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Top quark is the heaviest elementary particle in the Standard 
Model.


Top quark provides the strongest coupling to the SM Higgs 
boson and opens doors to new physics.


Top quark might play a role of electroweak symmetry breaking


The measurements at the LHC  offer the ultimate precision in 
top quark physics


Top quark is a good probe of new physics
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First fully analytical NNLO QCD corrections 

L.B.Chen, HTL,  Wang, Wang, arXiv:2212.06341  
L.B.Chen, HTL, Li,  Wang, Wang, Wu, arXiv:2309.00762  

https://github.com/haitaoli1/TopWidth 

First analytical leading color N3LO QCD corrections 

also see Chen Long’s talk yesterday for the result from another group

https://arxiv.org/abs/2309.00762
https://github.com/haitaoli1/TopWidth
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 It has high precision of the experimental measurements of 
total and differential cross sections 

 It is used to study many properties of the top quark 
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allows measurement of 

 check the chiral structure of Wtb vertex than top 
pair production

  t-channel can be used to measurement the b 
quark density

  sensitive to FCNC (t-channel), or W’ resonances 
(s-channel)

Vtb
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LO

NLO

Real corrections to tW production 

onshell and offshell anti-top propagator
Frixione  et al 2008 
Hollik  et al 2012 
Campbell  et al 2005

Giele, arXiv:hep-ph/9511449 
Zhu, arXiv:hep-ph/0109269 
Campbell, Tramontano, arXiv:hep-ph/0606289 
Cao, arXiv:0801.1539 
Kant et al arXiv:1406.4403
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Real corrections to tW production top quark pair production

diagram removal (DR), remove the diagrams for top quark pair production; not gauge invariant 

diagram subtraction (DS), using a local subtraction term to cancel the matrix element square in the 
resonance region 

b-jet veto, together with a careful choice of the factorization scale 

Campbell, Tramontano, arXiv:hep-ph/0506289 
Frixione et al, arXiv:0805.3067 
Hollik ,Lindert ,Pagani, arXiv:1207.1071

NLO
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Li, HTL, Shao, Wang, arXiv:1903.01646 

Beyond NLO

 

Kidonakis, Yamanaka, arXiv: 2102.11300For soft gluon contribution in threshold region, see Ding JiaLe’s talk yersterday 
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Toward NNLO

σ = (∫
τcut

0
dτ + ∫

τmax

τcut

dτ) dσ
dτMany methods has already developed at NNLO level 
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SCET H ⊗ B1 ⊗ B2 ⊗ S standard NLO corrections to tW+j
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Toward NNLO

σ = (∫
τcut

0
dτ + ∫

τmax

τcut

dτ) dσ
dτMany methods has already developed at NNLO level 

SCET H ⊗ B1 ⊗ B2 ⊗ S standard NLO corrections to tW+j

N-Jettiness soft function HTL, Wang, arXiv:1611.02749 and 1804.06358 

NNLO beam function is universal which have been available
TMD soft function

Hard function can be extracted from virtual-virtual contributions 

can be extracted from the soft function for top quark pair production 
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Toward NNLO

σ = (∫
τcut

0
dτ + ∫

τmax

τcut

dτ) dσ
dτMany methods has already developed at NNLO level 

SCET H ⊗ B1 ⊗ B2 ⊗ S standard NLO corrections to tW+j

we have to deal with the resonance divergence for tW+j production  {real − virtual
real − real

N-Jettiness soft function HTL, Wang, arXiv:1611.02749 and 1804.06358 

NNLO beam function is universal which have been available
TMD soft function

Hard function can be extracted from virtual-virtual contributions 

can be extracted from the soft function for top quark pair production 
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Toward NNLO

1. double virtual Amplitude reads ℳ = ℳ0 + αs

4π
ℳ1 + ( αs

4π )
2

ℳ2

Tree 1-loop 2-loop

( αs

4π )
2
( |ℳren

1 |2 + ℳren
2 ℳren

0* + ℳren
0 * ℳren

2* )
1-loop square 2-loop  tree×
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Toward NNLO

2. real-virtual
diagram removal (DR), remove the diagrams for top quark pair 
production; not gauge invariant 

diagram subtraction (DS), using a local subtraction term to cancel 
the matrix element square in the resonance region 

b-jet veto, together with a careful choice of the factorization scale 
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Toward NNLO

2. real-virtual
diagram removal (DR), remove the diagrams for top quark pair 
production; not gauge invariant 

diagram subtraction (DS), using a local subtraction term to cancel 
the matrix element square in the resonance region 

b-jet veto, together with a careful choice of the factorization scale 

Δ = sWb − m2
t In  limit, the amplitude square is Δ → 0 ℳtWb̄

2

LO
= B(2)

Δ2 + B(1)

Δ + B(0) + ⋯

( ℳtWb̄
2

LO)
PS

= ℳ(0)
1t + ℳ(0)

2t

2
− S2 ⋅ (RLO)2 = ℳ(0)

1t + ℳ(0)
2t

2
− B̃(2)

Δ2

The leading singular contribution can be subtracted by

Dong, HTL, Wang, arXiv:2411.07455
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Toward NNLO

2. real-virtual

Possible diagrams with resonance contribution

factorizable 
Loop corrections to top quark pair 

production and decay

RVRen ≡ 2 Re [ℳ(0)*ℳ(1)
Ren] = C(2)

Δ2 + C(1)

Δ + C(0) + ⋯

loop with top propagators
generate nested IR or  structureln Δ

C(2) = αs

2π
B(2) {− 3CF

ϵ2 + 1
ϵ [(CA − 2CF) log ( μ2

s12 ) − 2 (CA − 2CF) log ( μ2

−s13 )
+(CA − 4CF) log ( μ2

−s23 ) + (CA − 4CF) log ( mtμ
−s15 + m2t )

−2 (CA − 2CF) log ( mtμ
−s25 + m2t ) + (CA − 2CF) log ( mtμ

s35 − m2t ) − 11
2 CF]}

+⋯

All the coefficients contain IR poles

IR poles for 1-loop amplitude is well studied 

factorizable + soft gluon contribution

Dong, HTL, Wang, arXiv:2411.07455
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2 log ( mtμ
|Δ | ) ⋅ αs

2π
B(2)[(CA − 2CF) (log ( m2

t

s35 − m2t ) − 1 + β2
t

2βt
log ( 1 − βt

1 + βt ))
−2 (CA − 2CF) (log ( m2

t

−s13 ) − log ( m2
t

2p1 ⋅ pt̄ ))
+(CA − 4CF) (log ( m2

t

−s23 ) − log ( m2
t

2p2 ⋅ pt̄ )) +2CF log ( m2
t

2pt̄ ⋅ p3 ) + 2CF]

IR poles introduce additional  termsln Δ Proportional to the difference between the infra-red 
divergences of the matrix elements for  and 

  with on-shell 
dd̄ → b̄Wt

dd̄ → tt̄ t̄ → b̄W

Dong, HTL, Wang, arXiv:2411.07455

Toward NNLO

2. real-virtual

( ℳtWb̄
2

V+I)PS
= VRen + ℐNLO − S2 ⋅ (RV+I)2 = VRen + ℐNLO − C̃(2) + Ĩ(2)

Δ2

Subtracted RV contribution
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3. real-real

Toward NNLO

Dong, HTL, Li, Wang, work in progress

factorizable + soft gluon contribution

 IR cancelled by NLO subtraction method

Resonance singularities cancelled by 
Power Expansions 
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Single top-quark production: a direct measurement of the 
CKM matrix element  and new physics


Toward NNLO QCD corrections to tW production 


Present the two-loop matrix element for tW production  


Resonance singularity in the tree and loop amplitude has to 
be subtracted 


Real-Virtual and Double real can be dealt with power 
expansion method

Vtb
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