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• Malgorzata Worek
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 The precise determination of the top quark mass is a major goal for the LHC

 This requires both precise measurements and high-quality theory predictions

 Typically, the top quark pole mass is being extracted. Two broad approaches:

 (1 of 2) Direct: reconstruct the top quark and then get the mass off of the Breit–Wigner. 

 This task requires sophisticated Monte Carlos with full off-shell effects. This has been 
developed within POWHEG in the course of several years

 Full top reconstruction is hard to do at higher orders so one needs a well defined proxy. 
 Best known choice: maximum of the MWbj distribution

 Can this be further improved on the theory side? Would be very hard! 
 All existing NNLO calculations are in the narrow-width approximation. 
 First calculations with NNLO precision + parton shower for stable tops

Top quark mass

Ferrario Ravasio, Ježo, Nason, Oleari 2018-2019

Mazzitelli, Monni, Nason, Re, Wiesemann, Zanderighi 2020

From arXiv:1906.09166
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 Two broad approaches:

 (2 of 2) Indirect: extract the pole mass (or any other mass definition that may be 
available) from calculations of kinematic distributions or cross sections

 Many measurements; I’ll mention two newer calculations relevant for the threshold 
behavior of the tt x-section (where most of the mass sensitivity is)

1. Non-relativistic Coulomb corrections very close to threshold

 Tiny effect on the cross-section but important for the first Mtt bin.

Top quark mass

Ju, Wang, Wang, Xu, Xu, Li Lin Yang: 1908.02179, 2004.03088
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Figur e 9. Top-quark-mass dependence of the absolute (left ) and normalized (right ) M t t̄ di↵erent ial

cross sect ions in the threshold region. Only cent ral values of the NLO and NLO+ NLP results are

shown here. The NNLO and NNLO+ NLP predict ions at mt = 172.5 GeV are given for reference.

e.g., Ref. [14], it is inst ruct ive to roughly est imate the impact of including the resummat ion

e↵ects in the fit t ing procedure.

To determine the top quark mass from kinemat ic dist ribut ions, one collects a set

of observables { Oi } which are theoret ically funct ions of mt , but can be experimentally

measured without referring to a part icular mt value. They can be the total cross sect ion as

well as single, double and triple di↵erent ial cross sect ions in each bin. For each observable

Oi , one has a theoret ical predict ion OT H
i (mt ) and an experimental measurement OEXP

i .

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

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

i } .5 It can be understood

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

to decide the outcome. These include, in part icular, the M t t̄ dist ribut ion near threshold

and related double/ t riple di↵erent ial cross sect ions.

From the above descript ion, it is clear that the outcome of the procedure st rongly

depends on the theoret ical predict ions entering the fit . Especially, the theoret ical inputs

for the mt -sensit ive observables are of crucial importance. For illust rat ion, we calculate the

averaged M t t̄ di↵erent ial cross sect ions in the range [300, 380] GeV using di↵erent top quark

masses. The results are shown as funct ions of mt in Fig. 9 for the absolute dist ribut ion (left

plot ) and the normalized dist ribut ion (right plot ). As expected, we observe a st rong (and

nearly linear) dependence of the di↵erent ial cross sect ions on mt , and a large horizontal

gap between the NLO and the NLO+ NLP curves.

Ref. [14] has used the NLO predict ions for the normalized di↵erent ial cross sect ions 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 moresignificant than that est imated in [14]. Given that the normalized NLO+ NLP

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

– 30 –

Influence on mass extraction: absolute distr.

21

Compare to data: absolute distribution

18

300 310 320 330 340 350 360 370 380

(GeV)
tt

M

0.5-

0.4

1.3

2.2

3.1

4.0

(p
b

/G
e
V

)
tt

/d
M

s
d

NLP-nLO in EFT=172.5 GeV
t

LHC 13 TeV, m

NNPDF31_nnlo_as_0118

/4T = H
r

m = 
f

m

300 310 320 330 340 350 360 370 380

(GeV)
tt

M

0.5-

0.4

1.3

2.2

3.1

4.0

(p
b

/G
e
V

)
tt

/d
M

s
d

NLP-nnLO in EFT=172.5 GeV
t

LHC 13 TeV, m

NNPDF31_nnlo_as_0118

/4T = H
r

m = 
f

m

Figur e 5. Di↵erences between NLP and nLO (left ), and between NLP and nnLO (right ). These

represent the correct ions induced by resummat ion upon the NLO and NNLO results.
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Figur e 6. The NLO+ NLP and NNLO+ NLP predict ions for the absolute M t t̄ dist ribut ion against

the CMS data in the di-lepton channel [39]. Fixed-order results are shown for comparison. The left

plot shows the first bin M t t̄ 2 [300, 380] GeV, while the right plot shows the full M t t̄ range.

This demonstrates that our resummat ion has not been applied to regions where subleading

correct ions in β might be important , and makes our predict ions more robust . Later on, we

will somet imes show predict ions for a broader range of M t t̄ , where resummat ion is switched

o↵ beyond 380 GeV. From Fig. 5, it should be clear that the results are insensit ive to the

the exact switch-o↵ point , as long as it is larger than ⇠ 360 GeV.

We are now ready to present the matched results combining the resummat ion and

fixed-order calculat ions, namely, the NLO+ NLP and NNLO+ NLP predict ions. We show

the results for the absolute di↵erent ial cross sect ions in Fig. 6, where the NLO and NNLO

results are also given for comparison. The uncertaint ies est imated from scale variat ions

are shown as the vert ical bars. At cent ral scales µr = µf = HT / 4, resummat ion e↵ects

increase the cross sect ion in the first bin by 13% with respect to NLO, and by 9% with
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> 1 GeV shift
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 Two broad approaches:

 (2 of 2) Indirect: extract the pole mass (or any other mass definition that may be 
available) from calculations of kinematic distributions or cross sections

 Many measurements; I’ll mention two newer calculations relevant for the threshold 
behavior of the tt x-section (where most of the mass sensitivity is)

2. B-jet related subtleties and top definition have major impact on mtop in the threshold 
region

Top quark mass

Czakon, Mitov, Poncelet arXiv:2008.11133
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 The extraction of the MSbar mass has attracted a lot of attention. 

 Formally equivalent to the pole one at a given order, however, large numeric differences are 
present.

 Results between the two schemes have different convergence properties but this can be 
removed by a (good) scale choice.

 Recent NNLO calculation of differential (stable) tt production in the MSbar mass scheme

 An interesting question: is the extraction of the Msbar mass somehow different (better, 
worse?) than in the pole scheme?

Top quark mass

Catani, Devoto, Grazzini, Kallweit, Mazzitelli arXiv:2005.00557

Differential 
distributions 
computed with pole 
or MSbar top mass 
are indeed found 
equivalent at NNLO:
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 Effects of running mass are very small: 
 Smaller than data uncertainty
 Much smaller than the overall theory uncertainty

 It will be hard to extract …

Top quark mass

Catani, Devoto, Grazzini, Kallweit, Mazzitelli arXiv:2005.00557

Solid line
(running mass)

Dashed line 
(fixed mass)
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Top quark width, Yukawa, helicity fractions, etc.
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 The top quark width is known at NNLO

 Computed by many groups in the last 20 years. The most complete calculation involves 
NNLO QCD, NLO EW and off-shell effects

 An interesting question is if this can be extended beyond NNLO in QCD (may be of interest for 
HL-LHC) 

 Recently, 3-loop corrections computed for muon decay and B-decays

 A universal 3-loop contributions (the three-loop soft function for heavy-to-light quark 
decay) have also recently been computed

 Something to look forward to in the future?

Top quark Width

Jun Gao, Chong Sheng Li, Hua Xing Zhu 2012

Fael, Schönwald, Steinhauser 2020
Czakon, Czarnecki, Dowling 2021

Brüser, Ze Long Liu, Stahlhofen 2019
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 W-helicity fractions know at NNLO

 The current precision of theory is higher than exp

W helicity fractions in top decay

Czarnecki, Korner, Piclum 2010

From arXiv:2106.03478
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 The determination of the top-Yukawa coupling is a major goal for the LHC 

 Various processes can be utilized:

 “Direct” measurement: ttH with Hbb

 The SM predictions for signals and backgrounds are at NLO and are very sophisticated 

 Can further theory refinement be expected? And are they needed? 
 For backgrounds like ttbb this is extremely hard. 

 For ttH this may not be out of the question. A number of 2  3 processes are 
already known at NNLO (3𝛾,2𝛾+j, 3jet) so this process is not unfeasible anymore. 
The main obstacle is the availability of two-loop amplitudes.

 Indirect: constrain Yt from virtual contributions in processes like tttt and tt

 Further improvements to tttt production is unlikely, soon

 The CMS study [arXiv:2009.07123] relies on NLO QCD+EW predictions for ttbar. This can 
already be computed at NNLO in QCD and NLO EW with leptonic decays

Top Yukawa

Chawdhry, Czakon, Mitov, Poncelet 2019, 2020
Czakon, Mitov, Poncelet 2019, 2021

Czakon, Mitov, Poncelet ‘2020
Frederix, Tsinikos, Vitos ‘2021

Cao, Chen, Liu arXiv:1602.01934

See also talk by Stefan Richter

See also talks by 
• Malgorzata Worek
• Anna Kulesza
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 Recent investigation of the CP properties of the top Yukawa coupling

 Comprehensive analysis in NLO SM kappa framework

 Considered are final states 

 without Higgs:

 with Higgs (ttH and tH)

 Defining                                 exclusion limits on fCP are placed for 300fb-1 and 3000fb-1

 Limits depend on the final state

Top Yukawa

Martini, Pan, Schulze, Xiao 2021

Lagrangian of the interaction of the top quark t and ascalar particle H

L (H tt) = −
mt

v
 ̄ t ( + i ˜ γ5)  t H, (2.1)

wherethe term isCPeven, and the ˜ term isCPodd. Theparameters and ˜ can beconnected to

the real and imaginary part of the Wilson coefficient C
u'
t t of the respectivedimension-six operator

Qu' , asdefined in the Warsaw basis of the SMEFT [57], by

= 1−
v

p
2mt

v2

⇤2
Re[C

u'
t t ] , ˜ = −

v
p

2mt

v2

⇤2
Im[C

u'
t t ] . (2.2)

This effective Lagrangian incorporates additional CP-odd states, inherent to, e.g., SUSY or two-

Higgs-doublet models, while allowing for arbitrary CP mixing with CP-even states, eventually

recovering the SM for = 1 and ˜ = 0 (cf. Ref. [58]). We employ the Feynman rules implied

by the Lagrangian in Eq. 2.1 to calculate predictions for top quark pair production including elec-

troweak corrections while parametrizing arbitrary CP scenarios of the top quark Yukawa coupling

by and ˜ .

g
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Figure 1: Exemplary weak corrections from Higgs boson exchange to t t̄ production: Final-state

vertex correction affecting thes-channel both in qq̄ annihilation and gluon fusion (a). Box diagram

(b), vertex correction (c) and self-energy corrections to the t-channel in gluon fusion.

Fig. 1 showssamplediagramsfor theproduction of atop quark pair in qq̄ annihilation or gluon

fusion including a Higgs boson running in the loop. The final state corrections shown in Fig. 1 (a)

apply to both gluonic and quark-antiquark s-channel production. Due to the scalar and pseudo-

scalar contributions to the top quark Yukawa coupling in Eq. 2.1, the interference terms of the

tree level with the Higgs-loop diagrams are solely comprised of terms proportional to 2 + ˜ 2

or 2 − ˜ 2 when neglecting the masses of the light quarks. These terms are infrared finite but

contain UV divergences. Thus, the renormalization of the top quark wave function and the top

quark mass has to be consistently performed with the modified top quark Yukawa coupling in

order to ensure the cancellation of the UV divergences for arbitrary values of and ˜ . Following

Ref. [59], wewritethebaretop quark field t0 = (1+ 1
2
δZ t )t and thebaretop quark massm0 = m+

δmt in terms of the respective renormalized quantities t and m together with the renormalization

constants

δZ t = −Re
⇥
⌃ L

t (m2
t ) + ⌃ R

t (m2
t )
⇤
− 2m2

t

@

@p2
Re
⇥
⌃ L

t (p2) + ⌃ R
t (p2) + 2⌃ S

t (p2)
⇤

p2= m2
t

, (2.3)

δmt =
mt

2
Re
⇥
⌃ L

t (m2
t ) + ⌃ R

t (m2
t ) + 2⌃ S

t (m2
t )
⇤

. (2.4)

– 3 –
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Spin-correlations in top-pair production and decay

&

Top-pair Asymmetry
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The spin-density matrix formalism 
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 In practice, one works with a proxy for the spin-density matrix R

 With all angles defined in a specially designed frame

 NNLO vs data for selected distributions (all have been computed): 

Discussion based on: Czakon, Mitov, Poncelet arXiv:2008.11133

Formalism developed by: Bernreuther, Brandenburg hep-ph/9312210
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Spin correlations in angular distributions
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Inclusive
Czakon, Mitov, Poncelet 
arXiv:2008.11133
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Spin correlations in angular distributions
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 Main finding (compare to previous slide): 

 NNLO QCD describes data in the fiducial region

 Does not describe it in the extrapolated (“Inclusive”) phase space (see previous slide)

 Expanded definition does make a big difference at NLO but no difference a NNLO

 Results point towards the need for improved understanding of modeling of final states

Behring, Czakon, Mitov, Papanastasiou, Poncelet arXiv:1901.05407



17

Spin correlations in angular distributions
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 New calculation of complete-NLO+LO decay (in NWA)

 Shown are corrections to tt spin correlations and asymmetries (at decay level)

 Note the existing NNLO QCD + NLO EW calculation is at top-quark-level

 It uses parameters that are compatible with the QCD calculations shown above

Frederix, Tsinikos, Vitos arXiv:2105.11478

Czakon, Heymes, Mitov, Pagani, Tsinikos, Zaro 1711.03945

See also talk by Nils Faltermann
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Thank you!
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