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{L tt continuum production (on- & off-shell)  3/2

——

Paradigm processes at lepton colliders: precision determination of top properties

Major background for EW measurements (VVV and VBS); any [most] BSM searches

n Off-Shell process: eTe™ — WTbW b
On-Shell process: eTe™ — tt
NLO QCD [Guo/Ma/Wang/Zhang, 2008] X

NLO QCD  [Jersak/Laermann/Zerwas, 1982] NLO QCD diff. [Chokoufe/JRR/Weiss, 2015;
Q =t , Liebler/Moortgat-Pick/Papanasthasiou, 2015; Chokoufe/
' NNLO QCD [Chetyrkln/Kuh.n/Stelnhauser, Kilian/Lindert/|RR/Pozzorini/VWeiss, 2016]
1996; Harlander/Steinhauser, 1998]
NLO EW [Beenakker/von der Marck/Hollik, doubl
1991; Beenakker/Denner/Kraft, 1993] et o0 e-resonant b et non-resonant
/% )
Threshold enhancement [Fadin/Khoze, b
| 987; Strassler/Peskin, 1991; Jezabek/Kuhn/
Teubner, 1992; Sumino et al., 1992
e €
r ot
Top width: t —= Wb et b
NLO QCD [JezabekiKiihn, 1989] 7 b

NNLO QCD [Guo/Li/Zhy,2012] dngletop W e dngetop W
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JL WHIZARD: our MC framework 4721

——

WHIZARD v2.6.1 (03.11.2017) http://whizard.hepforge.org

<whizard@desy.de>
Ancient acronym: W, Higgs, Z, and Respective Decays

WHIZARD Team: Wolfgang Kilian, Thorsten Ohl, JRR
Simon Bral3/Vincent Rothe/Christian Schwinn/Marco Sekulla/So Young Shim/Florian Staub/Pascal Stienemeier/
Zhijie Zhao + 2 Master

PUBLICATIONS

Al 1 N General WHIZARD reference: EP) C71 (2011) 1742, arXiv:0708.4241

= F ' | & ’T" 0’Mega (ME generator): LC-TOOL (2001) 040; arXiv:hep-ph/0102195
E{ ] F’E :f T EELT_”L* L VAMP (MC integrator): CPC 120 (1999) 13; arXiv:hep-ph/9806432
el i J il 17 CIRCE (beamstrahlung): CPC I01 (1997) 269; arXiv:hep-ph/9607454

o’ |l W {; _ %_;.Twi == Parton shower: JHEP 1204 (2012) 013; arXiv:1112.1039

i LI Lr 5 Tl Color flow formalism: JHEP 1210 (2012) 022; arXiv:1206.3700

1:“ | 1 NLO capabilities: JHEP 1612 (2016) 075; arXiv: 1609.03390
Parallelization of MEs: CPC 196 (2015) 58; arXiv:1411.3834
POWHEG matching: EPS-HEP (2015) 317; arXiv: 1510.02739

S f. Wolfgang Kilian’s talk

.9

BE‘S{ J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17



.

P——

Working NLO interfaces to:

alpha _power = 2
alphas power =

process eett =

{ nlo_calculation =

*€c

FKS subtraction

€0 €0 t€0 *6o €0 €0 T€0 *€c

0

NLO Automation in WHIZARD

*  GoSam

*  OpenLoops

* Recola

el,E1l => t, tbar

“fu'L'L’, }

[Frixione/Kunszt/Signer, 1995]

Virtual MEs external
Real and virtual subtraction terms internal
NLO decays available for the NLO processes

Automated POWHEG damping and matching

Status of EW corrections: all parts

5172l

[N. Greiner, G. Heinrich, J. v. Soden-Fraunhofen et al.]
[F. Cascioli, J. Lindert, P. Maierhofer, S. Pozzorini]
[A. Denner, L. Hofer, J.-N. Lang, S. Uccirati]

]

Resonance-aware treatment [Jezo/Nason, 1509.09071]

NLO QCD (massless & massive emitters) fully supported

0.8

ete™ — tt at NLO with WHIZARD

0.7 -

0.6

0.4

0.3

0.2

05 |/

LO —
NLO, GoSam
NLO, OpenLoops

350 400

Fixed order events for plotting (weighted, either LHEF or HepMC)

technically completed, validation phase started [Rothe et al.]
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o NLO Automation in WHIZARD

Working NLO interfaces to: *x  GoSam [N. Greiner, G. Heinrich, |. v. Soden-Fraunhofen et al.]

* OpenLoops [F Cascioli,]. Lindert, P. Maierhofer, S. Pozzorini]

* Recola [A. Denner, L. Hofer, |.-N. Lang, S. Uccirati]
alpha_power = 2 1000 F ] ] . . ;
alphas_power = 0 . - - NLO Recola

e e’ =it
process eett = el,E1 => t, tbar sl NLO ,OpenLoops |
{ nlo_calculation = “full” } — LO O'Mega
= 600]
& FKS subtraction [Frixione/Kunszt/Signer, 1995] ©
& Resonance-aware treatment [Jezo/Nason, 1509.0907 1] wor
& Virtual MEs external 2001
& - c c | | | | . .
€ Real and virtual subtraction terms internal T T
& NLO decays available for the NLO processes V5 |[GeV]
& Fixed order events for plotting (weighted, either LHEF or HepMC) \
& Automated POWHEG damping and matching o %ﬁ\%
& NLO QCD (massless & massive emitters) fully supported r
& Status of EW corrections: all parts :m o J‘LH
technically completed, validation phase started [Rothe et al.] ) i
@/ s .
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JL Resonance mappings for NLO processes 6 121

’_‘

& Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)
In general: resonance masses not respected by modified kinematics of subtraction terms

€ €c

Algorithm to include resonance histories
[Jezo/Nason, 1509.09071]

Most important for narrow resonances (H — bb)

€

b
-

& Additional soft mismatch integration component

—1
» D™ = {(pbb mH) "‘murh] ’

) -1
» DReal — {(pbbg mQH) +m2HF2H]

2 _ bbg
Prpg = pbb + Abbg DReal = 1+ m%{_rz

0.

BE:{ J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17



Jﬁ Resonance mappings for NLO processes 6 /2]

P——

& Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)
& In general: resonance masses not respected by modified kinematics of subtraction terms

*€c

Algorithm to include resonance histories Factorization in the soft lmit

T T T T L T T T L T T L T T T T T T L T T T

[Jezo/Nason, 1509.09071] 0o :

& Most important for narrow resonances (H — bb)
¢

ete™ — ptpbb . +++ Standard FKS ]
*+ Resonance-aware FKS

10 & ‘ c

Additional soft mismatch integration component

—1 S 0 PRI L l
Born . = 2 e Y A . : rovmmeeen e n e o ]
> Di {(pbb m%)” + m? FII] ' W %3 AR s
Y KR AR AR ‘ : 1
5 1 .,_,‘i:;',‘...:i, ST e .
Real 2 2 172 i et X An L A 1
- 5 ...:_'.'5.'."."" " . -' e . ]
o+ ..:':.1 - _..'.:: - v."*
2 2 4 \“‘;"":"". PO S .
Born p<%. —sm, (UL -~ T P B T Rk o TP v S Hr:
2 4 A D H Py _"H 1 + bbg 0.00 0.01 0.02 0.03 0.04 0.04
Prpg = pbb bbg D?ja' — m%{r%{ E, [GeV]

@ J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17
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Resonance mappings for NLO processes

& Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)

¢

In general: resonance masses not respected by modified kinematics of subtraction terms

& Algorithm to include resonance histories

¢

& Additional soft mismatch integration component

[Jezo/Nason, 1509.09071]
Most important for narrow resonances (H — bb)

1
DBom_ {(ﬁbb mu) "‘mu II] :

—1
2
Real 2 2 72
Born 2 2 4
P2, = P2, + A2 Dy PooZMi | 4 Cobbg
Real - 2 172
bbg — Pbb bbg DFe mZ, T2,
& WHIZARD complete automatic implementation: example
I I
| It Calls Integrall[fb] Error[fb] Err([%] Acc Eff[%] Chi2 N[It] |
I I
1 11988 9.6811847E+00 6.42E+00 66.30 72.60% 0.65
2 11959 2.8539703E+00 2.35E-01 8.25 9.02% 0.69
3 11936 2.4907574E+00 6.54E-01 26.25 28.68 0.35
4 11908 2.7695559E+00 9.67E-01 34.91  38.09 0.30
5 11874 2.4346151E+00 4.82E-01 19.80 21.57% 0.74
I |
5 59665 2.7539078E+00 1.97E-01 7.15 17.47 0.74 9.49 5

standard FKS

@ J.R.Reuter

Top Precision Physics

Factorization in the soft limit

6 /2l

wofET T T LI R B
ete™ — ptp bb *+ Standard FKS
*+ Resonance-aware FKS
]
10 & E
I e,
a :.’,'4 ~.'
CED 1 ~ . ]
gg E ‘30-.. . . B E
C {*‘. .}:‘ %y, ’ ‘
- Tag el o, " S,
A AT '
* o4 -.'.‘:’ ‘:". ° ¢
.J'Q-'-[ '.'.‘ %
0.1 p— 5,-.-") o . .': :.' . o* .
- e L) . o B
" ‘o "8 :- e -
Y PR
e A e ST
0.01 = I AR R X P i
0.00 0.01 0.02 0.03 0.04 0.04
E, [GeV]
+ A L ] [ ]
ete- = UPbb  (ZZ ZH histories)
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Resonance mappings for NLO processes

& Amplitudes (except for pure QCD/QED) contain resonances (Z,W, H, t)

¢

& Algorithm to include resonance histories

¢

& Additional soft mismatch integration component

In general: resonance masses not respected by modified kinematics of subtraction terms

Most important for narrow resonances (H — bb)

Born _ | (=2 2\2 | 2 12
> D™ = {(pbb_mﬂ) + My II]

2
> D! = {(pibg - m%) +m%r1“%f]

[Jezo/Nason, 1509.09071]

—1

—1

pgbg = Dy + Agbg

& WHIZARD complete automatic implementation: example
| |
| It Calls Integrall[fb] Error[fb] Err([%] Acc Eff[%] Chi2 N[It] |
| |
1 11988 9.6811847E+00 6.42E+0@ 66.30 72.60% 0.65
2 11959 2.8539703E+00 2.35E-01 8.25 9.02« 0.69
3 11936 2.4907574E+00 6.54E-01 26.25 28.68 0.35
< 11908 2.7695559E+0@0 9.67E-01 34.91  38.09 0.30
5 11874 2.4346151E+00 4.82E-01 19.80 21.57% 0.74
| —|
5 59665 2.7539078E+00 1.97E-01 7.15 17.47 0.74 0.49 5
| |
standard FKS
0. = :
DEsy ) |.R.Reuter Top Precision Physics

o

Factorization in the soft limit

WEFT T T T T T T T T T T T T T T T
- e+e_ — u+u_bl_) L Standard FKS
+++ Resonance-aware FKS
]
10 & E
o .";."‘l. .
Foail ol -
M, * -
S g 5
{“-.}:‘m" .
& '-"5'3_. oo
-.":’..0‘;.-:&. .
22050 i Lt
. (3 ) °
,'q.._! _.-.\. - .-.. .
0.1 p— \,-.-‘ o . 0:.' o* .
3 CF D TR . E
a 2 A | e -
ad 20 e R
] .-_n-l:g . .. o2 .
re .‘: . .. .
RO P LA
. "..\::: ':. S
000 g AR Y R X T i
0.00 0.01 0.02 0.03 0.04 0.04
E@IK}eV]

ete~ — UUbb

6 /2l

(ZZ, ZH histories)

I
Chi2 N[It] |

| It Calls Integrallfb] Error[fb] Err[s] Acc Eff[%]
|
1 11988 2.9057032E+00 8.35E-02 2.87 3.15% 7.90
2 11962 2.8591952E+00 5.20E-02 1.82 1.99% 10.91
3 11936 2.9277880E+00 4.09E-02 1.40 1.52% 14.48
4 11902 2.8512337E+00 3.98E-02 1.40 1.52% 13.7@
5 11874 2.8855399E+00 3.87E-02 1.34 1.46%« 17.15
|
5 59662 2.8842006E+00 2.04E-02 0.71 1.72 17.15 8.53 5

FKS with resonance mappings
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{L Lepton colliders: tt and ttH (on- & off-shell) 7/

£ :

Cross checks for 2 = 2 and 2 — 4 processes with Sherpa and Munich ° = Uel_)
: : b
Using massive b quarks: no cuts necessary for e*e™ = W*W~bb wr v,
V/Z -

7

Full process e*e™ = p*vye~v.bb exhibits Coulomb singularity: o -

ttH production: 8% contamination from Higgsstrahlung

Contribution from quartic SM vertices *

DEsy ) |.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17
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Lepton colliders: tt and ttH (on- & off-shell) 7/2

Cross checks for 2 = 2 and 2 — 4 processes with Sherpa and Munich
Using massive b quarks: no cuts necessary for ete~ = W*W-bb
Full process e*e™ = p*vye~vebb exhibits Coulomb singularity:
ttH production: 8% contamination from Higgsstrahlung
Contribution from quartic SM vertices *
INPUT PARAMETERS:
-
mz = 91.1876 GeV, mw = 80.385GeV T3 =2.4409GeV, T7-° = 25060 GeV,
my = 4.2 GeV, m; = 173.2 GeV. 'L = 2.0454 GeV, IO = 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
p; = M7 —il'; M, fori =W,Z,t,H s,=1—¢,=1—-—"F
mp = 125 GeV Tz = 0.000431 GeV Hz
DEsy ) |.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17



—

Lepton colliders: tt and ttH (on- & off-shell) 7/2

; . + e
Cross checks for 2 = 2 and 2 — 4 processes with Sherpa and Munich ° = ;
: : b
Using massive b quarks: no cuts necessary for ete~ = W*W-bb wr v,
V/Z B
o ; : H
ull process e*e u*vye~vebb exhibits Coulomb singularity: - -
€ Fullp te™ = p*vuevebb exhibits Coulomb singularity . .
ttH production: 8% contamination from Higgsstrahlung
Contribution from quartic SM vertices *
INPUT PARAMETERS:
-
mz = 91.1876 GeV, mw = 80.385GeV T3 =2.4409GeV, T7-° = 25060 GeV,
my = 4.2 GeV, m; = 173.2 GeV. 'L = 2.0454 GeV, IO = 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
mp = 125 GeV Tz = 0.000431 GeV Hz
W W= W~ H
e’ b et t W+ et W+
Typical pentagons/hexagons: .- . b e ;
W~ b b
°® S .
DEsy ) |.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17
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NLO QCD Results for off-shell ete~ = tt e

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

I T I T T I T T T T I I T I T T T I
ete” — tt and efe™ — WHTWbb 1.025
T T T I T T T T T I T T T T T I T T T T T I T T T T T I T T T T T I T_]
875 :_ 3.00 + LI L |I LI _l_ . LO tt— _:
C . - --- NLO ¢t B
7003 S i — LOWTW~bb | 1
- D - ] = -
- < T ] I
525 i - <
— - 1000 + | I T | I | N T | + T \3/.
< F 300 350 400 ] 5
b Vs [GeV] . =
350 F T Soors
- 5 ©
175 =
C ] i —— NLO tt _ i
- TS e —— . . — NLOW*W~bb, T;=Ti(ur)| -
O —— J WHIZARD+OPENLOOPS -------------- __ 0.95 —WHIZARD+OPENLOOPS - NLO W+W—bb7 Ft = Ft(mt) -
cooo0 oo by by by by oy T | | | | | R | | ! | a1
1.15E™ = 0.125 0.25 0.5 1.0 2.0 4.0 8.0
= 3 m
5 1.10F = Ha/me
S 1.05F E
I -
< 1.00 & E
0.95 = 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 I l_:
s 2.0F7 =
Q 1.75E = ete” > it ete™ - WHW—bb
[B<) - 3
; 1.5F a4 Vs [GeV] a O[] oNO[fh]  K-factor o Olfth]  oNO[fh]  K-factor
1.25F = g g
& of E 500 5484  627.4704% 114 600.7 675.1704% 1.2
© “E e o o v by oy e ey by oy e by | 1_: 800 253.1 270.9 t 8333 1.07 310.2 320.7 t é;g;c 1.03
500 1000 1500 2000 2500 3000 ” 0T . L%
/3 [GeV] 1000 166.4 17597 5o 1.06 2172 2216770 1.02
1400 86.62  90.66M05%  1.05 1264 127.9797% 101
3000 19.14  19.87F05% 104 37.89  37.63F04%  0.993

Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390
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NLO QCD Results for off-shell e*te~ = ttH

ete” - ttH and ete - WTW bbH

T T T I

3.00

TTTirT rrorT
v -

2.50

r N
()

e}
TTT [T TTTH -

K-factor
ot
\]
o

1.00:I_llll|llll+

425
Vs [GeV]

0.50 WHIZARD+OPENLOOPS

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0.00

T

500 575

T T T I T T T T I

--- LOttH

--- NLO t{H

— LO WHW-bbH
— NLO W+W ~bbH

-
-
-
-
—
——
—
—
—

IllllIllllIllllIllllIllllIllllI

1.05

0.95

0.85

K-factor

llllllllllllll

0.75

llllIllllIllll

1.35

1.20

1.05

IIIIIIII

I 1 1 1

1

I 1 1 1

lIIllIll

UW+W—bEH/UtEH

0.90

2500

1500 2000
Vs [GeV]

3

Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390
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8 /2l
ete” = ttH and ete™ — WTW bbH at /s = 800 GeV
T I T T I T T T T I I T I T T T I
LOSF— NLO#H T
—— NLO W+W~bbH, T;=T4(ug) L
- -- NLOW+W~bbH, T,=T(m,) 7 |
S 10 / 2 -
I ]
S L’
2 .’ 1
b J ]
= %
3 g -
~— 0.95 e —
b K
’ WHIZARD+OPENLOOPSH
0.9 -
Il I Il Il I Il Il Il Il I I Il I Il Il Il I
0.125 0.25 0.5 1.0 2.0 4.0 8.0
pur/(mi + mp)
ete” — ttH ete” = WTW —bbH
Vs [GeV] olOlfb] o O[] K-factor oOlfb] VO[] K-factor
+3.6% +2.6% :
500 0.26 0427352  1.60 027 0.44%3%% 163
800 2.36  2.34101% 0.9 2.50  2.40%21% 096
+0.5% +2.5%
1000 202  1.O170%  0.95 2.21  2.00722%  0.90
¢ o1+0.9% ‘ 29+2.6% :
1400 .33 1.21799%  0.90 153 1.32135%  0.86
3000 041 035714% 084 0.55  0.44¥2%% (.79
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Differential Results for off-shell ete~ — tt !

—— ete” = pltuye U.bb, Nijeys > 2, /5 = 800GeV ete” — ptvue vebb, Nigs > 2, V8 = 800 GeV

= - = - 2
g i (>3 - 2 2 2<m€jb>
<] — L0 4 —— LO my = my, + 1 0
= —— NLO =) —— NLO :,:'__\= — (cos by;, )
<15 N -
1072 —
101 -
1072 | WHIZARD+OPENLOOPS 109 WHIZARD+OPENLOOPS
Sillll Illlll | | | :II|II|\I|1\|I\|II 1| | L
45 B c
4 E= Lie
5 3.5 = g L&
*-"% 3= :o: 1.2 =
A 2-2 = SN
& =3 M 1.0E .
Lr = . =
1E 0.9 —
0.5 £ C— 0'8—|1|1||11|11|1w|1||1|l|111|
160 165 170 175 180 0 20 40 60 80 100 120 140 160 180
mw g, [Ge V] M+ 5, [GGV]
ete = pltvye vebb, Nijes > 2, V5 = 800 GeV eTe” = ptvue” Ubb, Nigys > 2, /5 = 800GeV
O B — LO &) = — LO
= ~ -
£ - —— NLO S I —— NLO
I ¢ Ch
TF #
102 __—’_,7 .
1 — 1 N
i WHIZARD+ OPENL DOPS B WHIzZARD+OPENLOOPS
= | |I III | | 1'8_III\|IIIIII|JIII|IIII|I | | |\II
14 =
= 1.6 -
5 12 514
R p— S 1.2 Z_,_‘—\_l—‘—\—
& B S
X 0.8 | o B
s 0.8 =
0.6__1 | |I III | |I\]||| O.6:Ill\|lIIlIlIJlIIIIIIIII 1 | |\ll
120 125 130 135 0 50 100 150 200 250 300 350 400

mI72[GeV] pr,w 4, [GeV]

J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17




<

WHIZAR

ete” = WHbW bH, Njus > 2,

Differential Results for off-shell ttH

V3 = 800GeV

)+ OPENLOOPS

— LO

Y

NLO

ete” — WHbW bH, Njets > 2, Vs = 800GeV
= Z 1072 -
O &) :
~ = E
) £ 103 |
tE R
10~4
1075 |
1076 |
107 |
WHI1ZARD+OPENLOOPS f
—4 -8
101.2 E 1 1 1 1 106()¥ o L
1.1 E[— 50 |
5 10 B9 5 40
g 09E 5 30 |
£ 08 Y o |
207 m §
ot 10 |
- k |
- ] b "
o5+ v o Lo v o ey e Ly sy )
0 50 100 150 200 250 350 400
77 [GeV]

Determination of top Yukawa coupling (ttH)

ete” - WHW~-bbH, +/5= 800 GeV
I T T T T I T T T T I T T T T I T T T T I

>0 [T LO,w-wW-bbH ]
{ NLO, WtwW-bbH
2.8 _
2.6 _
2 2%1; -
® - —
2.2 | ttH ‘ WHW-bbH
0oL LO 0.514 £ 0.0002 | 0.520 = 0.001
i NLO | 0.485 + 0.0002 | 0.497 + 0.002
| e B R B
Lo2F T~ — T T T T T T T T T T T T T T T T T T
5 1.05— ———1—F——F } +—F+—+ % +——F—F—F+—+F % —
096i| PR R SR TR NN S S S N ST S SR S N -
0.9 0.95 1.0 1.05 1.1
&
[de(¢)]™" S+I+B 1 I/2+B
l — = — -
Jim (&) { a, ] 2511 2 251
0.
DESY
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Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390
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3‘% [fb/GeV]

K-Factor

1074 — )

ete™ —» WHbWbH, Nijets > 2,

Differential Results for off-shell ttH

Vs = 800GeV

WHIZARD+OPENLOOPS

1 |

1

l

12

HE——

ET
0.9 =
0.8 -
0.7 £

I

250
77 [GeV]

eteT — W+bvv_6H, Ivjcts > 2!

10/ 21

V5 = 800GeV

4 [fb/GeV]
S © o o
& L & &
T

._.
9
=]

1077 |

WHIZAR

106811‘ |

\J

)+ OPENLOOPS

50 |
40 |
30 |
20 |
10 |

K-Factor

I

1
B

SR e 2\/s [S s Mi% — (L k2)2] |

350 400

Determination of top Yukawa coupling (ttH)

ete” - WHW~-bbH, +/5= 800 GeV

T o wew-som ]
1 NLO, W*W-bbH
2.8 -
2.6 -
£ 5.4 -
® - —_
2.2 | ttH ’ WHW-bbH
20 LO | 0.514 £ 0.0002 | 0.520 & 0.001
NLO | 0.485 £ 0.0002 | 0.497 + 0.002
L8 | | N | L1
1.02F | | — | =
31.0511111111}111%:""1 %—
ﬁo.gs__ W ?—_{T— E
096 , , o ooy ] I E
0.9 0.95 1.0 1.05 1.1
&
. do(¢)]™"  S+I+B 1 I/2+B
. sim (&) { dg, l T Tos+1 2 2841
W ~ K :
DEsy ) |.R.Reuter Top Precision Physics

o

450 500 550

EBWBW™(GeV)

Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390
Polarized Results (tt)

* ILC will always run polarized
* Polarized |-loop amplitudes beyond BLHA

/5 = 800 GeV /5 = 1500 GeV

P(e7) P(e") | o'O[fb] oNMO[fb] K-factor | o™©[fb] o NO[fb] K-factor
0% 0% 253.7 272.8 1.075 75.8 79.4 1.049
-80% 0% 176.5 190.0 1.077 98.3 103.1 1.049
+80% 0% 176.5 190.0 1.077 53.2 99.9 1.049
-80%  30% 420.8 452.2 1.074 124.9 131.0 1.048
-80%  60% 510.7 548.7 1.074 151.6 158.9 1.048
80%  -30% | 208.4 224.5 1.077 63.0 66.1 1.049
80%  -60% | 240.3 258.9 1.077 72.7 76.3 1.049

LCWS 2017, Strasbourg, 24.10.17



{L Top-Forward Backward Asymmetry 11721

PI——

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

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

AFB —

Ars of the top quark

cte o A AN AV /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, Ubb, without neutrinos -0.402 -0.387 0.964

tt 0.535 0.539 1.013
_ WW —bb 0.428 0.426 0.995
Arp P

ute v, vbb 0.415  0.409 0.986

ute~v,Ubb, without neutrinos 0.377  0.350 0.928

/B/E:S/{/ J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17



{L Matched NLO QCD results 12/21

Precise predictions of multi-parton final states require properly matched samples
NLO QCD including POWHEG matching already available [WHIZARD+0OpenLoops]
All descriptions at NLO at the moment for the on-shell process

Even LO simulations are demanding,e.g: ete™ — bbbbjjly,, bbjjjjjjlve

DEsy ) |.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17
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Matched NLO QCD results

Precise predictions of multi-parton final states require properly matched samples

NLO QCD including POWHEG matching already available

All descriptions at NLO at the moment for the on-shell process

Even LO simulations are demanding, e.g.:

ete” — tth
. 2
b?i 1.2 [ Q
1 — NS
0.8 —
0.6 — LO
C —— NLO py, =
0.4 - —— NLO g, = 2u
C NLO pp = p/2
L P HE
0.2 L WHIZARD+OMEGA+OPENLOOPS . G
1.8 : | | l Lol | l |
1.4 —
§ 1.2 — 5
2 OE &
Lﬁ 1 R e e e R T e e o
< 0.8 ]
0.6 —
0.4 = | | | | | | | | | | | | |
-1 -0.5 0 0.5 1
cos O
J.R.Reuter Top Precision Physics

12/ 21
[ WHIZARD+0OpenLoops]
eTe™ — bbbbjjlv,, bbjji7758ve
ete™ = tth
003 —— LO
- —— NLO pur=p
0.025 — —— NLO p, =24
F NLO pr = p/2

0.02 = —— POWHEG
0.015 =
0.01 —
0.005 ~

1.6 -

1.4 —

12 =

1 -

0.8 =

0.6 — L,

0'4:_1 Illllllllllllllll\ l_‘JEIXII

250 350 400 450 500
Ej1 [G(‘V]
[Chokoufe/JRR/WVeiss]

LCWS 2017, Strasbourg, 24.10.17



{L Top Threshold at lepton colliders 13721

ILC top threshold scan best-known method to measure top quark mass, AM ~ 30-70 MeV

Heavy quark production at lepton colliders, qualitatively:

Large [ Small ',

eTe” > tt / U ete™— bb

Vs Vs

Threshold region: top velocity v~ s < |

e q

~ sV (as/v)* v)?

et CI VNO:5<<1

0.

BE:{ J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17



{L Top Threshold Resummation in (p)NRQCD 14721

B —

¢ NRQCD is EFT for non-relativistic quark-antiquark systems: separate M-v and M- v’
¢ Integrate out hard quark and gluon d.o.f.
¢ Resummation of singular terms close to threshold (v = 0) Hoang et al.’99-‘01; Beneke et al.,’13-‘14

Phase space of two massive particles

5 (2] S

T k i

x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement

DEsy ) |.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17



{L Top Threshold Resummation in (p)NRQCD 14721

PI——

¢ NRQCD is EFT for non-relativistic quark-antiquark systems: separate M-v and M- v’

¢ Integrate out hard quark and gluon d.o.f.
¢ Resummation of singular terms close to threshold (v = 0) Hoang et al.’99-‘01; Beneke et al.,’13-‘14

Phase space of two massive particles

e 5 (2] Sl

g k i
x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
E G (SR () - F%(s)R%(s)

s-wave: LL-+NLL p—WaveNfUQ:NNLL

but contributes
at NLL differentially!

E{S/{/ J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17



{L Top Threshold Resummation in (p)NRQCD 14721

B —

¢ NRQCD is EFT for non-relativistic quark-antiquark systems: separate M-v and M- v’
¢ Integrate out hard quark and gluon d.o.f.
¢ Resummation of singular terms close to threshold (v = 0) Hoang et al.’99-‘01; Beneke et al.,’13-‘14

Phase space of two massive particles

IS SR

T k i

x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
E G (SR () - F%(s)R%(s)

s-wave: LL-+NLL p—Wa,veNfUQ:NNLL

but contributes
at NLL differentially!

Coulomb potential gluon ladder resumption

Ct Ct
t : t

DEsy ) |.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17



{L Top Threshold Resummation in (p)NRQCD 14721

——

¢ NRQCD is EFT for non-relativistic quark-antiquark systems: separate M:v and M-v’
¢ Integrate out hard quark and gluon d.o.f.
¢ Resummation of singular terms close to threshold (v = 0) Hoang et al.’99-‘01; Beneke et al.,’13-‘14

Phase space of two massive particles

e UZ (%)kZ(as Inv)" x

T k i

x {1(LL); as,v(NLL); a2, asv,v? (NNLL)}

(p/V)NRQCD EFT w/ RG improvement
RV (s) = FY(s)R°(s) + F*(s)R%(s)

s-wave: LL-+NLL p—WaveNfUQ:NNLL

but contributes v/Z gvla
at NLL differentially! | pv/e 9nLL . 1
(N)LL ™ “gv/a , "
Coulomb potential gluon ladder resumption //\ far- away from
t , t - —
| E | | w & 8 w( & & &
~ 1 ~ (¢ /V ~ (g

threshold
®

v/a ’U/CL ole
(D > g(N)LL (N)LL(as’ Mtp 9 \/ga .7 Ft)
BE‘S{ J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17

can be mapped onto effective ttV vertex

differential in off-shell tt phase space r e



vy Top Threshold in WHIZARD

"‘

o Implement resummed threshold effects as effective vertex [form factor] in WHIZARD
« G"%0,ps, E+il't,v) from TOPPIK code [Jezabek/Teubner], included in WHIZARD

o Default parameters:
M® =172GeV, I, = 1.54GeV,

Oés(Mz) = 0.118

ole LL/NLL
M = i — A(C’o/ul.) )

cy?(v)G"3(0, pt, E+ily, v)

0.8 — no structure (_/L
Important effects: beamstrahlung; ISR; LO EW terms [l Qi
Exclusive observables accessible — 067 =ISR + beamstr.
=
S
[Hoang & Stahlhofen “13]
Theory uncertainties from scale g
variations: hard and soft scale 7 %0 342 344 346 348
5 1.0 -
Wp = h - My Hs = f - MtV \/S— [GeV] WHIZARD v2.2.3
" 0.5 1.0 1.5 20
h
00/ S .
e J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17



Top Threshold in WHILZARD

15/ 21

o Implement resummed threshold effects as effective vertex [form factor] in WHIZARD
« G"%0,ps, E+il't,v) from TOPPIK code [Jezabek/Teubner], included in WHIZARD

error source AmlS [MeV]
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

residual background / selection efficiency

luminosity spectrum uncertainty

beam energy uncertainty

combined theory & parametric
combined experimental & backgrounds 25 - 50
total (stat. 4 syst.) 40 - 75

Important effects: beamstrahlung; ISR; LO EW terms

Exclusive observables accessible

[Hoang & Stahlhofen “13]

20
Theory uncertainties from scale
variations: hard and soft scale r

prp=h-my  ps=f -mu

1.5

1.0

0.5
0.5 1.0 1.5 20

0.

BE:{ J.R.Reuter Top Precision Physics

o Default parameters:
M =172 GeV, T}
OéS(Mz)

= 1.54 GeV,
— (RIS

ole LL/NLL
M = i — A(C’o/ul.) )

from 1702.05333

— no structure (_/L
0.8 ;

beamstrahlung
== QED ISR
== [SR + beamstr.

0.6

o [pb]

340 342 344 346 348

WHIZARD v2.2.3

LCWS 2017, Strasbourg, 24.10.17
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Top threshold: validation and matching

* Transition region between relativistic and T T T T .
resummation effects [ = 14 GeV [ MOy
i Im[v(+/3)] 1
C 0.80 ._ / \ —fS(I'U(\/E)D _-
: - | L
i ’4 5 - Fs(Im[w(+/s 1
- FeXp / I " l i
ONLO+NLL = ONLO + (FNLL — FNLL) " 0-60 - / \ ]
e € : ™~ ~ f ‘\‘ - "//// :
0.40 |- | \ /,«" a
I N J/ \ ,/’/ g :
[ v2=0.3 AN ‘f: E__,/
0.20 - ;f' /\ -
| ;.“ \\// \
i v, = 0.1 / \
000 I Lo L / I \? -------- Lo L
300 320 340 360 380 400
Vs [GeV]
OTmatched = 0FO [om] + oNkqep [fs an, fsas, fsaus]
— oNmaon [fs am, fs o)
Smoothstep matching function:
’ e s (
Chokoufe/Hoang/Kilian/JRR/ 1 v <1y
: 2 3
StahlhofenTeubner/WVeiss, fav)=41-3 ( v—v, ) (v—vl ) v < v < v
V2—V1 V2 —V1
0 V> U9
\

to appear very soon
LCWS 2017, Strasbourg, 24.10.17

Top Precision Physics

%E‘S{ J.R.Reuter

o



JL Top threshold: validation and matching 17/21

———
NLO predictions for on- and off-shell ¢ production A, = 30 GeV, expanded, evaluated with a, only s-wave contributions
1000 :_ I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I _: 1000 —_ I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I _—
: ] i —— Whizard signal ]
200 F - Analytic
800 E_ 800 | Whizard factorized
700 ;— i
_ 600 | oo |
< 500 B — I
6 : =
400 E_ b 100 i
300 ;_ W+W—bl:), my[mas], o = Mis/Vs : -
200 W*W~bb, m[ms], po = mas 3
- WTW~bb, mi = mis, o = mis ] -
100 E_ tE’ my = M1, o =— MN1S _E 200 __
o | . | | L
L LI FT T ' 0 ]
51.05 B | | | . | | |
> 2 ,
%1-005 . 1.50 F 1 T T I I —
0.95 3
R S g 1.25 F B
0.90 __ I 1 1 1 I E
I-ib 1.10 :_ | T T T I ,.g
i% 1.05 F 3
= 1.00 E éb
IQ 0.95 F = >
“b 0.90 :_ I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I _: Il 1
330 340 350 360 370 380 330 340 350 360 370 380
/s [GeV] /s [GeV]
Bach/Chokoufe/Hoang/Kilian/JRR/Stahlhofen/Teubner/Weiss, to appear very soon
0.

BE:{ J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17



{L Top threshold: validation and matching 17/2]

——
NLO predictions for on- and off-shell ¢t production A, = 30 GeV, LL, only s-wave contributions
I 1 I L I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I .
1000 1500 | —
I —— Whizard signal i
200 £ Analytic
800 1200 [ Whizard factorized
700
__ 600 | ooo |
= 3 —_ B
= 500 Q
b =
400 b i
_ 600
300 W+W—bl_), me[mis], o = Mis/Vs ; i
200 | W+HW~bb, m[ms], po = ms 3 i
W+HW~bb, my = mys, o = mas ] -
100 tt, my = mas, po = Mas E 300 1
OE l l . l l 1 3
' 0
= 1.75 :
S -
T 1.50 F
*g n
< 1.25 F
=] C
§ 1.00 E
® 0.75
®
| | | | | | | | | | | | 0.50 L L L
330 340 350 360 370 380 330 340 350 360 370 380
Vs [GeV] Vs [GeV]

Bach/Chokoufe/Hoang/Kilian/JRR/Stahlhofen/Teubner/Weiss, to appear very soon

%E%{ J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17
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.

1000
900
800
700
600
500

o [fb]

400
300
200
100

1.10
1.05
1.00
S 0.95

0.90
= 1.10

% 1.05
+
= 1.00
< 0.95
I+

le vars

Sc

"o 0.90 E

0.

Pon J.R.Reuter

Top threshold: validati

NLO predictions for on- and off-shell ¢t production

W+W—bl:), me[mas], o = Mis/Vs
W*W~bb, m[ms], po = mas
WHW~bb, m¢ = mas, po = mis
tt, my = mas, po = Mas

330

340 350 360 370 380

Vs [GeV]

o [fb]

o / O.Whizard factorized

on and matching 17121

1000 |

800

600

400 [

200 |-

A, = 30 GeV, NLL, only s-wave contributions

—— Whizard signal
Analytic
Whizard factorized

330 340 350 360 370 380
Vs [GeV]

Bach/Chokoufe/Hoang/Kilian/JRR/Stahlhofen/Teubner/Weiss, to appear very soon

Top Precision Physics

LCWS 2017, Strasbourg, 24.10.17



. Matching threshold NLL to continuum NLO '

——

matched, v; = 0.15, v; = 0.30 000 ' 0 b b g
1000 f_ T T T T T T T T T T T T T T T T _f 900 E_ A "“-"‘_:‘-‘"‘ ““““““““““ E
s 3 - e
900  — h=1,f=1 800F B =
f —h=1/2,f=2 ' e 1 gl ]
800 h=1/2,f=1 700 F PR =
600 F h=27F=1/2 , 3 < s :
é‘ : envelope f E —— 500 | =
= 500 F E b E
b [ ] 400 — -
400 F , = - _ :
N , ; 300 - 7 [ e matched, no switch-off E
300 | E 200 E . NLL E
200 = matched, combined, symmetrized 3
100 E = 100 F NLO E
e ] 0B =
0 F I 1 | | | ] ] ] ] | |
1.20 ET T T I " 1.20 F 1 | | | | e
n = 1.10
- 1. — -
§ 1.10 E :
o 1.00 *§ 1.00 ;
3 0.90 | = > 0.90 \ =
wn = S .
0.80 1 ] ] | 0.80 F | . | | | T S T B
330 340 350 360 330 340 350 360 370 380
v/s [GeV] /s [GeV]

Total uncertainty: matching and
h-f variation band

Bach/Chokoufe/Hoang/Kilian/JRR/Stahlhofen/Teubner/Weiss, to appear very soon

.9

BE‘S{ J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17



vy Threshold matching with QED ISR

-« matched, no switch-off i
matched, combined, symmetrized

NLO

340 350 360 370 380
Vs [GeV]

Bach/Chokoufe/Hoang/Kilian/JRR/Stahlhofen/Teubner/Weiss, to appear very soon

——
matched, no switch-off T
17— 1000 |
1000 |- -
i —— h=1,f=1 i i
——h=1/2,f =2 -
i o h=1/2,f=1 b i
800 | h—2f—1 -
h=2f=1/2 -
[ envelope 1 750
600 |- envelope symmetrized i
Z _
b - i
400 |- s ]
i / 1 € 500
200 / 4 b i
= V / . B
o E B 5
| | | 1 N
1.10 | | | | I = 250
» 1.05 | 3 I
— 5
g
o 1.00 oo AT I
I ' !
Q 1
! ]
0.90 | 1 | = 330
330 340 350 360
Vs [GeV]
@/ s .
DEsy ) |.R.Reuter Top Precision Physics

o

LCWS 2017, Strasbourg, 24.10.17



Matched threshold differential distributions e

r“
ete™ = WHbW b, Njets > 2, V5 = 344GeV ete” — WHOW b, Nigs > 2, V5 = 344GeV
— 2 —
S o —— NLO O 92| ~—— NLO
2 N = 10°
S 10! — matched £ g matched
K - CE -
ai L
g 10" —
10! - B
1072 = 15
103 - -
E 10—1 —
20 - | | | | |
20 - I | L | 1 | | L | | - 18 :
18 £ 16 £
16 = o 14E=
o 4= = 12F
3 12C % 10 B
% 10C T 8E
~ 8 E- 6 =
b 6 = 521 =
4 ;_ = t t t t t t ! t t ' t t t
2L PRSP S - | s S S R 160 165 170 175 180
100 120 140 160 180 200 220 240 260 mW 9 [GeV]
WG —
ET #[Gev] ete = WHW B, Nt > 2, /5 = 314GeV
ete™ — ptvue vebbH, Niets > 2, /s = 800GeV — C
— 3
- —4 3 - NLO
> 10 S ]
2 :‘: é\ —— matched
£ 10-5 o 107
'=|'s I
9§ -
106 C
— 10 :
—— NLO ‘—\_l_
1078 102
1079 & L
= WHIZARD+OPENLOOPS
10 [
101.2 %I 111 I 11| I 1111 ‘ | I 1 111 I 1111 ‘ | I I 111 20 :‘ L1 | L L1 L1 L L1 1 L L1 1 L1 L1 1
1 t 18 £~
- = 16 =
Q = -
g 06 4 10 ¢
v 0.4 = 8 E-
0.2 & GE
0 :l L1 1 I Ll I L1 ‘ Ll 11 I L1 I Ll ‘ Ll 11 I L1 1| 4‘ ';—
2E
0 50 100 150 200 250 300 350 400 PR 7 ettt e}
P11+, (GeV] 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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JL Conclusions & Outlook 21/21

¢ Top physics is cornerstone of future lepton collider program

¢ Leptonic top and associated Higgs fully off-shell at NLO QCD

¢ Inclusive processes: off-shell background grows with energy

¢ Top Yukawa extraction @NLO QCD: stronger interference effects

¢ Complete NRQCD threshold / NLO continuum matching
¢ Offers framework for new differential top mass measurements

¢ Next projects: EW corrections, semi-leptonic/hadronic top decays,
ttH threshold matching, top threshold matched with EW

corrections

¢ WHIZARD 2.6 framework for automated (QCD) NLO |
|¢ NLO QCD (almost) done — WHIZARD 3.0 [EWV in validation] |
¢ Automated POWHEG matching |

e S— — — S— ——— ——— J

L_‘ e - e —

J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17
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{L Examples and Validation 24/21

B

List of validated NLO QCD processes  * Simplest hadron collider processes validated:
pp 2> (L) + X pp > (W v+ X pp 2> ZZ+ X

o ete™ — 45

3 GG

o cte” {445 = % Lot
< < 10" £
- .. ) \ é =
o cte™ — 0Tupjg g E 5
n C10° L
e cTe™ — it
107 L
SEC e TE 10%
_I_ iy I _I_ . . N I :
LN ttW ]j 10~ El WHIZARD+OPENLOOPS 10! L WHIZARD+OPENLOOPS
3: l l :lllllll llllll llllllllllllll
o cte™ - tW™b . E L E
g UE 5 12F ’_|—_‘—‘_\_|—’—|_|—\_|
o - S LE 2 C
o ete” — WHW~bb, £+Lv,ibb i 2k i 1E
15 2 0.8 _=‘_'—|J I_I_
N = et E . —— "~ -
.e+e %bb’g—i_g 1:..lllllll...l]lll]l.. ().G_IIll|llllllllllllll|llllllll||lll.|.l
20 40 GO 80 100 120 0 10 20 30 40 50 60 70
m't 7 [GeV]

o eTe” = ttH
e cte” > WHTW-bbH, (T4 v,,bbH
o pp — T4~

opp—)fv

e pp — L/

§ + Status of EW corrections: all parts technically
completed, validation phase started [Rothe et al ]

%E‘S{ J.R.Reuter Top Precision Physics LCWS 2017, Strasbourg, 24.10.17
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t/L Validation of NLO QCD for Lepton Collisions /2

MG5_AMC WHIZARD
Final state o"©[fb] o NLO[fp] K oO[fb] o NLO[fb] K
3j 622.3(5) 639(1) 1.02684 622.73(4) 639.7(2) 1.0272
bb 92.37(6) 94.89(1) 1.02728 92.32(1) 94.78(7) 1.0266
tt 166.2(2) 174.5(6) 1.04994 166.4(1) 175.1(1) 1.0522
ttit GRS RSO = 12.21(5) - 10=* 1.89302 6.463(2) - 10~* 12.16(2)- 1074 1.8814 M
bbbb 1.644(3) -10~Y  3.60(1) - 10! 2.1897 1564(2) - 10ESS S o PNl 2.2378
ttbb 1.819(3) - 1071 2.92(1)-107! 1.6052 1.86(1)- 101 2.93(2)-107! 1.5752
ttj 48.13(5) 53.43(1) 1.11012 48.3(2) 53.66(9) 1.1109
ttH 2.018(3) 1.911(6) 0.947 2.022(3) 1.913(3) 0.9461
tty 12.7(2) 13.3(4) 1.04726 12.71(4) 13.78(4) 1.0841
ttZ 4.642(6) 4.95(1) 1.06636 4.64(1) 4.94(1) 1.0646
ttHZ 3.600(6) - 102  3.58(1) - 102 0.99445 3.596(1) - 1072  3.581(2) - 1072 0.9958
ttyZ 0.2212(3) 0.2364(6) 1.06873 0.220(1) 0.240(2) 1.0909
ttyH 9.75(1) - 1072  9.42(3) - 1072 0.96614 9.748(6) - 1072  9.58(7) - 10~2 0.9827
ttyy 0.383(5) 0.416(2) 1.08618 0.382(3) 0.420(3) 1.0995
ttZ 7 3.788(4) - 1072  4.00(1) - 10~2 1.05597 3.756(4) - 1072 4.005(2) - 10~2 1.0663
ttHH BSSRE M0 N E206(3) 1072 0.888 1.367(1) - 102 1.218(1) - 1072 0.8909
HWTW = 0.1372(3) 0.1540(6) 1.1225 0.1370(4) 0.1538(4) 1.1225
ttW* 34 2.400(4) -10~*  3.72(1) - 10~* 1.54999 2 A1) T O N A () R s 1.5518
777 340.1(2) 316(2) 0.92914 342.4(5) 319(1) 0.9316
3543 104.7(1) 109.0(6) 1.04106 105.1(4) 118(1) 1.1227
ttity 2.719(5) - 107°  5.34(3) - 107° 1.96394 2.722(1)-107° 4.471(5) - 107° 1.6425 &
ttH j 0.2533(3) 0.2658(9) 1.04935 0.254(1) 0.307(1) 1.2087
ttyj 2.355(2) 2.62(1) 1.11253 2.47(1) 3.14(2) 12712
ttZj 0.6059(6) 0.694(3) 1.14548 0.610(4) 0.666(5) 1.0918
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