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Abstract. This work presents a new method to measure the top-quark massin hadronic collisions[1]. The
method uses the sensitivity of thett̄ +1-jet production on the top-quark mass. In detail we study theR dis-
tribution defined as thett̄ +1-jet normalized cross section differential in the invariant mass of the total system
and calculated at NLO accuracy. We prove that theR distribution has a high sensitivity to the top-quark mass.
Furthermore we investigate and quantify the impact of the dominant theoretical and experimental uncertainties.
The results obtained show, that the method has the potentialto be competitive in precision with established ap-
proaches and allows a complementary measurement of the top-quark mass at hadron colliders. We emphasize
that in the proposed method the mass parameter is uniquely defined through one-loop renormalization.

1 Introduction

Due to its large mass 173.2±0.9 GeV [2–4] the top quark
presents the strongest coupling to the Higgs boson within
the framework of the Standard Model (SM). The top quark
thus provides an ideal probe for precision tests of the
Higgs mechanism and of many alternative explanations of
electroweak spontaneous symmetry breaking (EWSB) in
Beyond Standard Model (BSM) theories. Therefore, the
comparison of the top-quark mass with the mass of the re-
cently observed resonance [5, 6] —assuming that the reso-
nance is the long-sought Higgs boson—can be used to test
the validity of the Standard Model [7] and the structure of
the electroweak vacuum [8, 9].

Quarks carry color charges responsible for the strong
interactions. Due to confinement, we don’t see free quarks
and there is no pole in the S-matrix. Therefore quark
masses are not observables by themselves, they are just pa-
rameters on the underlying theory (i.e SM). Precise values
of these parameters depend on the renormalization scheme
used to define them. The most commonly used definitions
are the pole mass,mpole

q , and the running mass,mq(µr).
New observables for a precise top quark mass mea-

surement should fulfil some basic requirements: not only
a good sensitivity to the mass and a good experimental ac-
cessibility are needed. The observable should also be the-
oretically calculable keeping non-perturbative corrections
small. In addition the calculation should use a well defined
mass scheme fixed at least through NLO calculations to
distinguish between different mass definitions ( i.e.mpole

q

andmq(µr)).
The top-quark mass is presently inferred by kinemati-

cal reconstruction of the invariant mass of its decay prod-

ucts (see e.g., Ref. [2]) or by its relation to theoretical
predictions like the inclusive top-quark pair production
cross section [11]. The mass determination from kine-
matical reconstruction measurements reaches precisions
of ∼ 1 GeV. Mass determinations using the inclusive cross
section Ref. [11] presents a weak sensitivity to the top-
quark mass:∆σ

σ ∼ −5∆mt
mt

. However we emphasize that
in this measurement the renormalization scheme is un-
ambiguously defined in difference with the determination
based on the kinematical reconstruction.

In this work we advocate a new method to measure
the top-quark mass in high energetic hadron collisions at
the LHC, looking for a high precision measurement with a
unambiguously renormalization scheme defined. For that,
the mass dependence of the production of top-quark pairs
in association with an additional jet is exploited.

2 Top-quark mass measurements with
tt̄+1-jet events

2.1 Top-quark pair production in association with a
hard jet at NLO accuracy in QCD

The NLO QCD corrections fortt̄ + 1-jet+X have been
presented in Refs. [13, 14] for Tevatron and LHC (14 TeV)
conditions where inclusive and differential cross sections
were studied. Also tools to matchtt̄ +1-jet at NLO with
parton shower algorithms have been developed and tested
in Refs. [15, 25]. The various studies mentioned above
show, that the theoretical description of the processtt̄ +
1-jet based on predictions at NLO accuracy in QCD is well
under control.
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σtt̄+1-jet [pb]

pT( jet)> 50GeV, |η( jet)|< 2.5

mpole
t [GeV] LO NLO

160 66.727(5) 60.04(8)

165 57.615(4) 52.25(9)

170 49.910(3)+30
−17 45.45(6)+1

−6

172.5 46.508(3)+28
−15 42.37(6)+1

−6

175 45.372(3) 39.46(6)

180 37.800(2) 34.73(5)

Table 1. Thett̄ +1-jet+X cross section using LO and NLO
calculations [13, 14] for proton-proton collisions at 7 TeV and

for differentmpole
t values. Jets are defined using the anti-kt

algorithm [17] with R=0.4 as implemented in the FASTJET

package [18]. The additional jet is required to have
pT > 50 GeV and|η|< 2.5. The uncertainty due to the limited
statistics of the numerical calculation is indicated in parenthesis
affecting the last digit. The scale uncertainty is also shown for
some top-quark mass values. The CTEQ6.6 [19] (CT09MC1
[20]) PDF set has been used to obtain the NLO (LO) results.

In addition to what has been done in Refs. [13, 14] we
have calculated thett̄ +1-jet cross section using different
masses for proton proton collisions at 7 TeV. In this study
and in the following sections, the pole mass scheme has
been chosen. To estimate the theoretical uncertainties due
to the truncation of the perturbative series the renormal-
ization (µr ) and factorization (µf ) scales have been varied
between 2·mpole

t andmpole
t /2.

To study the uncertainties due to the limited knowl-
edge of the proton substructure different PDF sets have
been used and compared. More specifically, we used the
PDF sets CTEQ6.6 and MSTW2008nlo90cl [21]. For a
top-quark mass ofmpole

t = 170 GeV we find, for example,

σNLO, MSTW08
tt̄+1-jet = 49.21 pb. (1)

2.2 The observable

We propose to study normalized differential distributions,
since inclusive cross sections do not lead to any signifi-
cant improvement: the sensitivity ofσtt̄+1-jet is very simi-
lar to the inclusivett̄ cross section and, in general, measur-
ing inclusive cross sections is experimentally challenging.
We need to focus on specific kinematical configurations
where an enhanced sensitivity can be obtained. A natural
observable to look at is the differential distribution of the
tt̄ +1-jet cross section with respect to the invariant mass
stt̄ j of the final state. More precisely, we study the dimen-
sionless distribution:

R (mpole
t ,ρs) =

1
σtt̄+1-jet

dσtt̄+1-jet

dρs
(mpole

t ,ρs), (2)

whereρs is defined asρs =
2m0√stt̄ j

with a fixed value for

m0 = 170 GeV. Due to the normalization, different uncer-
tainties may cancel between numerator and denominator.
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Figure 1. TheR (mpole
t ,ρs) distribution calculated at NLO ac-

curacy for different massesmpole
t = 160, 170 and 180 GeV. For

mpole
t = 170 GeV the scale and PDF uncertainties evaluated as

discussed in the text are shown. The ratio with respect to the
result formpole

t = 170 GeV is shown in the lower plot.
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Figure 2. The sensitivityS(ρs) of R with respect to the top-
quark mass as defined in Eq. (3).

This distribution has been calculated for different top-
quark pole masses. The results are shown in the Fig. 1.
This figure shows that for largeρs the sensitivity tompole

t
is high. Forρs close to one it is expected that the produc-
tion of heavier quark masses is suppressed compared with
lighter masses. For the high energy region (ρs close to
zero) one would naively expect a loss of sensitivity as we
observe in the figure. We can also observe that atρs∼ 0.55
the three curves cross due to the fact that they are normal-
ized to one.

To quantify the sensitivity we studied

S(ρs) =

∑
∆=±5−10GeV

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

(3)

The result forS is shown in Fig. 2. It can be seen in
this figure that values up to 25 are reached formpole

t xS at
ρs ∼ 0.8 which means that a one per cent change in the
mass translates into a 25 per cent of change inR . Fig. 2
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Figure 3. This plot shows the expected impact of scale (magenta
line) and PDF (blue dashed line) uncertainties on the measured
top-quark mass value. The region whereR is essentially insen-
sitive to the top-quark mass is not shown.

also shows the results for the case thatR is defined fortt̄
inclusive final state (withρ = 2m0/

√
stt̄ . Only in the very

extreme region of largeρ – where reliable theoretical cal-
culation are challenging and also experimental uncertain-
ties may become larger – similar values ofS are obtained.

To estimate the impact of different uncertainties we
show, in Fig. 3, the quantities:

∆Rµ/R (170 GeV,ρs)

S(ρs)
and

∆RPDF/R (170 GeV,ρs)

S(ρs)
(4)

where∆Rµ and∆RPDF are the scale and PDF uncertain-
ties ofR (170GeV,ρs). We do not show the region around
ρs≈ 0.6 because of the vanishing sensitivity. Fig. 3 shows
that the main source of uncertainty is due to the scale vari-
ation while the impact of the PDF uncertainties is much
smaller.

We are thus lead to the conclusion that from the theo-
retical perspectiveR provides an interesting alternative to
existing methods for top-quark mass measurements.

3 Experimental viability study

We study now the stable final state particles originated
from typical tt̄ + 1-jet+X events as produced in proton-
proton interactions at 7 TeV center-of-mass energy. The
results presented here illustrates qualitatively the viabil-
ity and the potential of the method. The top-quark decay
and hadronization are taken into account leading to com-
plicated event topologies similar to those reconstructed in
real experiments. In the Monte Carlos studies we use only
publicly available tools and do not make any reference to
a particular LHC experiment.

This study only considers the so called semi-leptonic
decay channel which assumes that one of the twoW bo-
son decays leptonically (we just consider electron or muon
channels) whereas the remainingW boson decays hadron-
ically. This semi-leptonic channel has a very good bal-
ance between efficient identification and event rate, since

roughly 8/27 of all top-quark pair events decay semi-
leptonically. These final state configurations have a par-
ticular signature: the presence of one high-pT lepton, high
missing transverse energy because of the presence of the
neutrino, two jets originating from theb quarks and at least
two additional jets.

Selected events are required to fulfil the presence of
all these objects enumerated above and, in addition, topo-
logical constraints are applied to the event: the invariant
masses of the two nonb-jets are required to be compati-
ble with the mass of theW boson within 20% and the two
reconstructed top-jet systems are required to have simi-
lar masses within a range of precision also around 20%.
The missing energy has to be compatible with a neutrino
which, together with the identified lepton can both be at-
tributed to originate from the decay of theW boson. Fi-
nally, an extra jet, not associated to thet or the t̄ is iden-
tified. It should be noticed that the quantityρs considered
depends on the invariant mass of all jets and fermions and
is, therefore, independent of misidentified jet associations.

After the reconstruction of theR observable several
experimental uncertainties have been studied: different
modelling of color reconnection; different events gener-
ator and fragmentation models ( POWHEG [15, 24] with
Pythia’s parton shower[32] versus MC@NLO [28] with
Herwig’s parton shower [29, 30]) ; the impact of a wrongly
reconstructed jet energy; the unfolding procedure to cor-
rect theR distribution to the perturbative partonic level;
the backgrounds, mainlyW+jets; and the statistical error
depending on the collected luminosity.

In the approach advocated here we do not expect that
color reconnection plays an important role since the ob-
servable itself does not rely on a precise momentum re-
construction. The momenta enter only through the jet al-
gorithm which determines whether an event passes the jet
selection cuts. We expect only a very weak effect of color
reconnection on the jet algorithm. Apart from this, color
reconnection could in principle also affect the determina-
tion of stt̄ j , however sincestt̄ j is an inclusive quantity we
do not expect a major effect here. Furthermore a ‘wrong’
stt̄ j would only affect events at the bin boundaries and it is
not unlikely that migrations at the left boarder and the right
boarder will compensate to a large extend. To assess the
impact of color reconnection onR we used both Pythia6
and Pythia8 and compared the situation of using color re-
connection in the respective default setup to the situation
where color reconnection is completely switched off. Ev-
idently, the aforementioned procedure gives a rather ex-
treme estimate of the uncertainty. We conclude that even
in the worst case the uncertainty is below 400 MeV using
reasonable values ofρs. The results are summarized in
Fig. 4.

The impact of the event generator and the fragmenta-
tion model has been studied by the comparison between
POWHEG with Pythia and MC@NLO with Herwig. We
observe that the observable is very stable and the value
of mpole

t which is extracted using one or the other model
is found to remain stable within 0.20±0.20 GeV for the
high range ofρs.
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Figure 4. Impact of color reconnection on the top-quark mass
determination usingR .

The uncertainty due to the reconstructed jet energy is
usually attributed to the uncertainty on the jet energy scale
(JES). To estimate these effects the energy of the jets has
been changed by 3% up and down before the construction
of R . Then, the observable has been constructed and the
top-quark mass has been extracted. In this way, an uncer-
tainty of∼ 1GeVon the extracted top-quark mass has been
estimated. A better compromise between efficiency and
resolution is possible though it would imply tools which
are detector specific.

The observable proposed in this article allows to un-
fold the data and reproduce the originalR distribution at
parton level through an unfolding method independent of
the MC top-quark mass. This method is based on the shape
of the distribution and has been evaluated to have an un-
certainty of∼ 0.3GeV on the top-quark mass extraction
from R . This uncertainty comes from the finite statistics
of the MC generators.

It is estimated that, after apply the topological con-
straints described above, a∼ 5−10% of the reconstructed
events will come from background signal (from single-top
and W+jet topologies ). Finally, assuming a 1% of effi-
ciency of selection for these topologies and an integrated
luminosity of 5, f b−1 for 7 TeV p-p collisions, an statisti-
cal uncertainty of 1.4 GeV has been estimated.

It is important to mention that a real analysis using data
and detector specific tools is needed to understand the ex-
act value of the uncertainties affecting the determination
of mpole

t but we can estimate that a total error of 1 GeV is
achievable.

Table 2. Summary of the experimental uncertainties studied

Source of uncertainty Result

Color Reconnection ∆mpole
t < 0.25 GeV

Event Gen. ∆mpole
t ∼ 0.2±0.2 GeV

Jet reconstruction ∆mpole
t ∼ 0.8 GeV

Unfolding ∆mpole
t ∼ 0.3 GeV

Backgrounds ∼ 5% of the events

Statistics ∆mpole
t ∼ 1.4 GeV for 5f b−1

4 Conclusions

The sensitivity to the top-quark mass of a differential dis-
tibution with respect∼ 1/stt̄ j is exploited. In this anal-
ysis the renormalization scheme of the top-quark mass is
uniquely defined. The method presents a high mass sen-
sitivity and low uncertainties coming from uncalculated
higher order corrections and from the parton distribution
functions. The theoretical uncertainties are estimated to
be below 1 GeV. Finally, the preliminary study of the ex-
perimental viability shows that precisions of∼ 1 GeV are
achievable. This study has not been addressed to any par-
ticular experiment, so a further analysis using real data and
a detector specific framework is needed.
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