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Large mass: 173 GeV (  ) 

Short lifetime 

 

 

“Bare” quark: information well kept  

                       among its decay products 

A unique position in the two frontiers: 

              Precision and Discovery

𝑦𝑡 ∼ 𝑂(1)

Top Quark: King of the Standard Model
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The key channel in the SM:  pair productiontt̄
Theory calculation has reached  .N3LO
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Nikolaos Kidonakis, Marco Guzzi, Alberto Tonero; Phys.Rev.D 108 (2023) 5, 054012

Scale uncertainty ∼ 2 %



The precision measurement of  pair productiontt̄

The experiment is steadily 
keeping pace.
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Phys.Rept. 1116 (2025) 127-183

It is a true triumph of the SM.

It is now used to determine  
and PDFs. 

𝛼𝑠
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The real test is in the shapes of distributions, which are sensitive to the 
dynamics of QCD.

Tension requires high-order corrections and precision measurement.

The Next Frontier: Differential Distributions



Top quark mass measurement

dσ
d𝒪

TH
(mt) =

dσ
d𝒪

Exp

Direct measurement Indirect measurement

Reconstruct the invariant mass of 
decay products

vs

CMS: 2302.01967 CMS: 1904.05237
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Top quark mass measurement

7

91

0.09 0.1 0.11 0.12 0.13
)

Z
(mSα

World average [PDG2018]

CT14

HERAPDF20

ABMP16

]
jet

[N

) with total unc.
Z

(mSα

data unc.

PDF unc.

 unc.µ

 1 GeV unc.± pole
tm

CMS  (13 TeV)-135.9 fb

165 170 175
 [GeV]pole

tm

World average [PDG2018]

CT14

HERAPDF20

ABMP16

]
jet

[N

 with total unc.pole
tm

data unc.

PDF unc.

 unc.µ

 0.001 unc.± sα

CMS  (13 TeV)-135.9 fb

0.09 0.1 0.11 0.12 0.13
)

Z
(mSα

World average [PDG2018]

CT14

HERAPDF20

ABMP16

)]t[M(t

) with total unc.
Z

(mSα

data unc.

PDF unc.

 unc.µ

 1 GeV unc.± pole
tm

CMS  (13 TeV)-135.9 fb

165 170 175
 [GeV]pole

tm

World average [PDG2018]

CT14

HERAPDF20

ABMP16

)]t[M(t

 with total unc.pole
tm

data unc.

PDF unc.

 unc.µ

 0.001 unc.± sα

CMS  (13 TeV)-135.9 fb

0.09 0.1 0.11 0.12 0.13
)

Z
(mSα

World average [PDG2018]

CT14

HERAPDF20

ABMP16

)]t[y(t

) with total unc.
Z

(mSα

data unc.

PDF unc.

 unc.µ

 1 GeV unc.± pole
tm

CMS  (13 TeV)-135.9 fb

165 170 175
 [GeV]pole

tm

World average [PDG2018]

CT14

HERAPDF20

ABMP16

)]t[y(t

 with total unc.pole
tm

data unc.

PDF unc.

 unc.µ

 0.001 unc.± sα

CMS  (13 TeV)-135.9 fb

Figure B.3: The aS(mZ) (left) and mpole
t (right) values extracted using different single-

differential cross sections, for Njet (upper), M(tt) (middle), and |y(tt)| (lower) measurements.
For central values outside the displayed mpole

t range, no result is shown. Details can be found
in the caption of Fig. 18.

ATLAS: 1905.02302;   CMS: 1904.05237

Tension between indirect and direct measurements!



Theoretical predictions vs experimental data
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State-of-the-art theoretical prediction 
NNLO+NNLL’ in QCD + NLO in EW

Pecjak, Scott, Wang, Yang: 1601.07020 
Czakon et al.: 1803.07623, 1901.08281

NLO alone cannot describe data

Including higher-order corrections

CMS: 1811.06625



Theoretical predictions vs experimental data
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CMS: 1811.06625

Most advanced perturbative predictions 
cannot describe the threshold region

Most sensitive to top quark mass!



Bound-state effects near threshold

10

αn
s

βn

➤ Non-relativistic effects in  system near the threshold 

➤ Well-studied in quarkonium systems

QQ̄



Bound-state effects near threshold
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αn
s

βn

➤ Non-relativistic effects in  system near the threshold 

➤ Well-studied in quarkonium systems

QQ̄

See also: 
Kiyo et al.: 0812.0919 
Sumino and Yokoya: 1007.0075 
Fuks et al.: 2102.11281, 2411.18962 
Garzelli et al.: 2412.16685

Ju, Wang, Wang, Xu, Xu, Yang: 
1908.02179, 2004.03088

dσ
dMtt̄dΘ

∼ ∫ H × J × f × f

NNLO+NLP resummation of bound-state effects

Enhancement near threshold



Bound-state effects near threshold
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Ju, Wang, Wang, Xu, Xu, Yang: 
1908.02179, 2004.03088

Enhancement ~ 10 pb



Bound-state effects near threshold
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Ju, Wang, Wang, Xu, Xu, Yang: 
1908.02179, 2004.03088
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Figure 9. Top-quark-mass dependence of the absolute (left) and normalized (right) Mtt̄ di↵erential
cross sections in the threshold region. Only central values of the NLO and NLO+NLP results are
shown here. The NNLO and NNLO+NLP predictions at mt = 172.5 GeV are given for reference.

e.g., Ref. [14], it is instructive to roughly estimate the impact of including the resummation

e↵ects in the fitting procedure.

To determine the top quark mass from kinematic distributions, one collects a set

of observables {Oi} which are theoretically functions of mt, but can be experimentally

measured without referring to a particular mt value. They can be the total cross section as

well as single, double and triple di↵erential cross sections in each bin. For each observable

Oi, one has a theoretical prediction OTH
i (mt) and an experimental measurement OEXP

i .

The top quark mass can then be determined by varying mt in the theoretical results and

requiring a best fit between the set {OTH
i (mt)} and the set {OEXP

i }.5 It can be understood

that in such a procedure, the observables most sensitive to mt are the main driving force

to decide the outcome. These include, in particular, the Mtt̄ distribution near threshold

and related double/triple di↵erential cross sections.

From the above description, it is clear that the outcome of the procedure strongly

depends on the theoretical predictions entering the fit. Especially, the theoretical inputs

for the mt-sensitive observables are of crucial importance. For illustration, we calculate the

averaged Mtt̄ di↵erential cross sections in the range [300, 380] GeV using di↵erent top quark

masses. The results are shown as functions of mt in Fig. 9 for the absolute distribution (left

plot) and the normalized distribution (right plot). As expected, we observe a strong (and

nearly linear) dependence of the di↵erential cross sections on mt, and a large horizontal

gap between the NLO and the NLO+NLP curves.

Ref. [14] has used the NLO predictions for the normalized di↵erential cross sections to

fit the top quark mass, with the outcome mt ⇡ 171 GeV. From the horizontal dashed line

in Fig. 9, one can see that the NLO result with mt = 171 GeV is roughly the same as the

NLO+NLP result with mt ⇡ 172.4 GeV. This 1.4 GeV shift caused by the threshold e↵ects

is much more significant than that estimated in [14]. Given that the normalized NLO+NLP

5
This can be done in any mass renormalization scheme. We will only discuss the pole mass here.

– 30 –

Enhancement ~ 10 pb



Bound-state effects near threshold
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Ju, Wang, Wang, Xu, Xu, Yang: 
1908.02179, 2004.03088
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cross sections in the threshold region. Only central values of the NLO and NLO+NLP results are
shown here. The NNLO and NNLO+NLP predictions at mt = 172.5 GeV are given for reference.

e.g., Ref. [14], it is instructive to roughly estimate the impact of including the resummation

e↵ects in the fitting procedure.

To determine the top quark mass from kinematic distributions, one collects a set

of observables {Oi} which are theoretically functions of mt, but can be experimentally

measured without referring to a particular mt value. They can be the total cross section as

well as single, double and triple di↵erential cross sections in each bin. For each observable

Oi, one has a theoretical prediction OTH
i (mt) and an experimental measurement OEXP

i .

The top quark mass can then be determined by varying mt in the theoretical results and

requiring a best fit between the set {OTH
i (mt)} and the set {OEXP

i }.5 It can be understood

that in such a procedure, the observables most sensitive to mt are the main driving force

to decide the outcome. These include, in particular, the Mtt̄ distribution near threshold

and related double/triple di↵erential cross sections.

From the above description, it is clear that the outcome of the procedure strongly

depends on the theoretical predictions entering the fit. Especially, the theoretical inputs

for the mt-sensitive observables are of crucial importance. For illustration, we calculate the

averaged Mtt̄ di↵erential cross sections in the range [300, 380] GeV using di↵erent top quark

masses. The results are shown as functions of mt in Fig. 9 for the absolute distribution (left

plot) and the normalized distribution (right plot). As expected, we observe a strong (and

nearly linear) dependence of the di↵erential cross sections on mt, and a large horizontal

gap between the NLO and the NLO+NLP curves.

Ref. [14] has used the NLO predictions for the normalized di↵erential cross sections to

fit the top quark mass, with the outcome mt ⇡ 171 GeV. From the horizontal dashed line

in Fig. 9, one can see that the NLO result with mt = 171 GeV is roughly the same as the

NLO+NLP result with mt ⇡ 172.4 GeV. This 1.4 GeV shift caused by the threshold e↵ects

is much more significant than that estimated in [14]. Given that the normalized NLO+NLP

5
This can be done in any mass renormalization scheme. We will only discuss the pole mass here.

– 30 –

About 1.4 GeV difference

Enhancement ~ 10 pb Account for most of the tension between direct 
and indirect measurements!



Recent CMS and ATLAS measurements
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CMS: 2503.22382

ATLAS-CONF-2025-008



Observation of a pseudoscalar-like excess?
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Toponia
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Bai, Chen, Yang, arXiv:2506.14552

VpQCD(r) = −
CFαs (μR)

r
{1 +

αs (μR)
4π [a1 + 2γE β0]

+(
αs (μR)

4π )
2

a2 + ( π2

3
+ 4γ2

E) β2
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CFαCornell 
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Toponia
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Bai, Chen, Yang, arXiv:2506.14552



Spin correlation and quantum information
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Entangled  at the LHCtt̄

17

[Fabbrichesi, Floreanini and Panizzo, arXiv:2102.11883] 
[Afik and de Nova, arXiv:2203.05582] 
[K. Cheng, T. Han and M. Low, arXiv:2311.09166] …



Entanglement of  observedtt̄
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Single top-quark production
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Single top production:  production𝑡𝑊
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Two-loop virtual corrections to tW production

Chen, Dong, Li, Li, Wang, Wang, arXiv:2212.07190 
Chen, Dong, Li, Li, Wang, Wang, arXiv:2208.08786



Single top production:  production𝑡𝑊
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Possible diagrams with resonance contribution

Investigate the resonance subtraction method 
at 1 loop level

Real-virtual for tW@NNLO can be on-shell

Matrix element square can be expanded in terms of

the leading divergent part can be subtracted 

Dong, Li, Wang, arXiv:2411.07455



Top decay width Γt
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Chen, Li,  Wang, Wang, arXiv:2212.06341 

First analytical leading color N3LO QCD corrections First fully analytical NNLO QCD corrections 

Chen, Li, Li,  Wang, Wang, Wu, arXiv:2309.00762 

https://github.com/haitaoli1/TopWidth 

Numerical N3LO QCD corrections 
Chen, Chen, Guan, Ma,, arXiv: 2309.01937 
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Top Quark Physics : rich signatures of NP
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 1) CPV measurement in the  production𝑡̄𝑡𝐻

CP property of  interaction 
 
                                        

tt̄H

 ℒ ⊃ − 𝑦𝑡 𝑡̄ 𝑒𝑖𝛼𝛾5𝑡 𝐻 

24

QHC, Xie, Zhang, Zhang, 2008.13442



 1) CPV measurement in the  production𝑡̄𝑡𝐻
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 1) CPV measurement in the  production𝑡̄𝑡𝐻
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CP-odd vs CP-even



2) Triple Top-Quark Production at the LHC
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Top FCNC

Coexistence
Top FCNC

Top flavor conserving

 𝒪𝑉
𝑢𝑡𝑡𝑡 =

𝑓𝑉
𝐹𝑉𝑁𝐼 𝑓𝑉

𝐹𝐶𝑁𝐼

Λ2
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2) Triple Top-Quark Production at the LHC
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QHC, Chen, Liu, Wang,1901.04643



 and  Production ttt̄/ t̄t̄t tt/ t̄ t̄
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JHEP 1406 (2014) 035 
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Joint constraints from multiple top processes
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triple top + four top quarks production

 𝒪𝑡𝑡𝑡𝑡 =
1
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Top quark physics in the SMEFT
EFT provides a model-independent framework to search for NP.

31
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By combining top, Higgs, diboson, and electroweak precision data, one can constrain the 
parameter space from all directions.

E. Celada, T. Giani,  
J. Hoeve, L. Mantani, 
J. Rojo, A. N. Rossia,  
M. O. A. Thomas,  
E. Vryonidou 
JHEP 09 (2024) 091

Top quark physics in the SMEFT



Summary

Thank You!

We are in an era of precision, and it is time to consider what we can learn from the data.

< 5 >�	�� �
�


Standard Model measured with unprecedented precision

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-039/


