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Single-differential cross section predictions for top quark pair production are presented at next-
to-leading order, using running top quark mass renormalization schemes. The evolution of the
mass of the top quark is performed in the MSR scheme mMSR

t (µ) for renormalization scales
µ below the MS top quark mass mt(mt), and in the MS scheme mt(µ) for scales above. In
particular, the implementation of a mass renormalization scale independent of the strong coupling
renormalization scale and factorization scale in quantum chromodynamics allows investigating
independent dynamical scale variations. Furthermore, the first theoretically consistent extraction
of the top quark MSR mass from experimental data is presented.
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The top quark mass mt is a fundamental parameter of the Standard Model and has an important
role in many predictions, both directly and via higher-order corrections. Yet, the formal definition
of quark masses makes them renormalization scheme dependent quantities. While the pole mass
mpole

t suffers from the renormalon ambiguity, an infrared sensitivity of the order of the scale of
quantum chromodynamics (QCD) [1], short-distance masses e.g. the MS mass mt(µm) and the
MSR mass mMSR

t (R) [2] do not. However, the dependence on the mass renormalization scales µm
and R necessitates proper scale setting for the extraction of theoretically well-defined masses from
cross section measurements to avoid the appearance of large logarithms.

The pole and MS masses are related by mpole
t = mt(µm)

(
1 +

∑
n=1 dMS

n (µm)(aS(µm))
n
)
, where

aS ≡ αS/π, and dMS
n (µm) are perturbative coefficients. The pole and MSR mass relation reads

mpole
t = mMSR

t (R) + R
∑∞

n=1 dMSR
n (aS(R))n, i.e. mMSR

t (R) approaches mpole
t in the formal limit

R→ 0, and the MS mass at R→ mt(mt) up to a small matching correction. The latter are obtained
by integrating out top quark loop corrections at R . mt(mt) [3]. The R-evolution of mMSR

t (R) is
linear, contrary to the logarithmic µm evolution of mt(µm), and designed to capture the correct
physical logarithms for observables with mt dependence generated at dynamical scales R < mt (e.g.
resonances, thresholds, low-energy endpoints) [4]. For dynamical scales of order and larger than
mt, the MS mass and evolution are used. Based on Ref. [5], the top quark-antiquark (tt) production
cross section as a function of the tt system invariant mass mtt at next-to-leading order (NLO) reads

dσ
dmtt

= (aS)2
dσ(0)

dmtt

(
m, µr, µ f

)
+ (aS)3

dσ(1)

dmtt

(
m, µr, µ f

)
+ (aS)3 R̃d1

d
dmt

(
dσ(0)(mt, µr, µ f )

dmtt

) ����
mt=m

,

(1)
where σ(0) is the leading order (LO) and σ(1) the NLO cross section in the pole mass scheme and
the derivative term at NLO implements the MS or MSR top mass schemes, the renormalization
(factorization) scale µr (µ f ) is independent of the mass renormalization scales R or µm and
aS = aS(µr ). Furthermore,

(m, d1, R̃) =

{
(mMSR

t (R), dMSR
1 , R), in the MSR regime (R < mt(mt)),

(mt(µm), dMS
1 (µm), mt(µm)), in the MS regime (R > mt(mt)).

(2)

In this work, the cross section given in Eq. (1) is implemented into MCFM v6.8 [6]. The running
of mt and the tt cross section as a function of mtt are shown in Fig. 1.

The implementation of the mass renormalization scales independently from µr and µ f allows
the first investigation of the dependence on the scale R. As illustrated in Fig. 2 for dσ/dmtt cross
section in the bin mtt ∈ [333, 366]GeV, low values of µr and µ f result in quick stabilization of the
NLO tt cross section as a function of the mass renormalization scale in this bin, which contains
high sensitivity to mt. Furthermore, Fig. 2 indicates unsmooth behavior at low R, and the cross
section stabilizes at R & 60GeV. This is attributed to Coulomb effects spoiling the convergence
of expansions in αS in fixed-order QCD near the tt production threshold. In future studies, this is
to be solved by including quasi-boundstate corrections and the resummation of soft gluon effects,
following e.g. Ref. [7]. In accordance with these observations, the central values of R, µr and µ f

are set to 80GeV in the following to obtain predictions robust against scale variations.
A determination of mMSR

t (R) is performed using the single-differential tt production cross
section measured by the CMS Collaboration in pp collisions at

√
s = 13TeV [8], corresponding to

2
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Figure 1: Left: the running of mt in the MSR and MS evolution regimes, see also Ref. [2]. Right: the tt
production cross section at NLO in bins ofmtt (dots) and the contributions of the terms in Eq. (1) (histograms).
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1Figure 2: The mtt ∈ [333, 366]GeV bin of dσ/dmtt as a function of R, µm. At R . 60GeV, threshold
effects are prominent. Low values of µr, µ f are observed to stabilize the predictions as a function of R, µm.

an integrated luminosity of 35.9 fb−1. The cross section is provided in four bins: mtt < 420GeV,
mtt ∈ [420, 550]GeV, mtt ∈ [550, 810]GeV and mtt > 810GeV. The top quark MSR mass is
extracted by fitting tt production cross section predictions, computed with the ABMP16 5 flavor
PDF [9] at NLO, to the experimental data. For the extraction, R = 80GeV is assumed. For
comparison with previous studies, the resulting mMSR

t (80GeV) is evolved to the reference scale
R = 1GeV, as well as translated to mt(mt). The fit uncertainty is obtained via the ∆χ2 = 1
tolerance criterion. The uncertainty in the initial R choice is estimated by repeating the fits at
R = 60GeV and 100GeV, and taking the difference of the masses evolved to the reference scales
to the respective results of the R = 80GeV fit. The µr , µ f uncertainty is obtained by multiplying
the scales independently by 2±1, avoiding cases where one scale is multiplied by 2 and the other by
1/2, and constructing an envelope.

With µr = µ f = mMSR
t (80GeV) throughout the mtt distribution, evolving the obtained

3
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mMSR
t (80GeV) to R = 1GeV yields mMSR

t (1GeV) = 173.2±0.6 (fit)+0.4
−0.6 (µr, µ f )+0.4

−0.5 (R) GeV, com-
patible with the Monte Carlo calibration studies performed in Ref. [10] where R = 1GeV was also
adopted as the reference scale. Furthermore, the result translates into mt(mt) = 163.3+0.8

−1.0 GeV,
which is in agreement with Ref. [8]. However, it disagrees with Ref. [11], where mpole

t =

170.5 ± 0.8GeV was obtained, which translates into mMSR
t (1GeV) = 170.2 ± 0.8GeV interpreting

the pole mass [11] as the asymptotic pole mass [4].
Setting µr and µ f to mMSR

t (80GeV)/2 for mtt < 420GeV and to mMSR
t (80GeV) for mtt >

420GeV yields mMSR
t (1GeV) = 174.8 ± 0.5 (fit)+0.2

−0.4 (µr, µ f )+0.2
−0.3 (R) GeV. As expected from the

present investigations, the setting increases robustness against scale variations, resulting in small
uncertainties. Though a full understanding of mt extracted from cross section measurements
requires the inclusion of threshold Coulomb effects, the results indicate that the choice of the top
quark mass scheme and the use of dynamical renormalization scales have a considerable impact on
the phenomenological analysis and need to be investigated thoroughly.
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