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Table 10.7: Principal SM fit result including mutual correlations.

MZ [GeV] 91.1882 ± 0.0020 1.00 ≠0.07 0.00 0.00 0.02 0.02
‚mt( ‚mt) [GeV] 163.51 ± 0.55 ≠0.07 1.00 0.00 ≠0.11 ≠0.22 0.04
‚mb( ‚mb) [GeV] 4.180 ± 0.008 0.00 0.00 1.00 0.20 ≠0.02 0.00
‚mc( ‚mc) [GeV] 1.275 ± 0.009 0.00 ≠0.11 0.20 1.00 0.47 0.00
–s(MZ) 0.1185 ± 0.0016 0.02 ≠0.22 ≠0.02 0.47 1.00 ≠0.03
∆–

(3)
had(2 GeV) 0.00592 ± 0.00005 0.02 0.04 0.00 0.00 ≠0.03 1.00
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Figure 10.4: Fit result and one-standard-deviation (39.35% for the closed contours and 68% for
the others) uncertainties in MH as a function of mt for various inputs, and the 90% CL region
(∆‰

2 = 4.605) allowed by all data. –s(MZ) = 0.1185 is assumed except for the fits including the
Z lineshape. The width of the horizontal dashed band is not visible on the scale of the plot.

that at least some of the problem in Ab is due to a statistical fluctuation or other experimental
e�ect in one of the asymmetries. Note, however, that the uncertainty in A

(0,b)
F B

is strongly statistics
dominated. The combined value, Ab = 0.901 ± 0.013 deviates by 2.6 ‡.

The left-right asymmetry, A
0
LR

= 0.15138 ± 0.00216 [273], from hadronic decays at SLD, di�ers
by 2.1 ‡ from the SM expectation of 0.1469 ± 0.0003. The combined value of A¸ = 0.1513 ± 0.0021
from SLD (using lepton-family universality and including correlations) is also 2.1 ‡ above the
SM prediction; but there is experimental agreement between this SLD value and the LEP 1 value,
A¸ = 0.1481±0.0027, obtained from a fit to A

(0,¸)
F B

, Ae(P· ), and A· (P· ), again assuming universality.
The observables in Table 10.4 and Table 10.5, as well as some other less precise observables,
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What is the “toponium” then?



Top quark pair production

3

NLO alone cannot describe data

Including higher-order corrections

CMS: 1811.06625 State-of-the-art theoretical prediction 
NNLO+NNLL’ in QCD + NLO in EW

Pecjak, Scott, Wang, LLY: 1601.07020 
Czakon et al.: 1803.07623, 1901.08281
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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
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Fig. 3. Predictions for R at NLO accuracy using two different PDF
sets (CTEQ6.6, MSTW2008nlo) for mpolet = 170 GeV. For CTEQ6.6
the uncertainty due to scale variation is shown as band. The ratio be-
tween both predictions is shown together with the scale uncertainty.
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Fig. 4. R (mpolet ,ρs) calculated at NLO accuracy for different masses
mpolet = 160, 170 and 180 GeV. For mpolet = 170 GeV the scale and
PDF uncertainties evaluated as discussed in the text are shown. The
ratio with respect to the result for mpolet = 170 GeV is shown in the
lower plot.

investigate the sensitivity of the distribution R to the top-quark
mass we have calculated R for mpolet = 160,170,180 GeV. The
result is shown in Fig. 4. As before the three curves need to
cross since the area under each curve is normalized to one. The
crossing happens slightly below ρs ≈ 0.6. At this point the dis-
tribution is essentially insensitive to the top-quark mass. For
ρs ≈ 1 we expect that the production of heavier quark masses
is suppressed compared to lighter masses. Indeed the distribu-
tion for mpolet = 180 GeV is below the central curve while the
160 GeV result lies above the result for 170 GeV. In the high
energy regime, that is for ρs ≈ 0, we expect the opposite to be
true due to the normalization. For very large energies we ob-
serve that the mass dependence is small as one would naively
expect. From Fig. 4 we conclude that a significant mass de-
pendence can be observed for 0.4< ρs < 0.5 and 0.7< ρs. To

ρ
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Fig. 5. The sensitivity S(ρs) of R with respect to the top-quark mass
as defined in Eq. (5).

quantify the sensitivity we studied the quantity

S(ρs) =

∑
Δ=±5−10 GeV

|R (170 GeV,ρs)−R (170 GeV+Δ,ρs)|
2|Δ|R (170 GeV,ρs)

.(5)

The result for S is shown in Fig. 5. For convenience the right
y-axis showsmpolet ×S which is the proportionality factor relat-
ing the relative change in the top-quark mass with the relative
change in R :

∣

∣

∣

∣

ΔR

R

∣

∣

∣

∣

≈
(

mpolet S
)

×

∣

∣

∣

∣

∣

Δmpolet

mpolet

∣

∣

∣

∣

∣

. (6)

As can be seen in Fig. 5 values up to 25 are reached for mpolet ×
S at ρ ≈ 0.8. With other words a one per cent change of the
mass translates into a 25 per cent change of the observable R .
The observable is thus five times more sensitive than the inclu-
sive cross section. For comparison, in Fig. 5, we also show the
sensitivity in case R is defined for the tt̄ inclusive final state.
(In the tt̄ case we use the definition ρ = 2m0/

√stt̄ .) As one
can see only in the extreme threshold region—where reliable
theoretical predictions are challenging and also experimental
uncertainties may become large— a similar sensitivity can be
reached. Note that the evaluation of the sensitivity relies on the
assumption of a nearly linear top-quark mass dependence. To
cross check this assumption we have used two different step
sizes in Eq. (5) (5 and 10 GeV). As can be seen from Fig. 5 the
two results are in perfect agreement. For a measurement not
only the sensitivity is important but also the expected theoret-
ical and experimental uncertainty. For example in the extreme
threshold regime a good sensitivity can be expected. However
a reliable theoretical prediction in that regime would require
to go beyond fixed order perturbation theory to resum thresh-
old effects and soft gluon emission. To estimate the impact of
different uncertainties we show in Fig. 6 the quantities

ΔRµ/R (170 GeV,ρs)
S(ρs)

and
ΔRPDF/R (170 GeV,ρs)

S(ρs)
(7)

where ΔRµ and ΔRPDF are the scale and PDF uncertainties of
R (172.5 GeV,ρs). We do not show the region around ρs ≈

M
or

e 
se

ns
iti

ve
 to

 m
t

Alioli et al.: 1303.6415
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As can be seen in Fig. 5 values up to 25 are reached for mpolet ×
S at ρ ≈ 0.8. With other words a one per cent change of the
mass translates into a 25 per cent change of the observable R .
The observable is thus five times more sensitive than the inclu-
sive cross section. For comparison, in Fig. 5, we also show the
sensitivity in case R is defined for the tt̄ inclusive final state.
(In the tt̄ case we use the definition ρ = 2m0/

√stt̄ .) As one
can see only in the extreme threshold region—where reliable
theoretical predictions are challenging and also experimental
uncertainties may become large— a similar sensitivity can be
reached. Note that the evaluation of the sensitivity relies on the
assumption of a nearly linear top-quark mass dependence. To
cross check this assumption we have used two different step
sizes in Eq. (5) (5 and 10 GeV). As can be seen from Fig. 5 the
two results are in perfect agreement. For a measurement not
only the sensitivity is important but also the expected theoret-
ical and experimental uncertainty. For example in the extreme
threshold regime a good sensitivity can be expected. However
a reliable theoretical prediction in that regime would require
to go beyond fixed order perturbation theory to resum thresh-
old effects and soft gluon emission. To estimate the impact of
different uncertainties we show in Fig. 6 the quantities

ΔRµ/R (170 GeV,ρs)
S(ρs)

and
ΔRPDF/R (170 GeV,ρs)

S(ρs)
(7)

where ΔRµ and ΔRPDF are the scale and PDF uncertainties of
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the uncertainty due to scale variation is shown as band. The ratio be-
tween both predictions is shown together with the scale uncertainty.
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investigate the sensitivity of the distribution R to the top-quark
mass we have calculated R for mpolet = 160,170,180 GeV. The
result is shown in Fig. 4. As before the three curves need to
cross since the area under each curve is normalized to one. The
crossing happens slightly below ρs ≈ 0.6. At this point the dis-
tribution is essentially insensitive to the top-quark mass. For
ρs ≈ 1 we expect that the production of heavier quark masses
is suppressed compared to lighter masses. Indeed the distribu-
tion for mpolet = 180 GeV is below the central curve while the
160 GeV result lies above the result for 170 GeV. In the high
energy regime, that is for ρs ≈ 0, we expect the opposite to be
true due to the normalization. For very large energies we ob-
serve that the mass dependence is small as one would naively
expect. From Fig. 4 we conclude that a significant mass de-
pendence can be observed for 0.4< ρs < 0.5 and 0.7< ρs. To
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quantify the sensitivity we studied the quantity

S(ρs) =

∑
Δ=±5−10 GeV

|R (170 GeV,ρs)−R (170 GeV+Δ,ρs)|
2|Δ|R (170 GeV,ρs)

.(5)

The result for S is shown in Fig. 5. For convenience the right
y-axis showsmpolet ×S which is the proportionality factor relat-
ing the relative change in the top-quark mass with the relative
change in R :

∣

∣

∣

∣

ΔR

R

∣

∣

∣

∣

≈
(

mpolet S
)

×

∣

∣

∣

∣

∣

Δmpolet

mpolet

∣

∣

∣

∣

∣

. (6)

As can be seen in Fig. 5 values up to 25 are reached for mpolet ×
S at ρ ≈ 0.8. With other words a one per cent change of the
mass translates into a 25 per cent change of the observable R .
The observable is thus five times more sensitive than the inclu-
sive cross section. For comparison, in Fig. 5, we also show the
sensitivity in case R is defined for the tt̄ inclusive final state.
(In the tt̄ case we use the definition ρ = 2m0/

√stt̄ .) As one
can see only in the extreme threshold region—where reliable
theoretical predictions are challenging and also experimental
uncertainties may become large— a similar sensitivity can be
reached. Note that the evaluation of the sensitivity relies on the
assumption of a nearly linear top-quark mass dependence. To
cross check this assumption we have used two different step
sizes in Eq. (5) (5 and 10 GeV). As can be seen from Fig. 5 the
two results are in perfect agreement. For a measurement not
only the sensitivity is important but also the expected theoret-
ical and experimental uncertainty. For example in the extreme
threshold regime a good sensitivity can be expected. However
a reliable theoretical prediction in that regime would require
to go beyond fixed order perturbation theory to resum thresh-
old effects and soft gluon emission. To estimate the impact of
different uncertainties we show in Fig. 6 the quantities

ΔRµ/R (170 GeV,ρs)
S(ρs)

and
ΔRPDF/R (170 GeV,ρs)

S(ρs)
(7)

where ΔRµ and ΔRPDF are the scale and PDF uncertainties of
R (172.5 GeV,ρs). We do not show the region around ρs ≈
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As can be seen in Fig. 5 values up to 25 are reached for mpolet ×
S at ρ ≈ 0.8. With other words a one per cent change of the
mass translates into a 25 per cent change of the observable R .
The observable is thus five times more sensitive than the inclu-
sive cross section. For comparison, in Fig. 5, we also show the
sensitivity in case R is defined for the tt̄ inclusive final state.
(In the tt̄ case we use the definition ρ = 2m0/

√stt̄ .) As one
can see only in the extreme threshold region—where reliable
theoretical predictions are challenging and also experimental
uncertainties may become large— a similar sensitivity can be
reached. Note that the evaluation of the sensitivity relies on the
assumption of a nearly linear top-quark mass dependence. To
cross check this assumption we have used two different step
sizes in Eq. (5) (5 and 10 GeV). As can be seen from Fig. 5 the
two results are in perfect agreement. For a measurement not
only the sensitivity is important but also the expected theoret-
ical and experimental uncertainty. For example in the extreme
threshold regime a good sensitivity can be expected. However
a reliable theoretical prediction in that regime would require
to go beyond fixed order perturbation theory to resum thresh-
old effects and soft gluon emission. To estimate the impact of
different uncertainties we show in Fig. 6 the quantities

ΔRµ/R (170 GeV,ρs)
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and
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Figure 15: Comparison of the measured [N0,1+
jet , M(tt), y(tt) ] cross sections to NLO predic-

tions obtained using different aS(mZ) values (further details can be found in Fig. 3). For each
theoretical prediction, values of c2 and dof for the comparison to the data are reported.
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Figure 1: Theoretical predictions compared with the CMS data in the di-lepton channel [42].

with the experimental measurements indicating excellent agreement for this observable. While
the e↵ect of the resummation on the uncertainty bands for these observables is minimal, we can
still see that the e↵ect of the higher order terms captured by the resummation is to slightly
soften the rapidity spectrum compared to the corresponding fixed order predictions.

4 Summary

In this paper, we describe a combination among four calculations for the di↵erential cross sections
in tt̄ production: the NNLO QCD calculations, the NNLL QCD threshold resummation, the
NNLL0 QCD resummation for boosted top quarks, and the complete-NLO predictions of QCD
and EW origin. This is the first time that such a complicated combination appears in the
literature. The outcome represents the state-of-the-art prediction for tt̄ di↵erential distributions
within the SM, which includes all sets of corrections available at the moment. Numerical results
are presented for the invariant-mass distribution, the transverse-momentum distribution as well
as rapidity distributions. We compare our predictions with the CMS measurements in the di-
lepton channel at the 13 TeV LHC with an integrated luminosity of 35.9 fb�1, and find overall
good agreements.
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Figure 1: Theoretical predictions compared with the CMS data in the di-lepton channel [42].

with the experimental measurements indicating excellent agreement for this observable. While
the e↵ect of the resummation on the uncertainty bands for these observables is minimal, we can
still see that the e↵ect of the higher order terms captured by the resummation is to slightly
soften the rapidity spectrum compared to the corresponding fixed order predictions.

4 Summary

In this paper, we describe a combination among four calculations for the di↵erential cross sections
in tt̄ production: the NNLO QCD calculations, the NNLL QCD threshold resummation, the
NNLL0 QCD resummation for boosted top quarks, and the complete-NLO predictions of QCD
and EW origin. This is the first time that such a complicated combination appears in the
literature. The outcome represents the state-of-the-art prediction for tt̄ di↵erential distributions
within the SM, which includes all sets of corrections available at the moment. Numerical results
are presented for the invariant-mass distribution, the transverse-momentum distribution as well
as rapidity distributions. We compare our predictions with the CMS measurements in the di-
lepton channel at the 13 TeV LHC with an integrated luminosity of 35.9 fb�1, and find overall
good agreements.
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There was actually already a discrepancy  between the state-of-the-art 
theoretical predictions and experimental data in the threshold region!
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Figure 1: Theoretical predictions compared with the CMS data in the di-lepton channel [42].

with the experimental measurements indicating excellent agreement for this observable. While
the e↵ect of the resummation on the uncertainty bands for these observables is minimal, we can
still see that the e↵ect of the higher order terms captured by the resummation is to slightly
soften the rapidity spectrum compared to the corresponding fixed order predictions.

4 Summary

In this paper, we describe a combination among four calculations for the di↵erential cross sections
in tt̄ production: the NNLO QCD calculations, the NNLL QCD threshold resummation, the
NNLL0 QCD resummation for boosted top quarks, and the complete-NLO predictions of QCD
and EW origin. This is the first time that such a complicated combination appears in the
literature. The outcome represents the state-of-the-art prediction for tt̄ di↵erential distributions
within the SM, which includes all sets of corrections available at the moment. Numerical results
are presented for the invariant-mass distribution, the transverse-momentum distribution as well
as rapidity distributions. We compare our predictions with the CMS measurements in the di-
lepton channel at the 13 TeV LHC with an integrated luminosity of 35.9 fb�1, and find overall
good agreements.
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There was actually already a discrepancy  between the state-of-the-art 
theoretical predictions and experimental data in the threshold region!

More corrections? New physics?
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β ∼ αs ≪ 1 It’s not “new” effects — already included in the 
NNLO+NNLL’ calculations, but only up to α2
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Higher order terms are important!
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Lifetime ~  s10−22ηc, ηb

J/ψ, Υ Lifetime ~  s10−20

tt̄

“quasi-bound state”



Resummation of non-relativistic enhancement
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αn
s

βn
dσ

dMtt̄dΘ
∼ ∫ H × J × f × f

Factorization in the  limitβ ∼ αs ≪ 1

PDFs

Potential functions in NRQCDHard functions
Ju, Wang, Wang, Xu, Xu, LLY: 
1908.02179, 2004.03088

➤ Calculated NLO hard functions relevant for double 
differential distributions and dynamic scales 

➤ Incorporated potential functions at NLP 
➤ Combined with NNLO fixed-order results by matching 
➤ First to point out this effect in Run 2 data

See also: 
Fadin et al.: 1987~1990 
Kiyo et al.: 0812.0919 
Sumino and Yokoya: 1007.0075 
Beneke et al.: 1109.1536

NNLO+NLP resummation

Some further works: 
Fuks et al.: 2102.11281, 2411.18962, 
2509.03596 
Garzelli et al.: 2412.16685 
Wang et al.: 2411.17955 
Fu et al.: 2412.11254, 2504.12634
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dMtt̄dΘ
=

dσNLP

dMtt̄dΘ
+

dσNNLO

dMtt̄dΘ
−

dσnnLO

dMtt̄dΘ NLP re-expanded to NNLO

Enhancement near threshold
Note: include all color 
and spin configurations

Ju, Wang, Wang, Xu, Xu, LLY: 
1908.02179, 2004.03088
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Ju, Wang, Wang, Xu, Xu, LLY: 
1908.02179, 2004.03088

Enhancement ~ 10 pb Similar effects in double distributions
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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 –
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measured without referring to a particular mt value. They can be the total cross section as
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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
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This can be done in any mass renormalization scheme. We will only discuss the pole mass here.
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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
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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
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From the above description, it is clear that the outcome of the procedure strongly
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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
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About 1.4 GeV difference

Account for most of the tension between 
direct and indirect measurements!



Recent CMS measurement
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CMS: 2503.22382



Recent ATLAS measurement
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ATLAS-CONF-2025-008

See talk by Hai-Feng Li



Further discussions
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Recent works often focus on color-singlet pseudo-scalar configuration “ ”ηt

2411.18962

2504.12634

2102.11281
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Color and spin configurations at LO
“ ”ηt

Kiyo et al.: 0812.0919
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Color and spin configurations at LO
“ ”ηt

Kiyo et al.: 0812.0919

Color configurations at NLO

Color-octet contributions are non-negligible
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Fixed-order expansion is enough instead of a full resummation if β ≫ αs

Resummation is needed for  GeV!Mtt̄ ≲ 350

Note also:  is still a perturbative scaleMtt̄ β2

E = Mtt̄ − 2mt + iΓt ∼
1
2

Mtt̄ β2 + iΓt



Further discussions
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Top quark decay and non-resonant effects?

Existing studies only focus on lepton colliders

See, e.g., Beneke et al.: 1711.10429, Bach et al.: 1712.02220

Ongoing: extending to hadron colliders



Summary
➤ Near-threshold production of top quark pairs is phenomenologically important 

➤ Indirect top quark mass measurements from differential cross sections 

➤ Spin correlations and quantum entanglement 

➤  Indication of non-relativistic enhancement in LHC Run 2 data 

➤ Performed NLP resummation combined with NNLO fixed-order results for differential 
distributions 

➤ Enhancement ~ 10 pb, bridging the discrepancy between indirect and direct top quark 
mass measurements 

➤ Recent observations by both CMS and ATLAS collaborations

22



Summary
➤ Near-threshold production of top quark pairs is phenomenologically important 

➤ Indirect top quark mass measurements from differential cross sections 

➤ Spin correlations and quantum entanglement 

➤  Indication of non-relativistic enhancement in LHC Run 2 data 

➤ Performed NLP resummation combined with NNLO fixed-order results for differential 
distributions 

➤ Enhancement ~ 10 pb, bridging the discrepancy between indirect and direct top quark 
mass measurements 

➤ Recent observations by both CMS and ATLAS collaborations

22

Thank you!


