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Abstract

Between the Tevatron and LHC, top-quark physics is now b&ugm@in area for
precision physics. This has lead to an increase in theatadittivity to match
the experimental accuracy of top anti-top production. Weeass the difficulty
in properly defining the top-quark mass as measured by erpats and present
results for differential distributions of top-quark panoguction in a running mass
scheme. The use of such a scheme shows better convergeheeperturbative
expansion and improves the scale dependence as opposedtypital on-shell
scheme.
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1 Introduction

The top-quark provides a unique window into Quantum Chroymachics (QCD)
due to its large mass and very short lifetime. It’s lifetimeso short that it decays
well before hadronizing and thus experiments have accgssperties that would
not normally be measurable for individual quarks. In additithe very short
decay time means that the production and decay of top quankde treated
almost completely in perturbation theory to higher ordeffe top sector then
becomes an area for precision tests of QCD.

One of the properties that has been measured very precssibtly mass of the
top quark. The most recent combined measurements from ttegrda and LHC
are

Tevatron[[1]: m = 17324+0.87GeV, (1)
LHC[2: m = 1733+1.4GeV. (2)

There are of course many other measurements using varicusigeies and de-
cay channels but these give a feel of how precisely the axjsts are able to
determine the mass.

One common element of these two measurements is that theg-aadled "di-
rect” measurements. This effectively means that the masstaned by compar-
ing various event properties with Monte Carlo (MC) simwas of what should
be seen. By fitting the simulations to the data, a value of thestan be ex-
tracted. There are various techniques for actually doimgy thcluding the Tem-
plate Method|[3], the Matrix Element Method [4], and the u$édeograms|([5].
These methods are similar in that they depend on matchingldteeto a MC
simulation of what should be seen for various values of tpatiass. One impor-
tant consideration when doing these mass measurementsishWass is being
measured?

2 Top-quark Mass

In the Standard Model (SM), mass is a free parameter. Thenhass of a particle
that appears in the Lagrangian is an infinite quantity whiebds to be adjusted
by an infinite renormalization contribution to give a physicalue. i.e. the value
measured in the lab. The choice of the renormalization sehedfacts the value
of the mass obtained, usually, in a well defined way. Typyoathen considering
a particle’s mass it is the pole mass that is being referredtos is effectively
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the mass of the particle that would be measured if it was freecarresponds

to the location of the pole of the propagator. It is this défam of mass that is

usually assumed to be measured by experiments becaudedtrisaiss used in the
perturbative calculations that act as input.

There are a few problems with this though. For one thing, kpiare not
free particles and thus it does not make much sense to talkt @pole mass
for a quark. The second problem is that because the measuienety on MC
simulations, there is some dependence on the models thasede Examples of
the model dependent effects that need to be included arercadoombination
and bound state effects. For this reason, it was proposéwtis is really being
measured is a MC mass which is related to the pole mass patittely [6] via

Mpole = Myic + Qolas(Qo)C1 + ... 3)

It is then typically argued that the scal® should be about 1GeV which is the
scale of the cutoff in radiation in parton shower evolutidmn. this caseas is
on the order of 1 and; is completely unknown. To obtain an estimate of the
error introduced by this relation, it is assumed ttyashould also be on the order
of 1 giving a total uncertainty of about 1GeV. This is on thensaorder as the
current combined measurement from the Tevatron and henséanitportant to
further study this relation. In addition to the unknown diiiim of the MC mass,
perturbation theory in the pole mass scheme applied to giguark suffers from
the infrared renormalon. This limits the accuracyt\qcp) [7].

Finally the top quark is not a stable particle which meanstti@on-shell cal-
culations currently used are missing finite width effectag@riet al.,, [8], studied
the off-shell effects in the differential production cresection with respect to the
invariant reconstructed top mass to show that the contobsican have a signif-
icant effect on the determination of the top mass. Figureoivstthat taking into
account the off-shell-ness of the top quark can possibtyteaizeable effects that
need to be taken into account when determining the mass. tktatled studies
into these effects are ongoing.

3 Methods of Reducing Uncertainty

As a way of checking the direct top mass measurements, a muhbéher ob-
servables are being considered. These observables athererthe dependence
or are completely independent of the various uncertaimtiesussed in the pre-
vious section. Recently, CMS used the endpoints of kinensisitributions to
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Figure 1: The differential cross-section with respect te itivariant mass of a
reconstructed top. In blue is the NLO on-shell differenti@ss-section and in red
includes the off-shell effects.

extract a mass for the top quatK [9]. This method relies ooretecal descrip-
tions of the endpoints of various kinematic distributioosiimultaneously extract
values for the neutrino, W-boson and top quark masses. UWisengyorld average
values for the neutrino and W-boson masses, 0 GeV and 80.4r&péctively,
they find

Mpole = 1739+ 0.9(stat.y 31 (syst.) GeV (4)

in agreement with other top pole mass determinations.

Another option that has been proposed is to use the diffietehstribution for
the production of af pair plus one jet [10]. The NLO corrections to this process
are known meaning that the mass of the top-quark is well défimeaddition, it
was argued that this observable could be competetive ingiwaavhen extracting
a top-quark mass. In_[10] the authors were able to show thatp@noximate
relation between the error in the measurement and the erribrei pole mass is

given by
Ae@ Ampo|e
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whereZ is defined by,

1  dGiigjet

Mpole P), 6
Gitr 1jet dp (polep) (6)

X (Mpole, P) =

p= \2/% S(p) is the sensitivity andng sets the scale of the top mass. Figure

shows the sensitivity to the pole mass as a functiop &r the inclusivett
differential cross-section and the+ 1jet differential cross-section. It is seen
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Figure 2: Estimates of the sensitivity to the top-quark magkett (blue) and
tt + 1jet (red) systems.

that using the 1-jet description increases the sensitigithe region just below
threshold making it accessible at least from a theory staimdlp It should be
noted that these curves are only estimates and furtheestoflthe sensitivity are
underway.

The final option that will be discussed is to use the measu@dijgtion cross-
section to obtain the mass. This benefits from the fact tratNNLO correc-
tions to the production cross-section are known [11] andcthes-section can be
measured in experiments in an unambiguous way (for examiptearcounting
experiment). With current accuracy though, the error indkgacted top-mass
is currently much larger than those using the more convealtidirect measure-
ments. This can be seen in the analysis of Tevatron datagvtheMS mass was
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extracted and translated to the pole mass for compaiisgn [12

Mmys = 1633+27GeV, (7)
Mpole = 1733+2.8GeV. (8)

As can be seen, the pole mass agrees well with the valuesebtitasing direct
methods but with a slightly larger error.

4 TheMS Scheme

The authors of [12] chose to use thES mass instead of the pole mass for a few
reasons. The firstis that the renormalon ambiguity menti@aelier is not present

in the MS scheme. A second and perhaps more important reason coones f
looking at the perturbative series describing the productross-section. Fig-
ure[3 shows the LO, NLO and NNLO scale dependence in the pads sheme
as compared to thBIS scheme. We see that at NLO and NNLO, the variation
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Figure 3: The scale dependence ofthgroduction cross-section in the pole mass
scheme (left) anS scheme (right) at LO, NLO, and NNLO. The vertical bars
indicate the variation in the range/mpgie € [1/2,2].

of the scale dependence becomes significantly smaller. AtMINhe varia-
tion in the pole mass scheme in the standard rgngepge € [1/2,2] amounts
to AO\NLO = oo In theMS this reduces oL O = 9oe- N addition
to scale dependence, the perturbative series also showspaavement in con-
vergence. Including the NNLO corrections in the pole mases® represents

approximately a 12% increase in the cross-section. Comgahis to theMS
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scheme, it is seen that the NNLO corrections represent oB% ancrease in the
cross-section.

In addition to the total cross-section, these improvemahotd for differen-
tial cross-sections. For convenience, we define the diffikoross section with
respect toX as

do  /as\2do©@ ,ag\3do® 4

dX_<n> dX <n> dX +0olas) ©)
With the number of top-quarks being produced at the LHC, erpants are start-
ing to measure the differential cross-sections so a studlyeofimprovements ob-
tained by moving to thé1S scheme is required. Ih [13] we have computed the
differential cross-sections in tHdS for transverse momenturpl., rapidity, y¥,
and the invariant mass of thé system,m!. The translation from the on-shell
calculations to thé1S scheme is obtained using the perturbative relation betwe
the two schemes,

a as\ 2
Mpole = M(M) <1+ ﬁdﬁ (;S) d2+6*’(a§’)>. (10)
When applied to the description of the differential crosst®n, it is found that

do(m(m)) as\2do@(mm)) /as\3 | do® (mm))
x = (3) " ax +<F){ dx

©)
+mm) (dadf“))‘ ()}W(a;‘), )
my=m(m

where X is the variable of interest. The extra derivative term, asgared to
Equation [[9), causes a reduction in the contribution froencth term ultimately
leading to the increased convergence in the perturbatiiesse The required
derivative terms have been computed analytically whersiptes In the cases
of the p}- andy* spectra, a partial derivative of the PDF contributions veagiired
and carried out numerically.

As an example of the results, consider fiespectra shown in Figuig 4. We
see that, as expected the difference between the LO (gradrYiaO (blue) dif-
ferential cross-sections, as well as the scale dependestios() are smaller. In
addition, there is an overall shift of events towards theghold region which re-
sults in a more pronounced peak. At a valugef= 75GeV, the ratiaon o/ 010
for the pt- spectrum goes from 1.52 in the pole mass scheme to 1.26 iM$he
scheme. A detailed discussion of the results presentedsisetion can be found
in [13].
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Figure 4: Thep!- differential-cross sections in the pole mass scheme (@eit)
MS scheme (right) at/S= 7TeV.

5 Conclusions

The problem of defining a pole mass for the top-quark has besusked, as
well as the difficulties in associating the experimentallgasured masses with a
pole mass. In order to deal with these problems, the reldie@ween the MC
and pole mass is being studied. At the same time, other adides/are being
considered that are able to obtain independent measurgroéthe top-mass.
These other observables are able to circumvent many of thaabs found in
properly defining the top-mass being measured but, so fanadgrovide the
same level of precision found in direct measurements. Kinahas been shown
how using theMS scheme improves the convergence of the perturbativesseri
as well as the scale dependence in the theoretical preusctidhis may help to
improve the measurements of the top-quark mass.

There is still a lot of work to be done in this area. Other @Bateed to be
included such as higher order corrections in the diffee¢mtioss-sections, finite
width effects and color-reconnection. In particular, is macently been found that
electroweak corrections to the on-shilB relation largely cancel with the corre-
sponding QCD corrections [14] for a Higgs boson with nmags~ 125GeV. ltis
however currently unclear as to how these corrections \ffdlcathe differential
distributions presented here.

At a potential futuree™ e~ collider, the theory side is under slightly better
control as (NJLO corrections have been approximated (see for exarmpl §b5]
it has been suggested that it will be possible to determiaéai-quark mass with
a precision of about 100MeV.
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