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The precise measurement of the top quark mass constitutes one of the main goals of the LHC top physics program. One approach to measure this quantity uses the ρ distribution, an
observable depending on the invariant mass of the tt̄j system. To fully exploit the experimental accuracy achievable in measuring top quark production cross sections at the LHC, the theory
uncertainties associated to these measurements need to be well under control. To this end we present a study of the effect of varying the theoretical input parameters in the calculation
of differential cross sections of the tt̄j process. Thereby we studied the influence of the jet reconstruction procedure, as well as the effect of various renormalization and factorization scale
definitions and different PDF sets. A similar behaviour to the one presented here in case of the ρ-distribution was found for other differential distributions.

Top quark mass studies with the tt̄j process

Top quark mass measurement with the normalized ρ distr. R [1]

R(mt, ρ) =
1

σtt̄+1 jet

dσtt̄+1 jet

dρ
(mt, ρ)

ρ =
2m0

mtt̄j
, m0 = 170 GeV

(ρ′ = 2m0/mtt̄ shown to be less senstive to mt in [1])

ATLAS measurement (
√
s = 8 TeV, 2019)[2]

mpole
t = 171.1± 0.4(stat)± 0.9(sys) +0.7

−0.3(th) GeV

theory uncertainty dominated by scale uncertainty +0.6
−0.2 GeV

(PDF and αs uncertainty lead to ±0.2 GeV)
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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
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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) =

∑
∆=±5−10 GeV

|R (170 GeV,ρs)− R (170 GeV+∆,ρs)|
2|∆|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 :

∣∣∣∣
∆R

R

∣∣∣∣ ≈
(
mpolet S

)
×

∣∣∣∣∣
∆mpolet

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

∆Rµ/R (170 GeV,ρs)
S(ρs)

and
∆RPDF/R (170 GeV,ρs)

S(ρs)
(7)

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

→ shape of the normalized
ρ distribution depends on mt[1]

Simulation settings & scales

•POWHEG-BOX tt̄j reimplementation V2 (previous version V1[3])

•Nj ≥ 1, pjT > 30 GeV, |ηj| < 2.4, anti-kT with R = 0.4

•PDF set: CT18NLO

Study of fixed (µ0 = mt) and dynamical scale (µ0 ∈ {HB
T /2, HB

T /4}

HB
T =

(√
pBT,t

2
+ m2

t +
√
pBT,t̄

2
+ m2

t + pBT,j

)

superscript B: variables evaluated with underlying Born kinematics
(configuration before real emission)
Motivation: scale uncertainty in high energy tails of distributions cal-
culated with dynamical scales shown to be smaller w.r.t. scale uncer-
tainty in fixed scale µ0 = mt predicitions [4].

Renormalization and factorization scale uncertainty

Studied seven point scale variation µR/F = KR/Fµ0, (KR, KF ) ∈ {(0.5, 0.5), (0.5, 1), (1, 0.5), (1, 1), (1, 2), (2, 1), (2, 2)}: dynamical scale µ0 = HB
T /4 seems preferable to fixed scale µ0 = mt

strongly reduced scale uncertainty bands in the high energy tails using dynamical scalew�w�
nearly uniform differential K-factor with dynamical scale choicew�w�

Comparison of NLO scale variation of the normalized ρ distribution
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using µ0 = HB
T /4 the scale variation does not induce large shape variations in ρ distr.

w.r.t. using µ0 = mt → smaller scale variation uncertainty bands in normalized distr.
=⇒=⇒

NLO and LO scale variation bands for ρ distribution

0

250

500

750

1000

d
σ
/
d
ρ

[p
b

]

µ0 = mt µ0 = HB
T /2 µ0 = HB

T /4

LO

NLO

0

1

2

sc
a
le

va
r/

ce
n
tr

al

NLO/LO

0.0 0.2 0.4 0.6 0.8 1.0

ρ

0

1

2

N
L

O
/L

O

0.2 0.4 0.6 0.8 1.0

ρ

0.2 0.4 0.6 0.8 1.0

ρ

pjT > 30 GeV, |ηj| < 2.4, R = 0.4, Nj ≥ 1

0

200

400

600

800

d
σ
/d
ρ

[p
b

]

µ0 = mt µ0 = HB
T /2 µ0 = HB

T /4

(KR,KF )

(1, 1)

(0.5, 0.5)

(2, 2)

(1, 2)

(0.5, 1)

(1, 0.5)

(2, 1)

0.0 0.2 0.4 0.6 0.8 1.0

ρ

0.8

0.9

1.0

1.1

1.2

sc
al

ev
ar
/c

en
tr

al

0.0 0.2 0.4 0.6 0.8 1.0

ρ
0.0 0.2 0.4 0.6 0.8 1.0

ρ

pjT > 30 GeV, |ηj| < 2.4, R = 0.4, Nj ≥ 1

→ crossing of scale variation graphs and large increase in width of the scale variation
uncertainty band in the high-energy tails (⇔ small ρ) in the ρ distr. using µ0 = mt

R-dependence of scale uncertainty

R parameter in anti-kT algorithm (Rij =
√

(yi − yj)2 + (φi − φj)2)
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PDF variation uncertainty
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PDF variation studied with LO partonic cross sec-
tion and µ0 = HB

T /4 (validated that PDF uncer-
tainty is similar for NLO and LO matrix element
with CT18NLO PDF set using µ0 = HB

T /2)
→ good agreement between the PDF sets in the
bulk of the distribution, differences more visible in
high energy tails
→ PDF uncertainty becomes as relevant as scale
uncertainty for the dyn. scale choice at low ρ

Conclusions: Using the dynamical scale µ0 = HB
T /4 w.r.t. applying the fixed scale choice the

scale variation uncertainty band is reduced, which is of similar size as the observed PDF uncertainty
in the high-energy tails of the ρ distribution.
While the size of the scale uncertainty does not show dependence on the R-parameter in the anti-kT
jet clustering algorithm, the statistics can be increased by using a larger R-value.
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