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Paradigmatic Standard Candle Telescopes
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Top quark: special while heaviest SM particle!?
or: the only standard particle of the SM!?

SM / top candles can be used as
Telescopes for [indirect] BSM searches
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Top quark: special while heaviest SM particle!?
or: the only standard particle of the SM!?

SM / top candles can be used as
Telescopes for [indirect] BSM searches
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Electroweak vacuum &
excitations:
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Telescope of Anomalous top couplings

Anomalous Top couplings as BSM probes

ttX (1.2 -\ X (1.2 X (1.2 (q — Q)u X (1.2 X (1.2

LN (K, , 9) = i § v (B (K) + 3BT (k) ) + ~T 2 (B3 (k2) + s Fgh ()
t

& Strong handle on BSM (e.g. compositeness)

¢ Excellent top reconstruction in e+e-

& Study of CP properties possible (!)
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ILC: tt continuum production (on- & off-shell)

6+6_ — Nioop diags Max. PIrop. Thel

tt 2 3 16
WHW ~bb 157 5 144
bbv.e v, u* 830 5 16
t_fH 17 4 16
pWHOW-H 1548 6 144
bbv.e v ,utH 7436 6 16

On-Shell process: eTe™ — tt

NLO QCD [Jersak/Laermann/Zerwas, 1982]

NNLO QCD [Chetyrkin/Kiihn/Steinhauser,
1996; Harlander/Steinhauser, 1998]

NLO EW [Beenakker/von der Marck/Hollik,
1991; Beenakker/Denner/Kraft, 1993]

Threshold enhancement [Fadin/Khoze,
1 987; Strassler/Peskin, 1991; Jezabek/Kuhn/
Teubner, 1992; Sumino et al., 1992

J.R.Reuter Top Physics at ILC
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Paradigm processes at lepton colliders: precision determination of m; and Y;
Major background for EW measurements (VVV and VBS); any [most] BSM searches

Investigate processes of increasing complexity: 2 =+ 2 to 2 >4 to 2 2 6
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ILC: tt continuum production (on- & off-shell)

Paradigm processes at lepton colliders: precision determination of m; and Y;
Major background for EW measurements (VVV and VBS); any [most] BSM searches

Investigate processes of increasing complexity: 2 =+ 2 to 2 >4 to 2 2 6

ete™ = Ticopdiags Max. Prop. g Off-Shell process: eTe™ — WTbWW b
tt 2 3 16
W+W ~bb 157 5 144 NLO QCD [Guo/Ma/Wang/Zhang,2008] X
bbiv.e v, ut 830 5 16
T 17 A 16 NLO QCD diff. [Chokoufe/JRR/WVeiss, 2015;
bW BW - H 1548 6 144 Liebler/Moortgat-Pick/Papanasthasiou, 201 5; Chokoufe/
bbvee v,utH 7436 6 16 Kilian/Lindert/JRR/Pozzorini/Weiss, 2016]

On-Shell process: eTe™ — tt

NLO QCD [Jersak/Laermann/Zerwas, 1982]

NNLO QCD [Chetyrkin/Kiihn/Steinhauser,
1996; Harlander/Steinhauser, 1998]

NLO EW [Beenakker/von der Marck/Hollik,
1991; Beenakker/Denner/Kraft, 1993]

Threshold enhancement [Fadin/Khoze,
1 987; Strassler/Peskin, 1991; Jezabek/Kuhn/
Teubner, 1992; Sumino et al., 1992
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ILC: tt continuum production (on- & off-shell)

Paradigm processes at lepton colliders: precision determination of m; and Y;
Major background for EW measurements (VVV and VBS); any [most] BSM searches

Investigate processes of increasing complexity: 2 =+ 2 to 2 >4 to 2 2 6

ete™ = Ticopdiags Max. Prop. g Off-Shell process: eTe™ — WTbWW b
tt 2 3 16
W+W ~bb 157 5 144 NLO QCD [Guo/Ma/Wang/Zhang,2008] X
bbiv.e v, ut 830 5 16
T 17 A 16 NLO QCD diff. [Chokoufe/JRR/WVeiss, 2015;
bW BW - H 1548 6 144 Liebler/Moortgat-Pick/Papanasthasiou, 201 5; Chokoufe/
bbvee v,utH 7436 6 16 Kilian/Lindert/JRR/Pozzorini/VWeiss, 2016]
double-resonant .  hon-resonant
e e

v/7 t/m w+ 1"z b

On-Shell process: eTe™ — tt

NLO QCD [Jersak/Laermann/Zerwas, 1982]

e b e
NNLO QCD [Chetyrkin/Kiihn/Steinhauser, ) W , ¢

1996; Harlander/Steinhauser, 1998] ¢
- b
NLO EW [Beenakker/von der Marck/Hollik, o Z Wy
1991; Beenakker/Denner/Kraft, 1993] single top W . single top W~

Threshold enhancement [Fadin/Khoze,

1 987; Strassler/Peskin, 1991; Jezabek/Kuhn/
Teubner, 1992; Sumino et al., 1992
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ILC: tt continuum production (on- & off-shell)

Paradigm processes at lepton colliders: precision determination of m; and Y;
Major background for EW measurements (VVV and VBS); any [most] BSM searches

Investigate processes of increasing complexity: 2 =+ 2 to 2 >4 to 2 2 6

e+e_ —> nloop diags Max Prop. MNhel Off-ShE” PI’OCGSSI 6+6_ _> W+bW_b
tt 2 3 16
WHWbb 157 5 144 NLO QCD [Guo/Ma/Wang/Zhang,2008] X
bbv.e v, u* 830 5 16
T 17 A 16 NLO QCD diff. [Chokoufe/JRR/WVeiss, 2015;
bW BW - H 1548 6 144 Liebler/Moortgat-Pick/Papanasthasiou, 201 5; Chokoufe/
bbvee v,utH 7436 6 16 Kilian/Lindert/JRR/Pozzorini/VWeiss, 2016]
double-resonant .  hon-resonant
e e

A
v/ 7 t/’“ W 1 b

On-Shell process: eTe™ — tt

W=
NLO QCD [Jersak/Laermann/Zerwas, 1982]
e b e
NNLO QCD [Chetyrkin/Kiihn/Steinhauser, ) wr , ¢
1996; Harlander/Steinhauser, 1998] ¢
- b
NLO EW [Beenakker/von der Marck/Hollik, o Z Wy
1991; Beenakker/Denner/Kraft, 1993] single top W e single top W~
Threshold enhancement  [Fadin/Khoze, . .
1987; Strassler/Peskin, 1991; |ezabek/Kiihn/ Top width: it — Wb
Teubner, 1992; Sumino et al., 1992 NLO QCD f
[Jezabek/Kuhn, 1989]
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NLO QCD Results for off-shell ete™ — tt

ete”™ = tt and efe™ — WHTWbb at /s = 800 GeV
1 I 1 1 I 1

ete” — tt and ete — WtW—bb
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Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 2016

§?s§ J.R.Reuter Top Physics at ILC

I — NLO tt - 1
B _— NLO W+W_bb, Ft == I‘t(H'R) .
Wb _
0.95 FWHIZARD+OPENLOOPS ~ - NLOWTW7bb, Ty =Tu(m)|_
I 1 I 1 1 I 1 1 1 1 I I 1 I 1 1 1 I
0.125 0.25 0.5 1.0 2.0 4.0 8.0
KR/
ete™ = it ete™ = WTW—bb
Vs [GeV] a O[] oNO[fh]  K-factor o Olfth]  oNO[fh]  K-factor
+1.4% +0.4%
500 5484 627.4714% 114 6007 675.1104% 112
FO.8% FL1% :
800 253.1 270.9108% 107 3102 3207tLI% 103
” FO.7% . ‘ 991 a+1.1%
1000 166.4 175.9107% 1,06 217.2  2216*1% 102
1400 86.62  90.66M05%  1.05 1264 127.9797% 101
3000 19.14  19.87F05% 104 37.89  37.63F04%  0.993
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Differential Results for off-shell ete™ = tt

ete” = ptue b, Niews > 2, /5 = 800GeV ete” — ptvue vebb, Nigs > 2, V8 = 800 GeV

= - = - 2
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Top-Forward Backward Asymmetry

o(cosf, > 0) — o(cos b, < 0)
o(cosf, > 0) + o(cos b, < 0)

Gluon emission symmetric in 0 =

NLO QCD corrections small

AFB —

Ars of the top quark

e - A AN AYR/AR
tt -0.535 -0.539 1.013
W+W —bb -0.428 -0.426 0.995
ute v, vebb -0.415 -0.409 0.986
ute v, Ubb, without neutrinos -0.402 -0.387 0.964
tt 0.535 0.539 1.013
WTW ~bb 0.428  0.426 0.995
ute v, v.bb 0.415  0.409 0.986
ute~v,Ubb, without neutrinos 0.377  0.350 0.928

J.R.Reuter

Top Physics at ILC
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Top-Forward Backward Asymmetry

o(cosf; > 0) — o(cosb; < 0) Gluon emission symmetric in 8 =

o(cos; > 0) + o(cosby < 0) NLO QCD corrections small

AFB —

Arg of the top quark

cte A AN AY/AR
tt -0.535 -0.539 1.013
WHW —bb -0.428 -0.426 0.995
Arp o
pte v, vebb -0.415 -0.409 0.986
| ute v, ebb, without neutrinos -0.402 -0.387 0.964
tt 0.535 0.539 1.013
_ WW —bb 0.428 0.426 0.995
Arp o
ute v, vbb 0.415 0.409 0.986

,u+e_1/“17€bl_), without neutrinos

e — e —

E{S/{/ J.R.Reuter Top Physics at ILC ILC Project Meeting, 10.02.17



Top Threshold at ILC350 o

ILC top threshold scan best-known method to measure top quark mass, AM ~ 30-50 MeV

Heavy quark production at lepton colliders, qualitatively:

Large I_q Small ',

eTe” > tt / U ete™— bb

Vs Vs

Threshold region: top velocity v~ s < |

e q

~ as/V QS/V)2 QS/V

et CI Voo K1

0.
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Top Threshold at ILC350 &

ILC top threshold scan best-known method to measure top quark mass, AM ~ 30-50 MeV

Threshold region: top velocity v~ s < | o Default parameters:

MS =172GeV, I, = 1.54GeV,

T T

a 0.8 » tf threshold - 1S mass 174.0 GeV‘ i €ITor source Amfs [MeV] M = o
- i i - Ofs ( 7 ) —r O . 1 ]. 8
5 " — TOPPIK NNLO + ILC350 LS + ISR 7 stat. error (200 fb1) 13
S I simulated data: 10 fb"'/point , —
P anm— - theory (NNNLO scale variations, PS scheme) 40 S pole ALL/NLL
§ e parametric (a;, current WA) 35 M =M t (1 = (Coul.) )
o - non-resonant contributions (such as single top) < 40
al| i residual background / selection efficiency 10 — 20
, | luminosity spectrum uncertainty < 10
0.2 7 beam energy uncertainty <17 Marquard et al.
| combined theory & parametric 30 50
0 - TR e - 2 - o g acke S _ K
245 350 355 combined experimental & backgrounds 25 - 50
\s[Gev] total (stat. + syst.) 40 - 75

L
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Top Threshold at ILC350 &

ILC top threshold scan best-known method to measure top quark mass, AM ~ 30-50 MeV

Threshold region: top velocity v~ s < |

o Default parameters:

T T

Ty :

2.0.8 |- i threshold - 1S mass 174.0 GeV

8 - — TOPPIK NNLO + ILC350 LS + ISR
b3 I simulated data: 10 fb"/point

3 0.6 |- ---— top mass + 200 MeV

g

G

o
~

0.2

€rror source

Am}S [MeV]

L P |
345 350

— no structure
beamstrahlung

== QED ISR

=|SR + beamstr.

E{S/{/ J.-R.Reuter

355

\s [GeV]

stat. error (200 fb~1) 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

346 348

WHIZARD v2.2.3

Top Physics at ILC

MS =172GeV, I, = 1.54GeV,
OéS(Mz) = 0.118

ole LL/NLL
MY = i L — A(Co/ul.) )

Marquard et al.
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Top Threshold at ILC350 &

ILC top threshold scan best-known method to measure top quark mass, AM ~ 30-50 MeV

Threshold region: top velocity v~ s < | o Default parameters:

MS =172GeV, I, = 1.54GeV,

T T

E 2 T — T
20.8 r tf threshold - 1S mass 174.0 GeV - error source Am{® [MeV] g (MZ) = 0.118
5 " — TOPPIK NNLO + ILC350 LS + ISR A stat. error (200 fb1) 13
S I simulated data: 10 fb"'/point ] A
P anm— h theory (NNNLO scale variations, PS scheme) 40 S pole ALL/NLL
§ e harametric (as, current WA) 35 M =M t (1 =z (Coul.) )
o - non-resonant contributions (such as single top) < 40
al| i residual background / selection efficiency 10 — 20
I | luminosity spectrum uncertainty < 10
0.2 7 beam energy uncertainty <17 Marquard et al.
i | combined theory & parametric 30 50
o 1. ol PR — " : T 5 4 acke S -
245 350 355 combined experimental & backgrounds 25 - 50
\s[Gev] total (stat. + syst.) 40 - 75

0.8 — no structure (_/L 0.10 - WHIZARD LL @/L

beamstrahlung
-= QED ISR . WHIZARD NLL

0.6 =ISR + beamstr. 98
= s/p-wave resummation
e 0.06 7
A /ot >0)—o(pt) <0)
0.04 T 5(pt > 0) + o(pt < 0)
0.02 a re
S50 342 344 346 348 0.00
340 342 344 346 348 350
‘\/S [GeV] WHIZARD v2.2.3 \/T[(icV] WHIZARD v2.2.3

0.
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Matching to continuum at LO and NLO

* Transition region between relativistic and

resummation effects

e CLIC benchmark energies:
0.38TeV,

NLL
—— OxNrqep: full

expanded,NLL,full
ONRQCD

expanded,NLL,full
INRQCD

offshell NLO. full

QCD

O matched

lay,an)

[0}19 aS]

|

Bach/Chokoufé/Hoang/Kilian/JRR/Stahlhofen/Teubner/VVeiss

K«
DESY
)

J.R.Reuter

352.5

360.0

Measurement not fully inclusive
Important for determination of

experimental efficiencies

300 320 340 380 400

Top Physics at ILC

work in progress

10/16

— LO /s[GeV]

-~ LL,h=0.5, f = 1.0
—— LL, h = 0.5, f = 2.0
& "LL,h =2.0, f = 1.0
< LL h = 2.0, f = 0.5

% ~--NLL,h = 0.5, f = 1.0

‘i§>§\§ —— NLL, h = 0.5, f = 2.0 unmatched
“ NLL, h = 2.0, f = 1.0
@ -~ NLL,h = 2.0, f = 0.5 (NRQCD only)

@ | LL,h=1.0,f=1.0

@ | NLL,h=1.0,f=1.0

ILC Project Meeting, 10.02.17
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Top pair + Higgs production

+ t +
c e

_ Y/Z _H _ Y/Z
€ t €

® eTe” — tth for top Yukawa meas. [Hagiwara/Murayama/Watanabe, 1991; Djouadi/Kalinowski/Zerwas, 1992]
NLO QCD corrections [Dawson/Reina, 1998; Dittmaier/Kramer/Liao/Spira/Zerwas, 1998]
QED and electroweak corrections [Denner/Dittmaier/Roth/Weber, 2003]

L
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Top pair + Higgs production

+ t +
¢ e

_ Y/Z _H _ Y/Z
€ t e

® eTe” — tth for top Yukawa meas. [Hagiwara/Murayama/Watanabe, 1991; Djouadi/Kalinowski/Zerwas, 1992]
NLO QCD corrections [Dawson/Reina, 1998; Dittmaier/Kramer/Liao/Spira/Zerwas, 1998]

QED and electroweak corrections [Denner/Dittmaier/Roth/Weber, 2003]

o [tb] so——1 (%] o [fb]
40 - | | I |
1 | | | I | | | .
e ] ‘. electroweak Lo tree |
/ - “-‘??‘.‘—\“_t‘_“‘- 30 [~ \ weak 7] - corrected ------ 3
1F / -: 20 | photonic - - -
] : okt h.o. ISR ------
- J? tree . QC_D, ISR
P eorrected ------ - OF -t neemtUloiioo -
| j corrected N 01 L i
0.1 F | 4 -0, 3 : E
- My =115GeV 3§ _oo |/ . - L /5 =500 GeV
4 My = 115 GeV i .
{ _30 - — - »
{ ! \‘ |
0.01 L1 | I | _40 L1 | | I 0.01 \ | \ L\
500 750 1000 1250 1500 500 750 1000 1250 1500 100 110 120 130 140 150
V5 [GeV] Vs [GeV] My [GeV]

® Photonic and gluonic corrections largely cancel
® Large effects at threshold (ISR, but more so QCD — more soon)
® Depends crucially on Higgs mass: sweet spot for M(h) = 125 GeV is for E ~ 800 GeV
3% J.R.Reuter Top Physics at ILC ILC Project Meeting, 10.02.17
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The top Yukawa coupling

Measurement possible for /s = 500 GeV [tth associated production]

8% Higgsstrahlung contamination, Z* — tt

Cross section rises by factor of 4 between 500 and 550 GeV (!)
Slight enhancement at threshold due to QCD Coulomb gluons

Pol(e)=0 ' _

/... .......... .............. HH (Hoff 2)

J.R.Reuter

1S Peak -
S \I: =500 [GeV]
ol,.=0

m, = 175 [GeV]

Top Physics at ILC

12/16
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8% Higgsstrahlung contamination, Z* — tt

The top Yukawa coupling

Measurement possible for /s = 500 GeV [tth associated production]

Cross section rises by factor of 4 between 500 and 550 GeV (!)
Slight enhancement at threshold due to QCD Coulomb gluons

1S Peak _
Poe)=0 » 5 =500 [GeV]
tiZ (w/ NRQCD) :*1'75 .

/... .......... .............. HH (Hoff 2)

J.R.Reuter Top Physics at ILC

12/16
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The top Yukawa coupling

Measurement possible for /s = 500 GeV [tth associated production]
8% Higgsstrahlung contamination, Z* — tt
Cross section rises by factor of 4 between 500 and 550 GeV (!)
Slight enhancement at threshold due to QCD Coulomb gluons

S 2T psaicen

Pol,.=0
m, = 175 [GeV]

* Much gain from 0.8-1.0 TeV

» Larger xsec, (much) less tt bkgd.

» Simulation demanding !!!

6,8, 10 fermions (lvjjbbbb, Ivlvjjjjbb)
« QCD NLO available for tth or

WWhbbh

Desy | |.R.Reuter Top Physics at ILC

12/16
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The top Yukawa coupling

12/16

® Measurement possible for /s =z 500 GeV [tth associated production]
& 8% Higgsstrahlung contamination, Z* —tt
8 Cross section rises by factor of 4 between 500 and 550 GeV (!)
8 Slight enhancement at threshold due to QCD Coulomb gluons
T —— S0 G + t
- tiZ (w/NRQCD) Ol = c
' Sz e
e t
: ......... .............. HH (Hoff2)
ete™ — tth
g f A
. g[% L2 S om-—10
* Much gain from 0.8-1.0 TeV AN Hooms L nrglr Il
- Larger xsec, (much) less tt bkgd. 08 - 02— powkine -
» Simulation demanding !!! ser :§§8m=g el3 j
: - 0.4 - oty 0.01 | .
: 6’ 8’ I O fermlons (Iv'ljbbbb’ IVIijbb) 0'25_ WHIZARD+OMEGA+OPENLOOPS I;(IS(‘)VHEG "’ 0.005 ; WHIZARD+OFEG PENLOOPS
« QCD NLO available for tth or 7] 2 IR R L1 16 I L
WWhbh g ot s ~
E e A= & 1E
e E o 0.8 ;— _\_\_L
R T TEELL“QJ—

¢ 0.8 —
0.6 —
0.4 : I L 1 1 1 ] 1 1 1 1 l 1 1 [ 1 1 1 1 l
-1 -0.5 0 0.5 1
cosfly

Top Physics at ILC

1
250 300 350 400 450 500
E;, [GeV]
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Differential Results for off-shell ttH

Vs = 800GeV

ete™ —» WHbWbH, Nijets > 2,

. 1 1 1
1.1
=
5 1.0 é]
‘g 0.9 E
= 0.8 =
X 07E
0.6 ¢
0.5 5 1 L L | !
0 50 100 150 200 250
7 [GeV]

13/16

ete” = WHOW bH, Njews > 2, /s = 800GeV
> -2 |
i 3 L
= F
% 10- |
-~ ¥
10~ r-—J ’
et k e
- — LO
10-°
—— NLO
10-6 /’
10-7 / PH
WHIZARD+OPENLOOPS )
1068! 11 | ' H
50 |
5 40
< q ¥
o 20
10 | | | Eh:—[S+Mh_(kl+k2)]
350 400 450 500 550 600 650 700 2 \/g

y l
1‘4““/ BW [C(‘V]

Determination of top Yukawa coupling (ttH)

ete~ — WHW-bbH, +/s= 800 GeV

T Loww wen i
gl | I NLO, W*W-bbH i
2.6 - ]
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Differential Results for off-shell ttH
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efem = WHbWbH, Njus > 2, Vs = 800GeV
glo—zé ——__
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10~ = et k' e
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¥ 5 1 2 :
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M ; * |LC will always run polarized
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Threshold enhancement @ 500 GeV for tth "

p Close to threshold: Coulomb enhancement of non-relativistic top pair
 Energy distribution of Higgs enhanced in top pair recoil  [Farrel/Hoang, 2005-2006]
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Threshold enhancement @ 500 GeV for tth

p Close to threshold: Coulomb enhancement of non-relativistic top pair

 Energy distribution of Higgs enhanced in top pair recoil  [Farrel/Hoang, 2005-2006]
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Threshold enhancement @ 500 GeV for tth "

p Close to threshold: Coulomb enhancement of non-relativistic top pair
 Energy distribution of Higgs enhanced in top pair recoil  [Farrel/Hoang, 2005-2006]
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Threshold enhancement @ 500 GeV for tth

p Close to threshold: Coulomb enhancement of non-relativistic top pair
 Energy distribution of Higgs enhanced in top pair recoil  [Farrel/Hoang, 2005-2006]
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P Goal: properly matched NLL threshold/NLO cont. [Chokoufe/Hoang/JRR/Stahlhofen/WVeiss, in prep.]
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Top Physics for 5.99 Billion $ ?

Staged approach: start at 250 GeV without dedicated top programme
Off-shell top measurements from WbWb continuum

Equiv. to single top: tWb — WDbWb

No recent systematic study: interplay of QCD and EVV corrections

Top mass determination from Higgs recoil measurement (radiative corr.)

J.R.Reuter Top Physics at ILC ILC Project Meeting, 10.02.17
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Conclusions & Outlook

Precision measurements at ILC elucidate top [-Higgs] sector
Determination of fundamental parameters: m;,Y:, g, g

BSM reach in top sector supersedes LHC searches in most models

For almost all measurements: theory uncertainties dominate

NLO QCD corrections well under control (10% at max, 1-2% at 3 TeV)
Differential results as NLO fixed-order histograms (at the moment)
Need for combined & matched NLO QCD+EWV corrections in the future
Work on this has started, also for the inclusion in event generators

Top threshold in e+e-: measure top quark with ca. 50 MeV precision

Assessment of theory uncertainties (NNLL + N(NN)LO matching)

J.R.Reuter Top Physics at ILC ILC Project Meeting, 10.02.17
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Looking forward to future data
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NLO QCD Results for off-shell ee™ — ttH
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Using massive b quarks: no cuts necessary for e'e™ = W*W™bb

Full process e*e™ = p*vye"vebb exhibits Coulomb singularity:

ttH production: 8% contamination from Higgsstrahlung

ILC: tt and ttH (on- & off-shell) e

Contribution from quartic SM vertices et

Top Physics at ILC

6+ De
W b
N b
%% ”
v/Z ut
e e
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ILC: tt and ttH (on- & off-shell) e

Using massive b quarks: no cuts necessary for e'e™ = W*W™bb

Full process e*e™ = p*vue v.bb exhibits Coulomb singularity:

ttH production: 8% contamination from Higgsstrahlung

Contribution from quartic SM vertices *

INPUT PARAMETERS:

myz = 91.1876 GeV, mw = 80.385 GeV I'7° = 2.4409 GeV, T3-° = 2.5060 GeV,
my = 4.2 GeV, m; = 173.2 GeV. Iy = 2.0454 GeV, IR = 2.0978 GeV,
IO, = 1.4986 GeV, N0 = 1.3681 GeV, complex mass scheme:
IS5 = 14757 GeV, L0, = 1.3475 GeV. 2
p2=M?—il;M; fori=W,ZtH s,=1-—c,=1-"7
my = 125 GeV T = 0.000431 GeV Hz
@/ : : ;
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mz = 91.1876 GeV,

my = 4.2 GeV, m; = 173.2 GeV. Iy = 2.0454 GeV, I =2.0978 GeV.
IO, = 1.4986 GeV, N0 = 1.3681 GeV, complex mass scheme:
IS5 = 14757 GeV, L0, = 1.3475 GeV. )
' ' 2 2 . . 2 _ 2 __ Hw
w; = M7 —1il'; M, fori =W,Z,t,H s,=1—¢,=1—-—"F
my = 125 GeV T = 0.000431 GeV Hz
W W= W= H
e’ b et W+ et W+
Typical pentagons/hexagons: .- . b e ;
W= b b
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ILC: tt and ttH (on- & off-shell)

Using massive b quarks: no cuts necessary for e'e™ = W*W™bb

Full process e*e™ = p*vye"vebb exhibits Coulomb singularity:

ttH production: 8% contamination from Higgsstrahlung

Contribution from quartic SM vertices et
INPUT PARAMETERS:

mw = 80.385 GeV I'LO = 2.4409 GeV,
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'S0 = 2.5060 GeV,



