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Top Quark Production 2

© s-channel production of top-quark pairs et i

© Top decay happens before hadronization

: fadinst: : : 8
0 Electroweak couplings / polarization studies possible i
. . = (3
O Access to vector- and axial-vector ttZ couplings ;
L= | T T I T
" oo - ML
v Do ] © Production cross section: 0.1 - | pb (sub-TeV)

o 100 fb-!: 100,000 top pairs @ threshold
o 2ab': 1,400,000 top pairs @ 500 GeV

© Top helicities available from lepton / jet
TESLA TDR, 2001

0.1 l I | | | |
400 500 600 700 800 900 1000 +/s/GeV

distributions

Paradigm processes : precision determination of top properties

Major bkgd for EW measurements (VVV and VBS); any [most] BSM searches
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Top Production & Decay: Precision e

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, I991; Beenakker/Denner/Kraft, 1993; Akhundov/Bardin/Leike, 1991]

Threshold enhancement [Fadin/Khoze, |1987; Strassler/Peskin, 1991; Jezabek/Kihn/Teubner, 1992; Sumino et al., 1992
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Top Production & Decay: Precision R

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, |993; Akhundov/Bardin/Leike, 1991]

Threshold enhancement [Fadin/Khoze, 1987; Strassler/Peskin, 1991; Jezabek/Kiihn/Teubner, 1992; Sumino et al., 1992

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

NLO QCD diff. [Chokoufe/JRR/Weiss, 2015; Liebler/Moortgat-Pick/Papanasthasiou, 2015;
Chokoufe/Kilian/Lindert/JRR/Pozzorini/Weiss, 2016]

* Properly model the threshold

 Assess selection efficiencies €

* Assess systematic uncertainties
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Top Production & Decay: Precision R

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, |993; Akhundov/Bardin/Leike, 1991]

Threshold enhancement [Fadin/Khoze, 1987; Strassler/Peskin, 1991; Jezabek/Kiihn/Teubner, 1992; Sumino et al., 1992

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

NLO QCD diff. [Chokoufe/JRR/Weiss, 2015; Liebler/Moortgat-Pick/Papanasthasiou, 2015;
Chokoufe/Kilian/Lindert/JRR/Pozzorini/Weiss, 2016]

* Properly model the threshold

 Assess selection efficiencies €

* Assess systematic uncertainties

Top width: ¢t — W Th ’

NLO QCD  [Jezabek/Kiihn, 1989]
&€ NNLO QCD [GuolLi/Zhu,2012] e
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ete~ — tt off-shell in the continuum‘ 4129

NLO QCD 2 — 2 and 2 — 4 calculated with WHIZARD, Sherpa & Munich

Using massive b quarks:
no cuts necessary for ete- = W*W-bb

Full process ete~ = p*v,e~ve.bb exhibits
Coulomb singularity:

@ J.R.Reuter

Precision prediction for top physics

double-resonant

single top

non-resonant

v/Z

single top w-
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Using massive b quarks:

Coulomb singularity:

ete~ — tt off-shell in the continuum‘ 4129
NLO QCD 2 — 2 and 2 — 4 calculated with WHIZARD, Sherpa & Munich
N double-resonant } N non-resonant ;
+ao— + = VA
no cuts necessary for e*e” = W*W=bb 7 tA - v/ ;
Full process ete~ = p*vu,e~v.bb exhibits ; -
e b e
W+ ¢
et b
Z W~ ¢ b
o
single top w e

INPUT PARAMETERS:

mz = 91.1876 GeV,
my — 4.2 GCV,

mwy = 80.385 GeV
my = ].732 GOV

IS 5 = 14757 GeV,

rED, = 1.3681 GeV,
L, 05 = 1.3475GeV.

myg = 125 GeV FH = 0.00431 GeV

'O = 2.4409 GeV,
Iy = 2.0454 GeV,

J.R.Reuter

2O = 25060 GeV,
I = 2.0978 GeV.

Precision prediction for top physics

Complex Mass Scheme (CMS):

fOI‘i=W,Z,t,H 8w=1—c,(2“:1__2

LCWS 2019, Sendai, 31.10.10.19



ete~ — tt off-shell in the continuum‘

4 /29

NLO QCD 2 = 2 and 2 — 4 calculated with

Using massive b quarks:
no cuts necessary for ete- = W*W-bb

Full process ete~ = p*v,e~ve.bb exhibits
Coulomb singularity:

INPUT PARAMETERS:

mz = 91.1876 GeV, my = 80.385 GeV

my — 4.2 GeV, m; = 173.2 GeV.

T, = 1.4986 GeV, R0 = 1.3681 GeV,

IS 5 = 14757 GeV, L, 05 = 1.3475GeV.
myg = 125 GeV FH = 0.00431 GeV

'O = 2.4409 GeV,
Iy = 2.0454 GeV,

J.R.Reuter

2O = 25060 GeV,
I = 2.0978 GeV.

Precision prediction for top physics

WHIZARD, Sherpa & Munich

double-resonant non-resonant

- et

b b
v/Z _
N7 tA w+ b

€

D W
e b e
W+ e
et b
b
Z W~ ¢
e
single top w- e

Complex Mass Scheme (CMS):

W= M2 —iT;M;  fori=W,Z t sz=1—ca:1—iy
Z
Typical pentagons:
W- -
e’ b et t W+
e b e” b
W= b

LCWS 2019, Sendai, 31.10.10.19



| NLO QCD Results for off-shell ete- = tt | s/

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

ete” = tt and ete™ — WTWbb 1.025
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Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390
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| NLO QCD Results for off-shell ete- = tt | s/

ete”™ = tt and ete™ — WTWbb 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 ete™ — WTWbb 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 + T T 17T T1TT |I T T 17T T1TT + . LO tt_ _:
. 5 - --- NLOtt e
-ooF g I — LOW*Wbb | ]
: & 2.00- — NLO W+W~bb| 3 1o
- S ] I
- = . s
— 525 1.00 bt E 2
< 300 350 400 ] Y
b N Vs [GeV] ] 2
350 _- 2 0.975
N . ®
175 -
C ] I — NLO tt . l
- Tm=— 7] - —— NLO W+W_bl_), Ft = Ft([,LR) g
0 __ J WHIZARD+OPENLOOPS -------------- _— 0_95 —WHIZARD+OPENLOOPS - NLO W+W_bb’ Ft = Ft(mt) —
c oo oo by o by o b o by 1 | . | . | | . | |
1.15FT T = 0.125 0.25 0.5 1.0 2.0 4.0 8.0
: 3 m
= 1.10 E PR/
S 1.05F E
: ]
X 1.00 F 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_:
 2.0F7 =
Q 1.75 3 ete” > it ete™ — WHWbb
1 - 3
; 1.5F a9 Vs [GeV] o O[] oNO[fh]  K-factor cOlftb]  oNO[fb]  K-factor
1.25F = o y
S oF E 500 548.4  627.4104% 114 600.7 675.1704%  1.12
© ) —_1 cc by v ey e by oy e e e by 1_: 800 253.1 2709'8233 1.07 310.2 3207'%)%?/0 1.03
500 1000 1500 2000 2500 3000 - 0.7 , T11%
/3 [GeV] 1000 166.4  175.9107%  1.06 2172 2216110%  1.02
1400 86.62  90.66105%  1.05 1264 127.9797% 101
3000 19.14  19.87795% 1.4 37.89  37.63104%  0.993
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‘ Differential Results for off-shell ete~ — tt‘ 6 /29

ete” = ptue 7bb, N
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‘ Differential Results for off-shell ete~ — tt‘

N-

ete” = ptue 7bb, N
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ete” — tt on-shell in the continuum 7129

OO NNLO QCD on-shell for all infrared-safe observables

O Use of antenna subtraction

Chen/Dekkers/Heisler/
Bernreuther/Si, 1610.07897
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ete~ = tt on-shell in the continuum

O NNLO QCD on-shell for all infrared-safe observables
O Use of antenna subtraction

7129

Chen/Dekkers/Heisler/ | _,-"";,(,’,;j,iiiiii:;:':~-:..“
Bernreuther/Si, 1610.07897 o

0.6

a[pb]

0.5
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350 400 450
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600 650
ljvtm [GE\"]

360 381.3 400 500
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onNLO = 010 (1 + A1 + Ag)

350 400 450

500 550
E('I“ [Gt‘\(]
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ete~ = tt on-shell in the continuum

O NNLO QCD on-shell for all infrared-safe observables
O Use of antenna subtraction

7129

Maximal NNLO xsec. @ 381.3 GeV

Chen/Dekkers/Heisler/ | _,."";{,;;jjiﬁ??ﬁ?ii'i"*‘~~-\
Bernreuther/Si, 1610.07897 o
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ete” — tt on-shell in the continuum 7129

O NNLO QCD on-shell for all infrared-safe observables Maximal NNLO xsec. @ 381.3 GeV
/

O Use of antenna subtraction 09

(X7 —

Chen/Dekkers/Heisler/
Bernreuther/Si, 1610.07897 f
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THE BEST OF BOTH SIDES
OF THE DETECTOR:
THE FORWARD-

BACKWARD ASYMMETRY

@ J.R.Reuter Precision prediction for top physics LCWS 2019, Sendai, 31.10.10.19



‘ Top-Forward Backward Asymmetry ‘ 9 /29

i cosf -
e = it) | o AM? 2 ’
()‘(ed;;cl\/[_> 3 = CB_ s St Sin2 9) Gl(S)
4 M2
(s) + \/1— L 2COS(9G3(S)} v, 4
s
e t

G1(s) = Q2Q7 +2Q.Q:V.ViRe [Xz(s)] + (V2 + A2) (V2 + A7) | Xz(s)’
Ga(s) = (V2 + A2) A?|Xz(s)|?
Gs(s) = 2Q.Q:A.ARe[X7(s)] + A V.V AL Ay | X ()|

Axial vector photon-Z and vector—axial-vector interference

Linearly dependent term generates Forward-Backward Asymmetry
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‘ Top-Forward Backward Asymmetry ‘ 9 /29

d0'(6+6_ = tf) i o2 4Mt2 % e 7
dQcn T Sin . sin 9) G1(s)
2
(s) + \/1 - 4]\jt 2 cos 9G3(s)} v, Z
% t
Gl(s) == QEQ% —|_ zQthVG‘/t Re [XZ(S)] _|_ (VGQ _"_ Ag) (‘/;2 + A%) ’XZ(S)’Q €
(Ve + A2) A7 | Xz (s)I°
N0 O A A Re [ X 7(s)] + AV VoA Ay | X 7(3)|° qs?1000 T
< 800 1>0.008
% } + +

= =)
2 2
LN B L L W v
+ g
/S
+
=
71:I
A [

Axial vector photon-Z and vector—axial-vector interference 20T 4=001+0.07 ]
Linearly dependent term generates Forward-Backward Asymmetry O s T T s T
LEP | cost
o(cosf, > 0) — o(cosb; < 0)
App = : . : :
O'(COS 0, > ()) + a(cos 0, < O) Asymmetry is function of collider energy
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‘ Top-Forward Backward Asymmetry \ e

e o Ay AP ANO/A
tt -0.535 -0.539 1.013
W+W ~bb -0.428  -0.426 0.995
Arp . )
pte v, .bb -0.415 -0.409 0.986
uv+e_z/ﬂ176bl_), without neutrinos -0.402 -0.387 0.964
tt 0.535 0.539 1.013
_ WHW~bb 0.428  0.426 0.995
Arp o _ ‘
pe v, Uebb 0.415  0.409 0.986
pe v, b, without neutrinos 0.377 0.350 0.928

Ars of the top quark

Forward-backward asymmetry

Agy 1=

ol = U Sedis el

o(p > 0)+o(pl <0)

J.R.Reuter Precision prediction for top physics

NLO QCD Corrections

Gluon emission symmetric in 0 =

NLO QCD corrections small

Djouadi/Lampe/Zerwas, hep-ph/94 11386

Bardin/Christova/Jack/Kalinovskaya/Olchevski/S.
Riemann/T. Riemann, hep-ph/9908433

Altarelli/Lampe, NPB391 (1993) 3
Ravindran/van Neerven, hep-ph/980941 |
Catani/Seymour, hep-ph/9905424

LCWS 2019, Sendai, 31.10.10.19



‘ Top-Forward Backward Asymmetry \ e

etem - ALQ ANLO  gNLO/ALO NLO QCD Corrections
i -0.535 -0.539  1.013 Gluon emission symmetric in 0 =
WHW —bb -0.428 -0.426 0.995 :
App _ 7 NLO QCD corrections small
pte v, bbb -0.415 -0.409 0.986
uv+e_z/ﬂ176bl_), without necutrinos -0.402 -0.387 0.964 Djouadi/Lampe/Zerwas, hep-ph/941 1386
- - Bardin/Christova/Jack/Kalinovskaya/Olchevski/S.
t . 0.535 0.539 1013 Riemann/T. Riemann, hep-ph/9908433
+ —_— .
Ay VWU 0.428  0.426 0.995 Altarelli/Lampe, NPB391 (1993) 3
e v, Dcbb 0.415  0.409 0.986 Ravindran/van Neerven, hep-ph/980941 |
/,z+e_z/#f/ebl_), without neutrinos 0.377  0.350 0.928 Catani/Seymour, hep-ph/9905424
Ars of the top quark o10. [ wHizarp 1L
"~ | WHIZARD NLL
Forward-backward asymmetry ige
s/p-wave resummation
, : 2 0.06 N
A - 0<p Z; > O) ot O-(p z) < O) =
i alips =S o(p < |0) 0.04 \
0.02
Threshold region: P-wave (axial oo
vector) resummation important 340 342 344 346 348 350

\/ s [GeV] WHIZARD v2.2.3
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10/ 29

‘ Top-Forward Backward Asymmetry \

ete - ALQ ANLO  gNLO/ALO NLO QCD Corrections
i -0.535 -0.539  1.013 Gluon emission symmetric in 0 =
+1A7— hh _ _ : - ;
App WEWbb _ 0428 -0.420 0-995 NLO QCD corrections small
pte v, o.bb -0.415 -0.409 0.986
uv+e_z/ﬂ17€bl_), without neutrinos -0.402 -0.387 0.964 Djouadi/Lampe/Zerwas, hep-ph/941 1386
- - Bardin/Christova/Jack/Kalinovskaya/Olchevski/S.
t . 0.535 0.539 1013 Riemann/T. Riemann, hep-ph/9908433
Aprg WrWTbb 0.428  0.426 0.995 Altarelli/Lampe, NPB391 (1993) 3
e v, Dcbb 0.415  0.409 0.986 Ravindran/van Neerven, hep-ph/980941 |
/,z+e_z/#ﬂebl_), without neutrinos 0.377  0.350 0.928 Catani/Seymour, hep-ph/9905424
Chen/Dekkers/Heisler/
Bernreuther/Si, 1610.07897
Ars of the top quark NNLO Lo
K fignce 7 A AFB(1+A1+A2)
V5 [GoV] [ ARS (%] ANEC (%] ANN™° (%] | Ai[%] Az [%] | 6ANN© [%]
+0.05 +0.12 +0.35 +0.46
360 1491 1554 005 16.237012 [ 4014035 4587096 40,59
+0.08 +0.11 +0.29 +0.11
400 28.02  28.971008 2963101 | 341102 2361011 +0.27
+0.08 +0.08 +0.19 +0.01
500 41.48 42427098 42911008 | 9981019 1 181001 | 4013
+0.04 +0.04 +0.07 +0.01
700 51.34  51.8170%%  52.0570:%4 | 0.917397 0.47F3%1 | 40.06

@ J.R.Reuter

Precision prediction for top physics

LCWS 2019, Sendai, 31.10.10.19




OFF THE TOP OF MY HIGGS:
TOP YUKAWA COUPLING

@ J.R.Reuter Precision prediction for top physics LCWS 2019, Sendai, 31.10.10.19



ete” = ttH: the Top Yukawa coupling 12/29

= 500 GeV [ttH associated production]

Measurement possible for\/_
S

Contamination from Higgsstrahlung, Z* — tt

Cross section rises by factor of 4 between 500 and 550 GeV (!)

Slight enhancement at threshold due to QCD Coulomb gluons

Minor sensitivity already at threshold ( — later)

1S Peak -
S \!PE = 500 [GeV]
ol.=0

m, = 175 [GeV]

iz (w/ NRQCD)

Yonamine/lkematsu/Tanabe/Fujii/Kiyo/Sumino/Yokoya, 201 |
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ete” = ttH: the Top Yukawa coupling 12/29

= 500 GeV [ttH associated production]

Measurement possible for

NG

Contamination from Higgsstrahlung, Z* — tt
Cross section rises by factor of 4 between 500 and 550 GeV (!)
Slight enhancement at threshold due to QCD Coulomb gluons

Minor sensitivity already at threshold ( — later)

1S Peak -
S \!PE = 500 [GeV]
ol.=0

iz NRQCD) m, = 175 [GeV]

Yonamine/lkematsu/Tanabe/Fujii/Kiyo/Sumino/Yokoya, 201 |
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ete” = ttH: the Top Yukawa coupling 2
= 500 GeV [ttH associated production]

Measurement possible for

NG

Contamination from Higgsstrahlung, Z* — tt
Cross section rises by factor of 4 between 500 and 550 GeV (!)
Slight enhancement at threshold due to QCD Coulomb gluons

Minor sensitivity already at threshold ( — later)

1S Peak \s = 500 [GeV]
y'd
Pol_=0

iz (w/ NRQCD) S

Yonamine/lkematsu/Tanabe/Fujii/Kiyo/Sumino/Yokoya, 201 |

* Much gain from higher center-of-mass energies like 0.8-1.0 TeV [CLIC: |.5TeV !]
- Larger cross section, (much) less tt background

@ J.R.Reuter Precision prediction for top physics LCWS 2019, Sendai, 31.10.10.19



+tao— —) H 13/29
‘ NLO QCD Results for off-shell e*e tt
ete” —» ttH and ete” — WTW bbH ete — ttH and ete™ — WTW - bbH at /5 = 800 GeV
T I T T I T T T T I I T I T T T I
I T T T T I T T T T I T T T T I T T T T I T T T T I 1.05 — ]
3.00 _ — — NLO ttH B -
. 250F TR -~ - LOtEH ] —— NLO W*W~bbH, T;=T(ur) R
- = - 1|--- NLO ttH - --- NLOWHW~bbH, T =Ty(m) ]
2.50 - S 1750 J|— LOW+W-bbH |
B ; - 1|— NLO W*W-bbH| ] 1
2.00:— 1.00:|-1111|1111+ _: ,;O.\ 1.0 i ]
N 425 500 575 ] i
) R GeV i 1
= 1.s50f Vs [GeV] 3 g P _
© ot ] 5 ,’ -
N ] ~ .’
1.00 - - = 1
N . Y 0.95 L i
0.50~ [ WHIZARD+OPENLOOPS ~  TU——Te———— - |
0.00 I I I I I I I I I I I I I I I I I I I I I I I I I B ! WHIZARD+OPENLOOPS
1.05F ] 0.9 .
L{ : : 1 I 1 1 I 1 1 1 1 I I 1 I 1 1 1 I
2 0.95F 3 0.125 0.25 0.5 1.0 2.0 4.0 8.0
S C . pr/(ms + my)
[ L ]
A 0.85 =
0.75E .
T 1.35
b . i
& 1.20F ]
3 . ]
s 1.051 —
Y . ]
bE 0-90 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
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| NLO QCD Results for off-shell e*e~ = ttH |

ete” —» ttH and ete — WtW bbH
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ete” — ttH and ete™ — WHTW bbH at /s = 800 GeV

1 I 1 1 I 1 1 1 1 I I 1 I 1 1 1 I
LOSE—— NLOt#tH P
_— NLO W+W_be, Ft = I‘t([,l,R) PRe - .
- -- NLOW+*W~bbH, T, =T(m;) e ]
’33_ 1.0 . S -
I ]

& e
2 t- |
s e i
= .’
~ 0.95 7 —
© ,?

‘ WHIZARD+OPENLOOPS
0.9 —

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

pr/(m¢ + mp)
ete” = ttH ete™ = WHW-bbH
Vs [GeV] o Olfb] o FO[fb] K-factor oc"Clfb] o O[fb] K-factor

+3.6% +2.6% ‘
500 026 0.42136% 160 027 0.4412%% 163
o 9p 241+0.1% ‘ 12.1% d
800 236 2.34101% (.99 250  2.401%1%  0.96

+0.5% +2.5%

1000 202 1.91%05% 095 221 2.00425%  0.90
oe 10.9% . 29+2.6% ]
1400 133 1.2070% 090 153 1.32420%  oge

ox+1.4% +2.9% ;
3000 0.41  0.35114% 084 055  0.44¥29% (.79
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‘ Differential Results for off-shell ttH ‘ 14129

ete” — WHOW bH, Niews > 2, Vs = 800GeV ete” = WHbW ~bH, Njes > 2, Vs = 800GeV
> i > 0-2 |
3 , c 10 -
< ~
€102 o £ 10-3
g5 F R
L 104 -
— LO 10—5 ;7 E— I.;O
10_3 L NLO R I\LO
E 10-°
[ 107
WHIZARD+OPENLOOPS U !
-4 | -8
1012E 1 1 1 1 I loﬁoﬁxll I | 00 T L B
11 & —— 50 |
x LOE g5 40}
£ 09 h__L"L“r__L"L——L_.L__ - g 30
=08 = < 20|
MO0.7E 10
0.6 = S I waﬂ__ N o R
055 oo b : 350 400 450 500 550 600 650 700
0 50 100 150 200 250 o V v Y v

; "BWYBW "
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Differential Results for off-shell ttH ‘ 14129

ete” — WHOW bH, Niews > 2, Vs = 800GeV ete” = WHbW ~bH, Njes > 2, Vs = 800GeV
> 2 1072 L
o) o
< ~
gt [ 2 199
g5 F R
C 10-1
— — LO 10°
1073 —— NLO
E 10-¢
[ 107
WHIZARD+OPENLOOPS U !
-4 | -8
1012E 1 1 Loy | loﬁoﬁxll TR | 100y T L B
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x LOE g5 40}
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P Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390
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Determination of Top-Yukawa coupling ‘ 15/29

Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390

SM signal-strength /
coupling modifier:

ete™ = WHW-bbH, /s = 800 GeV
I T T T T I T T T T I T T T T I T T T T I
| | | LO,wWtw-bbH

I NLO, w+w-bbH

) {da(ft)]_' _S+I+B

I/2+ B
+

. 4 Y 1
] lim O’(_fz) 29 + [ ~ 9 25 + 1

tf_}]

d{ t

WHIZARD+OPENLOOPS

K-factor

ttH WHW -bbH
LO |0.514 + 0.0002 | 0.520 + 0.001
NLO | 0.485 + 0.0002 | 0.497 + 0.002

cf. also CLIC Top Report, 1807.0244 |

@ J.R.Reuter Precision prediction for top physics LCWS 2019, Sendai, 31.10.10.19



Determination of Top-Yukawa coupling ‘ Gl
Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss, 1609.03390 SM signal-strength /
L eTe S WIWIUH, /5= 800 Gev | coupling modifier:
3'0__ I LO, W*W-bbH
gl | I NLO, WHW bbH f 4 '
I lim o(¢,) do (&) _S+I+B_l+l,’2+B
g“_‘ gl g 2841 2 2847
200 — 12
i WHIZARD+OPENLOOPS o\o - LHC 3000 fb™! (ATLAS: ATL-PHYS-PUB-2014-016 (2014), Model Dependent « fit)
1.02:— : : — : : : 8) ] LHC 3000 fb™" @ ILC 250 GeV, 2000 fb™' (Model Independent EFT fit) i
5 Lob c 1 0 LHC 3000 fb™" @ ILC 250 GeV, 2000 fb™ ]
*g E i . @ ILC 500 GeV, 4000 fb™ @ 350 GeV, 200 fb™' (Model Independent EET fi
; 0.98 - S E—
0.96F | L l l l 8 8 ..........................................................................................................  —
0.9 0.95 1{? 1.05 1.1 c
O -
. S
ttH WW bbH O 6 ............................................................................................... —
LO 0.514 + 0.0002 | 0.520 & 0.001 % -
NLO | 0.485 & 0.0002 | 0.497 =+ 0.002 j‘-;’ 4
S 1
cf. also CLIC Top Report, 1807.0244 | S
= —_
O
o
al

from 1710.07621
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Matched NLO QCD results 16129

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

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

@ J.R.Reuter Precision prediction for top physics LCWS 2019, Sendai, 31.10.10.19



Matched NLO QCD results 16/29

Precise predictions of multi-parton final states require properly matched samples
NLO QCD including POWHEG matching already available =~ [WHIZARD+OpenLoops]

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

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

ete” — tth ete™ = tth
s T
o 12 © 003 — LO
3 - =} - —— NLO ur =
1 — 350025 = —— NLO u, = 2u
L - NLO pr = p/2
0.8 — 002 — —  POWHEG
F LO E
0.6 — 015 —
C —— NLO p, = p OOof
0.4 - —— NLO p, = 2u 001 -
C NLO pr = p/2 C
P HE - ~! [
0.2 L WHIZARD+OMEGA+OPENLOOPS OW G 0.005 — WHIZA ﬁGﬂEE'— PENLOOPS _L
4 C - L
1_6:|11||| TR B R Lo 0 1.8 - ‘_‘ 1'11—“"1"'1"'1':‘:‘_—‘"—&
14 = 1.4 — L
g 12= 5 12- =
= g 1t
N v 0.8 =
0.6 —
0.4 E | | | | | | | | I | I | | | J L | |
250 300 350 400 450 500
Ej, [GeV]
[Chokoufe/JRR/WVeiss]
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‘ NLO QCD top physics results 7129

MG5_AMC WHIZARD

Process oO[fb] oNLO[fb] K o0 [fb] g i) K

ete” — tt 166.2(2) 174.5(3) 1.04994 166.4(1) 174.53(6) 1.04886
ete™ — tij 48.13(5) 53.36(1) 1.10867 48.3(2) 53.25(6) 1.10248
ete™ — ttjj 8.614(9) 10.49(3) 2k 8.612(8) 10.46(6) 1.21458
ete™ — ttjjj 1.044(2) 1.420(4) 1.3601 1.040(1) 1.414(10) 1.3595

ete™ — titt 6.45(1) - 10~ 11.94(2) - 1074 1.85117 6.463(2)-10~% 11.91(2) 10~ 1.8428

eTe” — tittj 2.719(5) - 10™>  5.264(8) - 10~° 1.93602 2.722(1) -107°> 5.250(14) - 10~° 1.92873
ete™ — tibb 0.1819(3) 0.292(1) 1.60533 0.186(1) 0.293(2) 152
ete” — ttH 2.018(3) 1.909(3) 0.94601 2.022(3) 1.912(3) 0.9456

ete” — ttHj 0.2533(3) - 107°  0.2665(6) - 10~° L. 05212 0.2540(9) 0.2664(5) 1.04889
ete™ — ttHjj 2.663(4)-1072  3.141(9) - 10~2 1.1795 2.666(4) - 1072 3.144(9) - 10~2 1.17928
ete” — tty 242 13.3(4) 1.04726 12.71(4) 13.78(4) 1.08418
ete” = tt7 4.642(6) 4.95(1) 1.06636 4.64(1) 4.94(1) 1.06467
ete™ — ttZj] 0.6059(6) 0.6917(24) 1.14168 0.610(4) 0.6927(14) 1.13565
ete™ — ttZjj 6.251(28) - 1072  8.181(21) - 1072 1.30875 6.233(8) - 1072  8.201(14) - 10 2 1.31573
ete™ — ttW*jj 2.400(4) -107%  3.714(8) - 1074 1.54747 2.41(1)-107%  3.695(9) - 10~ 1.5332

eTe” — tiyy 0.383(5) 0.416(2) 1.08618 0.382(3) 0.420(3) 1.09952
ete” = ttyZ 0.2212(3) 0.2364(6) 1.06873 0.220(1) 0.240(2) 1.09094
ete” — tivH 9.75(1) - 10~2 9.42(3) - 102 0.96614 9.748(6) - 1072  9.58(7) - 102 0.98277
ete™ = ttZZ 3.788(4) - 1072 4.00(1) - 1072 1.05597 3.756(4) - 1072 4.005(2) - 1072 1.0663

ete” — ttWTW~  0.1372(3) 0.1540(6) 8225 0.1370(4) 0.1538(4) 12250
ete” - ttHH B AR (D063 )R- 102 0.888 1.367(1)- 1072  1.218(1) - 10~ 0.8909

ete” — ttHZ 3.600(6) - 1072 3.58(1)-102 0.99445 3.596(1) - 1072 3.581(2) - 10~ 0.9958

J.R.Reuter Precision prediction for top physics LCWS 2019, Sendai, 31.10.10.19



‘ NLO QCD top physics results 7129

MG5_AMC WHIZARD
Process o0 [fb] oNLO[fb] K o0 [fb] g i) K
ete” — tt 166.2(2) 174.5(3) 1.04994 166.4(1) 174.53(6) 1.04886
ete™ — tij 48.13(5) 53.36(1) 1.10867 48.3(2) 53.25(6) 1.10248
ete™ — ttjj 8.614(9) 10.49(3) 1L AL 8.612(8) 10.46(6) 1.21458
ete™ — ttjjj 1.044(2) 1.420(4) 1.3601 1.040(1) 1.414(10) 1.3595
ete™ — titt 6.45(1) - 10~ 11.94(2) - 1074 1.85117 6.463(2)-10~% 11.91(2) 10~ 1.8428
ete™ — tittj 2.719(5) - 107°  5.264(8) - 107° 1.93602 2.722(1) - 1052 #5250 ESloNe 1.92873
ete™ — tibb 0.1819(3) 0.292(1) 1.60533 0.186(1) 0.293(2) 152
ete” — ttH 2.018(3) 1.909(3) 0.94601 2.022(3) 1.912(3) 0.9456
ete” — ttHj 0.2533(3) - 107°  0.2665(6) - 10~° L. 05212 0.2540(9) 0.2664(5) 1.04889
ete™ — ttHjj 2.663(4)-1072  3.141(9) - 10~2 1.1795 2.666(4) - 1072 3.144(9) - 10~2 1.17928
ete” — tty 242 13.3(4) 1.04726 12.71(4) 13.78(4) 1.08418
ete” — ttZ 4.642(6) 4.95(1) 1.06636 4.64(1) 4.94(1) 1.06467
ete™ — ttZj 0.6059(6) 0.6917(24) 1.14168 0.610(4) 0.6927(14) 1.13565
ete™ — ttZjj 6.251(28) - 1072  8.181(21) - 1072 1.30875 6.233(8) - 1072  8.201(14) - 10 2 1.31573
ete™ — ttW*jj 2.400(4) -107%  3.714(8) - 1074 1.54747 2.41(1)-107%  3.695(9) - 10~ 1.5332
eTe” — tiyy 0.383(5) 0.416(2) 1.08618 0.382(3) 0.420(3) 1.09952
ete” — tiyZ 0.2212(3) 0.2364(6) 1.06873 0.220(1) 0.240(2) 1.09094
ete” — tivH 9.75(1) - 10~2 9.42(3) - 1072 0.96614 9.748(6) - 1072  9.58(7) - 102 0.98277
ete™ = ttZZ 3.788(4) - 1072 4.00(1) - 1072 1.05597 3.756(4) - 1072 4.005(2) - 1072 1.0663
ete” = t#tWTW—  0.1372(3) 0.1540(6) L1925 0.1370(4) 0.1538(4)
ete” = ttHH 1.358(1) - 1072 1.206(3) - 10~2 0.888 S Tard@ Rl L O S o 10
ete” > ttHZ 3.600(6) - 1072  3.58(1) - 102 0.99445 3.596(1) - 1072 3.581(2) - 10~
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TOP THRESHOLD SCAN:
THE “TOP” TOP MASS
MEASUREMENT
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Top Mass Measurement: Threshold ‘ 19/29

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

0.5

P Close to threshold: top quarks non-relativistic
04

P Very strong QCD attraction due to “Coulomb” gluon exchange
P Leads to a remnant |S toponium (quasi-) bound state ol

02 -
— no structure J) I
0.8 <5 [

beamstrahlung
== QED ISR
0.6 =ISR + beamstr.

Peralia/Martinez/Miquel, 1999

346 348 350 32 354
error source AmPS [MeV)]

o= - S - | stat. error (200 fb™1) 13

340 342 344 346 348 theory (NNNLO scale variations, PS scheme) 40

\/s_ [GeV] WHIZARD v2.2.3 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 20 - 50
total (stat. + syst.) 40 - 75

from 1702.05333
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Top Mass Definitions‘ al

P On-shell mass M: inverse quark propagator has zero at on-shell mass
P MSmass m: just divergent part is subtracted to achieve a finite quark propagator
P Short-distance masses: PS [potential subtr.], IS, RS [renormalon subtr.] masses

e | (D B, o

Z???,S =it = Ev(q2 — M2) -+ ES(QQ — M2) a) rainbow : b) overlapping q i
ISR 1 d’q % n b.u.t;bles

m= =M — 5 Jlg<w, @orV (@) ;

e IS mass is half the (pert.) mass of the1%S; bound state

d) gluon-bubble

a? —afen—1

B
p
c) spider
t
mlS = M+ LB o
q
p

1

e) quark-bubble f) one-loop

* Relation between pole and MS mass @ 4-loop
Marquard/Smirnov/Smirnov/Steinhauser, 1502.01030

My = my (14 0.4244a, + 0.8345a7 + 2.375a° + (8.49 £ 0.25)a})
= 163.643 + 7.557 + 1.617 4 0.501 4 0.195 & .005 GeV

Final uncertainties from top mass conversions:

AMpg = 23 MeV AMig = 7MeV AMpg = 11 MeV

@ J.R.Reuter Precision prediction for top physics LCWS 2019, Sendai, 31.10.10.19



Top Threshold: a demanding theory calculation | >/#

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

Phase space of two massive particles (p/v)NRQCD EFT w/ RG improvement
~f Ot Z Qs Z 0
o — = (—) (Oés lIl’U) X :
| i e i |

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

% J.R.Reuter Precision prediction for top physics LCWS 2019, Sendai, 31.10.10.19



Top Threshold: a demanding theory calculation| /%

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

¢ Integrate out hard quark and gluon d.o.f. Hoang et al.’99-‘01; Beneke et al.,’13-‘14

¢ Resummation of singular terms close to threshold (v = 0), NNNLO/NNLL available (!)

Phase space of two massive particles (p/v)NRQCD EFT w/ RG improvement

— RIS --*; Nl e g e e S k: R S T I S e R S T ‘. e e U S E o) vty sty oo LS LT Voot FIPS IRV O S v \—__,."
‘ Otf g ¢
L= =X E (—) E (g Inwv)” X ,
| it AR p |

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

Threshold region: top velocity v~ s < | non-relativistic EFT: (V)NRQCD

3 S
} VW + VWA + AW g + VW E + ...
. g 3 8

~ Qs/v (QS/V)2 ~ (QS/V)3
q Voo K1

Continuum region: “standard” fixed-order QCD
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Top Threshold: a demanding theory calculation | >/#

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

¢ Integrate out hard quark and gluon d.o.f. Hoang et al.’99-‘0l; Beneke et al.,’13-14

¢ Resummation of singular terms close to threshold (v = 0), NNNLO/NNLL available (!)

Phase space of two massive particles (p/v)NRQCD EFT w/ RG improvement

- RS A -"L TS A (e PR e k: e S AR N e ._ e e U S E o) vty sty oo LS LT Voot FIPS IRV O S v \—__,."
‘ Otf g ¢
L= — % E (—) E (g Inwv)” X |
| T pupu el L p |

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

Threshold region: top velocity v~ s < | non-relativistic EFT: (V)NRQCD

e g
AW + AN + AW g
N =

~ as/v (as/v)2 ~ (QS/V)3 D
q v o L1 /
AL
| = : p
Continuum region: “standard” fixed-order QCD U

V\\_/
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Fixed-order vs. resummation uncertainties 22129

1.4 . ; :

NRQCD NNNLO fixed order i 5
+ s logarithms 1.0

0.8
0.6
0.4
0.2 =

00 1 1 1
340 342 344 346 348

Kiyo et al., 2005; Beneke et al.,2008-2015 o
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Fixed-order vs. resummation uncertainties

22/29

NRQCD NNNLO fixed order
+ s logarithms

Kiyo et al., 2005; Beneke et al.,2008-2015

Resummation of
velocity logarithms

Hoang/Stahlhofen, 2012

[ 1/2<h<2
15F 2 2
- Myl /2 < ot < 2mu;

NNLL peak: Ao /o =~ 4.5%

V5 (GeV)

.O 1 1 1 1 1 1 | 1 1 1 | 1 1 1
338 340 342 344 346 348 350

Precision prediction for top physics

1.4 . . u
1.2
1.0
0.8
0.6
0.4
0.2

0.0 : : .
340 342 344 346 348

Vs (GeV)

[Hoang & Stahlhofen ‘13]

20

Theory uncertainties
from scale variations:
hard and soft scale ¢

1.0

0.5
0.5 1.0 1.5 20

pr = h - my ps = | - myu

LCWS 2019, Sendai, 31.10.10.19



Top Threshold: parametric dependencies

231528

— B _l T T T T I T T | I | i
ﬁ 1.4 [ tithreshold - m{® 171.5 GeV -
S - — Beneke et al. NNNLO —ILC350LSonly ]
= 1.2 —i1sRony —ILC 350 LS+ISR
g :
o 0 R
S L .
S 0.8 - N

0.6 — s_ 151

- 1 2 i

0.4 B - ...-C\B 10 B

i 1 X i

0.2 based on CLIC/ILC Top Study "\; i

- EPJ C73, 2530 (2013) 1S -

Dependence on M;, [y, O, y:

based on:
Beneke/Maier/Piclum/Rauh, 2015

T T R 5

340

@ J.R.Reuter

\s [GeV]

350

mPS171.5 GeV, ILC Lé —
—do/dm, [A =20 MeV] —do/dy [A=0.1]
—do/dT', [A =40 MeV]  ----Ao,, for 10 fb™
— do/do, [A = 0.0006]

preliminary
based on CLIC/ILC Top Study |
EPJ C73, 2530 (2013)

..............

Precision prediction for top physics

350
\'s [GeV]
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Top Threshold: parametric dependencies

231528
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| Fully exclusive Threshold in e*e- = W*W-bb |

Fully Exclusive Events: assess selection
uncertainties

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

1000 |- -

600 |-

o [1b]

400 [
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Analytic

Whizard factorized

o / O.Whizard factorized

| = — = 1 -
30 340 350 360 370 380
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NRQCD result invalid away from threshold
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Fully exclusive Threshold in ete™ = W*W-bb | /%

Fully Exclusive Events: assess selection
uncertainties
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¢ Only factorized calculation feasible

¢ NRQCD result technically demanding
¢ Remove double-counting

between NRQCD-NLL & QCD-NLO
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Fully exclusive Threshold in ete™ = W*W-bb

24/ 29

Fully Exclusive Events: assess selection

uncertainties
e b b et
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Fully exclusive Threshold in ete™ = W*W-bb | #/»

Matched inclusive W+bW ~b cross section, with QED ISR

Fully Exclusive Events: assess selection O L L
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‘ Matched threshold differential distributions ‘ 26/29

ete™ = WTbW b, Nigts > 2, /5= 344GeV ete” = WHbW b, Niggs > 2, /5= 344GeV
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‘ Matched threshold differential distributions ‘

ete™ = WTbW b, Nigts > 2, Vs = 344GeV
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Challenges for the off-shell threshold ... 27/29

Next steps: higher QCD order, EWV corrections (ISR matching!!), soft gluons ... ... ...

ete™ — WTbW b

000 L
900 et T
800
700

600

é 500

© 400 .

------- matched, no switch-off
300 -+ NLL
200 matched, combined, symmetrized
NLO
100 NNLL
n
D
05
8=
2y,
+~
=
D
O
=

)

330 340 350 360 370 380
Vs [GeV]

Bach/Chokoufé/Hoang/Kilian/JRR/Stahlhofen/Teubner/VWeiss, 1712.02220

@ J.R.Reuter Precision prediction for top physics LCWS 2019, Sendai, 31.10.10.19



Summary & Outlook‘ 28/29
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™ 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
@ Can be reweighted to NNNLO QCD accuracy at threshold

& Offers framework for new differential top mass measurements

‘ Top Theorists To-Do List ‘

¢ EW corrections (off-shell), effects of QED FSR
¢ Top threshold matched with EWV corrections
¢ ttH threshold matching

¢ Systematic study of parton shower, logs, soft QCD effects
¢ ... unforeseen to-dos ...

e #
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Outlook to PDG 203x: |
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BACKUP
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Resonance mappings for NLO processes 31/29

& 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
[Jezo/Nason, 1509.09071] N
& Most important for narrow resonances (H — bb) € b
& Additional soft mismatch integration component /L’ b
_ ’ vy
> D™ = [(pbb mu) "‘murh] +
2 —1 H
» DReal — [(pbbg mQH) + mQHF%I e
e Ve
0 B A DBorn pbb—>mH 1 Azlbg
Ping = Dhp + D DReal T mITe

@ J.R.Reuter Precision prediction for top physics LCWS 2019, Sendai, 31.10.10.19



Resonance mappings for NLO processes

€0 “€C “€c

“€c

& Additional soft mismatch integration component

> D™ = [(ﬁbb mn) +my II] :

> DReaI |:(pbbg

pgbg = Dy + Abbg

J.R.Reuter

Algorithm to include resonance histories

[Jezo/Nason, 1509.09071]

Most important for narrow resonances (H — bb)

5 1
2 2 12
mH) +mHFH]

DBorn pbb_)mH
DReaI

Ay
____bbg
1 _I_ miII‘Q

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

Factorization in the soft limit

31/29
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Resonance mappings for NLO processes 31129
& 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 Factorization in the soft limit
[Jezo/Nason, 1509.09071] e AR ' andanrks
¢+ Resonance-aware FKS
& Most important for narrow resonances (H — bb) !
10 E
& Additional soft mismatch integration component L
Born _ | (7 2 | b1l e S
> D™ [(pbb mn) +mj, II] ' W rE SR
) 1 Wipr i -
BT .
Real __ 2 2 172 X 50T X A
> Dy |:(pbbg My ) +mHFH] 01 F T A . E
'..".:..:_';._.;.’;"" " o8 . .
'5"-1\?.":.':'.. Lot \
B 4 0.01 | | ! 1 ’* .:-.'-1.-1'. : i
2 =2 A D ' pbb_>mH 1 _I_ Abbg 0.00 0.01 0.02 0.03 0.04 0.04
pbbg - pbb + bbg D?__Ieal %IF%I E, [GeV]
& WHIZARD complete automatic implementation: example e*e- — pubb  (ZZ ZH histories)
lIt Calls Integral[fb]l Error[fb] Err([%] Acc Eff[%] Chi2 N[It) i
! 1 11988 9O.6811847E+00 6.42E+0@ 66.30 72.60%« 0.65 !
2 11959 2.8539703E+00 2.35E-01 8.25 9.02x 0.69
3 11936 2.4907574E+00 6.54E-01 26.25  28.68 0.35
< 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
! 5 59665 2.7539078E+00 1.97E-01 7.15 17.47 0.74 0.49 5 !

standard FKS

J.R.Reuter
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Resonance mappings for NLO processes 31129
& 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 Factorization in the soft limit
. woE 1~ 1T T T T
[lezo/Nason, 1509.0907 ] A s
& Most important for narrow resonances (H — bb) !
10 E
& Additional soft mismatch integration component S
B _ = 2 B HE - .:\4 .-'.' o - -
> D™ [(pbb mn) +mi II] ' = i
) = Wigd
A% T e .
Real __ 2 2 172 X 50T X A
D €a [(pbbg ’rrl,H) + mHFH] 0.1 E— ~,:.,.-:;£..': ':..' . :.:‘:-: . . ..’ E
',,:_.:_-;._.%,‘.‘._."" . PO
';"-1\?.":.':'.. SR s
4 RO -l L P.‘ .:-.'-1.-1'. : i
2 =2 A DBorn pbb_>mH 1 _I_ Abbg w 0.00 0.01 0.02 0.03 0.04 0.04
pbbg - pbb + bbg D?__Ieal %IF%I E, [GeV]
& WHIZARD complete automatic implementation: example e*e- — pubb  (ZZ ZH histories)
| |
lIt Calls Integral[fb] Error[fb] Err[s] Acc Eff[%] Chi2 N[It) i | It Calls Integral[fb] Error[fb] Err(s] Acc Eff[%] Chi2 N[It] |
! 1 11988 9O.6811847E+00 6.42E+0@ 66.30 72.60%« 0.65 ! ! 1 11988 2.9057032E+0@0 8.35E-02 2.87 3.15%  7.90@ |
2 11959 2.8539703E+00 2.35E-01 8.25 9.02%« 0.69 2 11962 2.8591952E+0@0 5.2@QE-02 1.82 1.99« 10.91
3 11936 2.4907574E+00 6.54E-01 26.25  28.68 0.35 3 11936 2.9277880E+00 4.09E-02 1.40 1.52%« 14.48
< 11908 2.7695559E+00 9.67E-01 34.91  38.09 0.30 4 11902 2.8512337E+00 3.98E-02 1.40 1.52% 13.70
| 5 11874 2.4346151E+00 4.82E-@1 19.80 21.57x 0.74 I 5 11874 2.8855399E+00 3.87E-02  1.34  1.46% 17.15
E 59665 2.7539078E+00 1.97E-01  7.15 17.47  @.74  0.49 | 5 59662 2.8842006E+00 2.04E-02 0.71  1.72 17.15 0.53 5 |

standard FKS

J.R.Reuter
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FKS with resonance mappings
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