13.1 GeV
o lifetime: tje = 107 s
o hadronization time: tp,g = 1072 s
= decays before hadronization

= Top mass can be measured directly by
reconstructing decay products’ invariant
mass

o {t production cross-section
(at \/Sere. =2my): 960 fb

o decay mode: t —» Wb, BR > 96%
Ap Dzt




op quark mass definitions

@ pole mass

o defined as the pole of the renormalized quark propagator forp - M
(“rest mass”)

o has an internal ambiguity ~ Agcp

o usage at low energies is not completely correct

@ MS mass

o obtained from “Minimal Subtraction” renormalization scheme
o fits for calculations with energetic quarks

o 1S mass

o defined as half of the mass of fictitious 3S; toponium ground state for a stable
quark

o position of the total tf production cross section peak remains stable if
expressed in terms of 1S mass

(T



op decay products

@ b quark creates always a b-jet R

o hard to pick out ff pairs from QCD

= event signature is entirely given
background

the W boson decay:

@ one and two-lepton final states are
alljets™ 46% used

Lepton colliders:
THjets 15% _
o tt pairs easy to identify

1 1°2/g/ @ concentrate on large branching
o .
w2 fractions
h oy ‘\4_%[‘,/ utets 15%
Vyrg, vk o low missing energy

etjets 15%
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Top mass reconstruction: signal and
background at /s = 350 GeV

@ signal and background events were simulated
o highly optimized Top reconstruction has been conducted

= resulting Top reconstruction- and background rejection efficiencies were
used for further simulation

process type | ete~ — | cross-section* o (fb)

signal it 400
background ww 11400
background V4 673
background Wwz 10

background qq 24500
* cross-sections corrected for Initial State Radiation (ISR) and beam h

spectrum



!lmu‘allon proce!ure scl!eme

NNLO Ott
generator
- =

A
ISR + BS
folding
~— -

[XZ template ﬁt]

V

[ results }

Y
N
fake scan
data generator
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Strategy of the threshold scan template fit

top quark production cross-sections are
“measured” around the expected tt pair
creation threshold

in parallel, many of these dependencies
are simulated with different parameter
values (my, as, ...)

fit template

the “measured” data points are fitted with
the templates

top mass and a; are extracted from the fits

in principle, also further parameters fan be
fitted, but would need higher measurement
precision

Cross section [pb]

0.8

0.6

0.4}

0.2}

tt threshold - 1s mass 174.0 GeV .
— TOPPIK NNLO + ILC350 BS + ISR 1

« Simulated data ]
— Top mass+ 200 MeV =

345 350 355
Nominal CMS energy [GeV]



cross section [pb]

cross section [pb]

ott sensitivity to inpu

1l threshold - top mass 174.00 GeV'
* data - 10 fo"/point

—0,=01173
1180

— o, =0.1187

8 3

0
nominal cms energy [GeV]

strong coupling const. ag

2 354 356

E T T T T T
threshold - m, = 174 GeV, = 0.1180
 data- 10 fblpoint
(detaul)

— higgs mass 115 GeV
— higgs mass 125 GeV

— higgs mass 500 GeV s

8 3

0 352 354 356

nominal cms energy [GeV]

Higgs mass my

cross section [pb]

cross section [pb]

parameters

—t

i threshold - ¢, = 0.180
 data - 10 fo point
~top mass 173.80 GeV
—top mass 174.00 GeV

mass 174.20 GeV.

346 348 350 352

nominal cms energy [GeV]

Top mass m;

356

T T T

i threshold - m, = 174 GeV,c, = 0.1180
* data - 10 fo /point

~— top width 1.00 GeV

— top width 1.39 GV

£ —top width 1.43 GeV (default) -

— top width 1.47 GeV ]

—top widih 1.70 Ge o E
346 O 356

nominal cms energy [GeV]

Top width T';
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Top threshold scan results (at ILC)

Simulation input S — : .
o m; = 174.000 GeV 0120k 20 ]
o a;=0.1180 |
0118k eV; 0.1180]_'
Simultaneous fit of m; and a;
o my = 174.005 + 0.027 GeV oT1er ]
°© as; =0.1180 + 0.0008 17895 17400  174.05

top mass [GeV]

Further studies done:

e systematics induced by as and theory uncertainties
o influence caused by scan points position and number
Aplyztt

e sensitivity to Top width, Yukawa coupling and Higgs mass
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