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/ 292Top Quark Production 

�, Z

e�

e+

t

t̄s-channel production of top-quark pairs 

Top decay happens before hadronization 

Electroweak couplings / polarization studies possible

Access to vector- and axial-vector ttZ couplings 

Production cross section:   0.1 - 1 pb (sub-TeV)

100 fb-1 :  100,000 top pairs @ threshold

 2 ab-1 :   1,400,000 top pairs @ 500 GeV

Top helicities available from lepton / jet 

           distributionsTESLA TDR, 2001

Paradigm processes :  precision determination of top properties

Major bkgd for EW measurements (VVV and VBS);  any [most] BSM searches
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/ 293Top Production & Decay: Precision 

NLO QCD     [Jersak/Laermann/Zerwas, 1982]

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

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

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

On-Shell process:  e+e� ! tt̄
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NNLO QCD   [Chetyrkin/Kühn/Steinhauser, 1996;  Harlander/Steinhauser, 1998]   

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

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

On-Shell process:  e+e� ! tt̄

Off-Shell process: e+e� ! W+b̄W�b

NLO QCD   [Guo/Ma/Wang/Zhang, 2008]     ✘

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

Using massive b quarks:   
    no cuts necessary for  e+e− → W+W−bb

Full process e+e− → μ+νμe−νebb exhibits 
    Coulomb singularity:  

double-resonant

single top

non-resonant

single top

 e+e− → tt off-shell in the continuum 
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NLO QCD 2 → 2  and  2 → 4 calculated with  WHIZARD, Sherpa & Munich

Using massive b quarks:   
    no cuts necessary for  e+e− → W+W−bb

Full process e+e− → μ+νμe−νebb exhibits 
    Coulomb singularity:  

Typical pentagons:

double-resonant

single top

non-resonant

single top

INPUT PARAMETERS: Complex Mass Scheme (CMS):

mH = 125 GeV �H = 0.00431 GeV

 e+e− → tt off-shell in the continuum 
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/ 295NLO QCD Results for off-shell e+e− → tt
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/ 296Differential Results for off-shell e+e− → tt

m2
t = m2

W +
2hm2

`jb
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1� hcos ✓`jbi

Chokoufé/Kilian/Lindert/Pozzorini/JRR/Weiss,  1609.03390
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/ 296Differential Results for off-shell e+e− → tt

m2
t = m2

W +
2hm2

`jb
i

1� hcos ✓`jbi

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

Full process e+e− → μ+νμe−νebb contains
  also e+e− → W+W− H  (!)
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/ 297 e+e− → tt on-shell in the continuum 

Chen/Dekkers/Heisler/
           Bernreuther/Si, 1610.07897

NNLO QCD on-shell for all infrared-safe observables

 Use of antenna subtraction
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Chen/Dekkers/Heisler/
           Bernreuther/Si, 1610.07897

NNLO QCD on-shell for all infrared-safe observables

 Use of antenna subtraction

Maximal NNLO xsec. @ 381.3 GeV

NLO
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THE BEST OF BOTH SIDES    
    OF THE DETECTOR:
     THE FORWARD- 
  BACKWARD ASYMMETRY
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/ 299Top-Forward Backward Asymmetry
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Axial vector photon-Z and vector—axial-vector interference

 Linearly dependent term generates Forward-Backward Asymmetry



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

/ 299Top-Forward Backward Asymmetry

�, Z

e�

e+

t

t̄
cos ✓

<latexit sha1_base64="P9WR2zJM8mYraTlo9NMn5H7bM+k="></latexit><latexit sha1_base64="P9WR2zJM8mYraTlo9NMn5H7bM+k="></latexit><latexit sha1_base64="P9WR2zJM8mYraTlo9NMn5H7bM+k="></latexit><latexit sha1_base64="P9WR2zJM8mYraTlo9NMn5H7bM+k="></latexit>

d�(e+e� ! tt̄)

d⌦CM
=

↵2

4s

r
1� 4M2

t

s

(✓
1 + cos ✓2 +

4M2
t

s
sin2 ✓

◆
G1(s)

� 8M2
t

s
G2(s) +

r
1� 4M2

t

s
2 cos ✓G3(s)

)

<latexit sha1_base64="KqyZlCCSdLEwTQjApYvy5GkWP+4="></latexit><latexit sha1_base64="KqyZlCCSdLEwTQjApYvy5GkWP+4="></latexit><latexit sha1_base64="KqyZlCCSdLEwTQjApYvy5GkWP+4="></latexit><latexit sha1_base64="KqyZlCCSdLEwTQjApYvy5GkWP+4="></latexit>

G1(s) = Q2
eQ

2
t + 2QeQtVeVt Re [XZ(s)] +

�
V 2
e +A2

e

� �
V 2
t +A2

t

�
|XZ(s)|2

G2(s) =
�
V 2
e +A2

e

�
A2

t |XZ(s)|2

G3(s) = 2QeQtAeAtRe [XZ(s)] + 4VeVtAeAt |XZ(s)|2
<latexit sha1_base64="B/fUwfemjsFfHSkc251K3VGf28A="></latexit><latexit sha1_base64="B/fUwfemjsFfHSkc251K3VGf28A="></latexit><latexit sha1_base64="B/fUwfemjsFfHSkc251K3VGf28A="></latexit><latexit sha1_base64="B/fUwfemjsFfHSkc251K3VGf28A="></latexit>

XZ(s) =
s

s�M2
Z + iMZ�Z

<latexit sha1_base64="08XhDXIbpdl4hDA7DB6HS+TAMZk="></latexit><latexit sha1_base64="08XhDXIbpdl4hDA7DB6HS+TAMZk="></latexit><latexit sha1_base64="08XhDXIbpdl4hDA7DB6HS+TAMZk="></latexit><latexit sha1_base64="08XhDXIbpdl4hDA7DB6HS+TAMZk="></latexit>

� g

2cW
f
⇥
Vf�

µ �Af�
µ�5

⇤
f Zµ

<latexit sha1_base64="X0nf+wD9NHnypbkMBYR6jhmc7bk="></latexit><latexit sha1_base64="X0nf+wD9NHnypbkMBYR6jhmc7bk="></latexit><latexit sha1_base64="X0nf+wD9NHnypbkMBYR6jhmc7bk="></latexit><latexit sha1_base64="X0nf+wD9NHnypbkMBYR6jhmc7bk="></latexit>

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

 Linearly dependent term generates Forward-Backward Asymmetry

e+e� ! µ+µ�
<latexit sha1_base64="kdWdlf3bSrPVbFUzeaeaG1YjcEY="></latexit><latexit sha1_base64="kdWdlf3bSrPVbFUzeaeaG1YjcEY="></latexit><latexit sha1_base64="kdWdlf3bSrPVbFUzeaeaG1YjcEY="></latexit><latexit sha1_base64="kdWdlf3bSrPVbFUzeaeaG1YjcEY="></latexit>

LEP 1

Asymmetry is function of collider energy
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Forward-backward asymmetry

Afb :=
�(ptz > 0)� �(ptz) < 0)

�(ptz > 0) + �(ptz < 0)

Top-Forward Backward Asymmetry

AFB of the top quark

Gluon emission symmetric in θ  ⇒
NLO QCD corrections small

NLO QCD Corrections

Djouadi/Lampe/Zerwas, hep-ph/9411386

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

Altarelli/Lampe, NPB391 (1993) 3

Ravindran/van Neerven, hep-ph/9809411

Catani/Seymour, hep-ph/9905424
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 Threshold region:  P-wave (axial   
    vector) resummation important 

10
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Top-Forward Backward Asymmetry

AFB of the top quark

Gluon emission symmetric in θ  ⇒
NLO QCD corrections small

NLO QCD Corrections

Djouadi/Lampe/Zerwas, hep-ph/9411386

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

Altarelli/Lampe, NPB391 (1993) 3

Ravindran/van Neerven, hep-ph/9809411

Catani/Seymour, hep-ph/9905424

Chen/Dekkers/Heisler/
           Bernreuther/Si, 1610.07897
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OFF THE TOP OF MY HIGGS:
  TOP YUKAWA COUPLING
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/ 2912e+e− → ttH: the Top Yukawa coupling
Measurement possible for      ≳ 500 GeV   [ttH associated production]

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)

Yonamine/Ikematsu/Tanabe/Fujii/Kiyo/Sumino/Yokoya,  2011
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/ 2912e+e− → ttH: the Top Yukawa coupling
Measurement possible for      ≳ 500 GeV   [ttH associated production]

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)

• Much gain from higher center-of-mass energies like 0.8-1.0 TeV  [CLIC: 1.5 TeV !]
• Larger cross section, (much) less tt background

Yonamine/Ikematsu/Tanabe/Fujii/Kiyo/Sumino/Yokoya,  2011
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/ 2913NLO QCD Results for off-shell e+e− → ttH
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/ 2914Differential Results for off-shell ttH
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/ 2915Determination of Top-Yukawa coupling
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                coupling modifier:

cf. also CLIC Top Report, 1807.02441
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/ 2916Matched NLO QCD results

 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.: e+e� ! bb̄bb̄jj`⌫`, bb̄jjjjjj`⌫`
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/ 2917 NLO QCD top physics results

MG5 aMC WHIZARD

Process �
LO[fb] �

NLO[fb] K �
LO[fb] �

NLO[fb] K

e
+
e
� ! tt̄ 166.2(2) 174.5(3) 1.04994 166.4(1) 174.53(6) 1.04886

e
+
e
� ! tt̄j 48.13(5) 53.36(1) 1.10867 48.3(2) 53.25(6) 1.10248

e
+
e
� ! tt̄jj 8.614(9) 10.49(3) 1.21777 8.612(8) 10.46(6) 1.21458

e
+
e
� ! tt̄jjj 1.044(2) 1.420(4) 1.3601 1.040(1) 1.414(10) 1.3595

e
+
e
� ! tt̄tt̄ 6.45(1) · 10�4 11.94(2) · 10�4 1.85117 6.463(2) · 10�4 11.91(2) · 10�4 1.8428

e
+
e
� ! tt̄tt̄j 2.719(5) · 10�5 5.264(8) · 10�5 1.93602 2.722(1) · 10�5 5.250(14) · 10�5 1.92873

e
+
e
� ! tt̄bb̄ 0.1819(3) 0.292(1) 1.60533 0.186(1) 0.293(2) 1.57527

e
+
e
� ! tt̄H 2.018(3) 1.909(3) 0.94601 2.022(3) 1.912(3) 0.9456

e
+
e
� ! tt̄Hj 0.2533(3) · 10�0 0.2665(6) · 10�0 1.05212 0.2540(9) 0.2664(5) 1.04889

e
+
e
� ! tt̄Hjj 2.663(4) · 10�2 3.141(9) · 10�2 1.1795 2.666(4) · 10�2 3.144(9) · 10�2 1.17928

e
+
e
� ! tt̄� 12.7(2) 13.3(4) 1.04726 12.71(4) 13.78(4) 1.08418

e
+
e
� ! tt̄Z 4.642(6) 4.95(1) 1.06636 4.64(1) 4.94(1) 1.06467

e
+
e
� ! tt̄Zj 0.6059(6) 0.6917(24) 1.14168 0.610(4) 0.6927(14) 1.13565

e
+
e
� ! tt̄Zjj 6.251(28) · 10�2 8.181(21) · 10�2 1.30875 6.233(8) · 10�2 8.201(14) · 10�2 1.31573

e
+
e
� ! tt̄W

±
jj 2.400(4) · 10�4 3.714(8) · 10�4 1.54747 2.41(1) · 10�4 3.695(9) · 10�4 1.5332

e
+
e
� ! tt̄�� 0.383(5) 0.416(2) 1.08618 0.382(3) 0.420(3) 1.09952

e
+
e
� ! tt̄�Z 0.2212(3) 0.2364(6) 1.06873 0.220(1) 0.240(2) 1.09094

e
+
e
� ! tt̄�H 9.75(1) · 10�2 9.42(3) · 10�2 0.96614 9.748(6) · 10�2 9.58(7) · 10�2 0.98277

e
+
e
� ! tt̄ZZ 3.788(4) · 10�2 4.00(1) · 10�2 1.05597 3.756(4) · 10�2 4.005(2) · 10�2 1.0663

e
+
e
� ! tt̄W

+
W

� 0.1372(3) 0.1540(6) 1.1225 0.1370(4) 0.1538(4) 1.12257
e
+
e
� ! tt̄HH 1.358(1) · 10�2 1.206(3) · 10�2 0.888 1.367(1) · 10�2 1.218(1) · 10�2 0.8909

e
+
e
� ! tt̄HZ 3.600(6) · 10�2 3.58(1) · 10�2 0.99445 3.596(1) · 10�2 3.581(2) · 10�2 0.9958

<latexit sha1_base64="HPTwF0oQ/E/I0PhsQrl+y736B/E="></latexit>
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/ 2918

TOP THRESHOLD SCAN:
     THE “TOP” TOP MASS
         MEASUREMENT
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/ 2919Top Mass Measurement: Threshold
ILC top threshold scan best-known method to measure top quark mass,  ΔΜ ~ 30-70 MeV

Peralta/Martinez/Miquel, 1999

 Close to threshold:  top quarks non-relativistic
 Very strong QCD attraction due to “Coulomb” gluon exchange
 Leads to a remnant 1S  toponium (quasi-) bound state

from 1702.05333
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/ 2920Top Mass Definitions

Marquard/Smirnov/Smirnov/Steinhauser, 1502.01030

• Relation between pole and       mass @ 4-loopMS
<latexit sha1_base64="royEzPvIQFgSQgOAImBe6FxSp7M=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAVXJWZaYt1V3TjRqhoH9ApJZOmbWjmQXJHLGMX/oobF4q49Tfc+Tem7QgqeiBwOOce7s1xQ8EVmOaHkVpYXFpeSa9m1tY3Nrey2zsNFUSSsjoNRCBbLlFMcJ/VgYNgrVAy4rmCNd3R2dRv3jCpeOBfwzhkHY8MfN7nlICWutm9vBNofxqPHWC3EF9cTSb5bjZnFuxyuWRV8JyUElI8KWKrYM6QQwlq3ey70wto5DEfqCBKtS0zhE5MJHAq2CTjRIqFhI7IgLU19YnHVCee3T/Bh1rp4X4g9fMBz9TviZh4So09V096BIbqtzcV//LaEfQrnZj7YQTMp/NF/UhgCPC0DNzjklEQY00IlVzfiumQSEJBV5bRJXz9FP9PGnbBKhbsSztXPU3qSKN9dICOkIWOURWdoxqqI4ru0AN6Qs/GvfFovBiv89GUkWR20Q8Yb5+595aS</latexit>

 On-shell mass M:   inverse quark propagator has zero at on-shell mass
       mass m:  just divergent part is subtracted to achieve a finite quark propagator
 Short-distance masses:   PS [potential subtr.], 1S, RS [renormalon subtr.] masses
MS

<latexit sha1_base64="royEzPvIQFgSQgOAImBe6FxSp7M=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAVXJWZaYt1V3TjRqhoH9ApJZOmbWjmQXJHLGMX/oobF4q49Tfc+Tem7QgqeiBwOOce7s1xQ8EVmOaHkVpYXFpeSa9m1tY3Nrey2zsNFUSSsjoNRCBbLlFMcJ/VgYNgrVAy4rmCNd3R2dRv3jCpeOBfwzhkHY8MfN7nlICWutm9vBNofxqPHWC3EF9cTSb5bjZnFuxyuWRV8JyUElI8KWKrYM6QQwlq3ey70wto5DEfqCBKtS0zhE5MJHAq2CTjRIqFhI7IgLU19YnHVCee3T/Bh1rp4X4g9fMBz9TviZh4So09V096BIbqtzcV//LaEfQrnZj7YQTMp/NF/UhgCPC0DNzjklEQY00IlVzfiumQSEJBV5bRJXz9FP9PGnbBKhbsSztXPU3qSKN9dICOkIWOURWdoxqqI4ru0AN6Qs/GvfFovBiv89GUkWR20Q8Yb5+595aS</latexit>

m0 = ZMS
m m m0 = ZOS

m M
<latexit sha1_base64="ntVAOn2vIdAeNWeIbOcBwBsyUrw="></latexit>

ZOS
m = 1 + ⌃V (q2 = M2) + ⌃S(q2 = M2)

<latexit sha1_base64="FuBVO7HaNzqZgYCYp09ZZaQAsIQ="></latexit>

mPS = M � 1
2

R
|~q|<µf

d3q
(2⇡)3V (~q)

<latexit sha1_base64="sfjW6iSsCOu3/gxdOByxCdRUTDE="></latexit>

• 1S mass is half the (pert.) mass of the        bound state1 3S1<latexit sha1_base64="7pKsdJj5BykoLkKYbTr4V/4JVoM=">AAAB83icdVDLSsNAFJ34rPVVdelmsBVcSMijxborunFZ0T6giWUynbRDJ5MwMxFK6G+4caGIW3/GnX/jtI2gogcuHM65l3vvCRJGpbKsD2NpeWV1bb2wUdzc2t7ZLe3tt2WcCkxaOGax6AZIEkY5aSmqGOkmgqAoYKQTjC9nfueeCEljfqsmCfEjNOQ0pBgpLXkV+y7zTt3pTd+u9Etly3RqtapdhwtSzYl77kLbtOYogxzNfundG8Q4jQhXmCEpe7aVKD9DQlHMyLTopZIkCI/RkPQ05Sgi0s/mN0/hsVYGMIyFLq7gXP0+kaFIykkU6M4IqZH87c3Ev7xeqsK6n1GepIpwvFgUpgyqGM4CgAMqCFZsognCgupbIR4hgbDSMRV1CF+fwv9J2zFt13SunXLjIo+jAA7BETgBNjgDDXAFmqAFMEjAA3gCz0ZqPBovxuuidcnIZw7ADxhvn396kLE=</latexit>

m1S = M + 1
2E

pt
1

����
↵n

s !↵n
s ✏

n�1
<latexit sha1_base64="hRHw3kbL2gGTBll6+oYtAS01hyI="></latexit>

Mt = mt

�
1 + 0.4244↵s + 0.8345↵2

s + 2.375↵3 + (8.49± 0.25)↵4
s

�

= 163.643 + 7.557 + 1.617 + 0.501 + 0.195± .005 GeV
<latexit sha1_base64="ltKvJfivSKrd6aonxsmz+2pHAO8="></latexit>

�MPS = 23MeV �M1S = 7MeV �MRS = 11MeV
<latexit sha1_base64="/odLs8MQGLz8e6Y9wLNbaRkBqIo="></latexit>

Final uncertainties from top mass conversions:
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/ 2921Top Threshold: a demanding theory calculation

 NRQCD is EFT for non-relativistic quark-antiquark systems:  separate  M·v  and  M·v2   
 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 (!) 

R ⌘ �tt̄

�µµ
= v

X

k

⇣↵s

v

⌘k X

i

(↵s ln v)
i ⇥

⇥
�
1 (LL); ↵s, v (NLL); ↵2

s,↵sv, v
2 (NNLL)

 

Phase space of  two massive particles (p/v)NRQCD EFT w/ RG improvement
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Threshold region:  top velocity  v ~ αs  ⪡ 1      non-relativistic EFT:  (v)NRQCD

Continuum region:   “standard” fixed-order QCD
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/ 2922Fixed-order vs. resummation uncertainties

NRQCD NNNLO fixed order
      + αs logarithms

Kiyo et al., 2005; Beneke et al., 2008-2015
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/ 2922Fixed-order vs. resummation uncertainties

NRQCD NNNLO fixed order
      + αs logarithms

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

Resummation of
      velocity logarithms

Hoang/Stahlhofen, 2012

Theory uncertainties 
from scale variations:   
 hard and soft scale

µh = h ·mt µs = f ·mtv
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/ 2923Top Threshold:  parametric dependencies

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

Dependence on Mt, Γt, αs, yt
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/ 2924Fully exclusive Threshold in e+e− → W+W−bb

Fully Exclusive Events: assess selection 
uncertainties
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NRQCD result invalid away from threshold

Bach/Chokoufé/Hoang/Kilian/JRR/Stahlhofen/Teubner/Weiss,  1712.02220
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/ 2924Fully exclusive Threshold in e+e− → W+W−bb

Fully Exclusive Events: assess selection 
uncertainties

Only factorized calculation feasible
NRQCD result technically demanding
Remove double-counting  
  between NRQCD-NLL & QCD-NLO

Bach/Chokoufé/Hoang/Kilian/JRR/Stahlhofen/Teubner/Weiss,  1712.02220
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/ 2925Threshold matching with QED ISR
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/ 2926Matched threshold differential distributions
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/ 2927Challenges for the off-shell threshold …
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Next steps:  higher QCD order, EW corrections (ISR matching!!), soft gluons … … …
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/ 2928

  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

 EW corrections (off-shell), effects of QED FSR
 Top threshold matched with EW corrections
 ttH threshold matching
 Systematic study of parton shower, logs, soft QCD effects
 …   unforeseen to-dos … 

Summary & Outlook

Top Theorists To-Do List
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/ 2929Outlook to PDG 203x:
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/ 2930

B A C K U P
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/ 2931Resonance 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    
                                   [Ježo/Nason, 1509.09071]

   Most important for narrow resonances  (H ➝ bb)
   Additional soft mismatch integration component
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