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1. Introduction

The top quark is the heaviest particle of the Standard Model (SM) and its mass, my, is an
important SM parameter. Precise measurements of m; provide critical inputs to fits of global elec-
troweak parameters [1] that test the internal consistency of the SM. In addition, the value of m;
strongly affects the quartic coupling of the SM Higgs potential, which has cosmological implica-
tions [2]. Up to 2010 the top-quark mass measurements were performed exclusively by the CDF
and DO collaborations based on the Tevatron proton-antiproton (pp) collision data. In 2011 the
Tevatron accelerator was stopped having collected a data sample with an integrated luminosity of
~ 10 tb~! per experiment. Since 2010, measurements of n from the LHC by the ATLAS and
CMS collaborations have become available. They are based on proton-proton (pp) collisions at a
centre-of-mass energy of /s =7 and 8 TeV.

2. On top-quark mass

From theoretical point of view the top-quark pole mass is defined as the real part of the pole
in the perturbative top-quark propagator. However, due to colour confinement the top quark is not
asymptotically a free particle and thus the pole exhibits, due to the non-perturbative effects, an
intrinsic ambiguity of order Aqcp. From theory point of view it would be desirable to have the
top-quark mass defined within a well-defined renormalization scheme and therefore it appears as
prospective to analyze the measured top-quark mass within the concept of the short range mass
(MSR) [3, 4]. Within this scheme only self-energy contributions above the scale R are absorbed
into the MSR mass definition. Formally one can relate the MSR mass with the top-quark pole mass

as m’'® = mMSR(R = 0) and with the MS mass as follows: mMS = mMSR(R = m). In this approach,

reconstructed top-quark mass, m!°, is connected with mMSR (R) taken at the scale of 1 GeV:
M = mMR(R =1GeV) + AMR(R = 1GeV), AMR(R=1GeV)~ O(1GeV). Q2.1

The difference, AMSR, between the reconstructed top-quark mass and the MSR mass is mainly
related to the contributions coming from scales below Ay = 1 GeV. The MSR mass assumes full
QCD calculations where perturbation theory gives corrections from below the scale R =1 GeV and
hadronization effects are included based on factorization [4].

Another important issue is the ambiguity of mP™. For this it is important to have a relation

between mf()le and a running mass with a well defined renormalization scheme. Such a relation
has been found in four loop approximation between m?(ﬂe and MS mass () [5]. The last term
in the mfmle expansion is 195 MeV and though it is not known what will be the value of the next
term in the expansion, the uncertainty connected with the non-perturbative effects has been already

calculated — its value is 77 MeV [6] and can be considered as an ambiguity in m}mle

3. Top-quark mass reconstruction

Presently is the top-quark mass is inferred in two basic ways. The first approach is based on
direct kinematical reconstruction of the invariant mass of the top-quark decay product via different
techniques like matrix element methods, template methods, etc. The second approach employs
the relation of the top-quark mass and the top-quark pair production cross section. Up to now the
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most precise results are obtained within the first (kinematic) approach, but in this approach the
renormalization scheme is not well defined and thus it is not clear what is the relation between
the measured mass and the mass parameter used in theoretical predictions. For this reason more
and more attention is devoted to the second approach, where top-quark mass is inferred from the
measured cross section of ¢7 production. Here will be reported about both these approaches.

3.1 Kinematic approach

The kinematic approach for the reconstruction of my,, employs observables sensitive to top-quark
mass. It can be e.g. the invariant mass m;, reconstructed from top-quark decay products.

Template method. The essence of the template method [9, 10] is in a comparison of the
distribution of an observable sensitive to top-quark mass reconstructed from data with modeled
distributions (templates) of the sensitive observable obtained by simulation of signal and back-
ground. The reconstructed data distribution is compared to a combination of background template
and signal templates with different input top-quark masses and the combination giving the best
agreement between the data distribution and the simulated one, found by the likelihood fit, deter-
mines the top-quark mass. As a first step a kinematic fit is usually applied to each of the selected
tt-candidate events and, as a result of this, a reconstructed top-quark mass, m;, is obtained for each
event. The signal template is parametrized by a function f; (m,,mtop, 66), where my), is the input
top-quark mass and @ is a vector of parameters known from simulation. The background template
is also parametrized, but here the function does not depend on myop: fj (mt, B) The likelihood
function is constructed using the signal and background templates, and taking into account the
background normalization uncertainties as well as the uncertainties in the parameters of signal and
background parametrizations — see details e.g. in Ref. [10] .

Matrix elements method. This method was proposed by K. Kondo, see details in Ref.[11],
and is based on the full event kinematics. Each event can be represented by a set of variables, X,
that characterizes the event reconstructed objects, e.g. four-momenta of the final state particles.
For each event probabilities that its kinematics comes from signal, i.e. for ¢f production (P;), and
background (Ry,) are estimated. The signal probability reads

Pr= Y [daag PP IR0 i) pign)w @ 5), (3.1)
Oif flavors dy

where o;7 is the total cross section of tf production, X (¥) are the reconstructed (partonic) four
momenta of the final state particles (partons), f(g;) and f(q2) are parton distribution functions
(PDFs) of colliding protons, and W (X,¥) is the detector transition function giving the probability
that partons characterized by y will be reconstructed as final state objects characterized by X. A
similar expression can also be written for Py,. The top-quark mass is extracted by maximalizing
the likelihood based on the signal and background probabilities Pz and Fyyg.

Ideogram method. This method [12, 13] combines matrix elements and template approaches.
It is based on an event-by-event likelihood which is constructed mass using templates for signal
and background and includes all parton-jet assignments with the corresponding weights.

Other kinematic methods. There is a series of methods proposed to avoid using calorimetric
information aiming at suppression of the systematics connected with jet energy scale. In these
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methods top-quark mass sensitive observables not connected with jets are used [14, 15]. Among
them are b-decay transverse distance, Ly, lepton pr, etc.

The choice of the method used in the analysis depends on the type of ¢7 events used. There
are three basic channels classified according to the type of decay of the W bosons: Lepton +
jets channel: t7 — WbWb — (¢£v;)(jj)bb (one of the W bosons decays leptonicaly and the other
hadronicaly), Dilepton channel: t7 — WbWb — (£v;)(£v;)bb (both W bosons decay leptonicaly),
All jets (all hadronic) channel: t7 — WbWb — (jj)(jj)bb (both W bosons decay hadronicaly).
Note that the ¢7 events with 7 leptons are not discussed here.

3.2 Top-quark mass reconstructed at Tevatron

The Tevatron experiments in their second phase (Run II) worked with colliding beams of
proton and anti-protons (pp) at a center-of-mass energy /s = 1.96 TeV and the final accumulated
statistics is around 10 fb~! per experiment. Practically all the above mentioned techniques of top-
quark mass reconstruction have their origin at the Tevatron experiments. Despite the fact that the
Tevatron accelerator was stopped in 2011, results of the data analysis are coming and in many
respects are competitive with the LHC results.

Top-quark mass at CDF. Here it will be mention only the latest CDF measurement obtained
in dilepton channel and the summary of all CDF top-quark mass measurements

carried out in Run I and II. The top-quark mass CDF Run i Preliminary (8.8 )

measurement, carried out in the dilepton chan- 70

nel using a data sample of 9.1 fb~!, employs 3 % 'L’_r.":z:::*g“ tagged events
a template method [16]. The applied tech- 3505' B Bect it 10 data
nique uses two observables. One of them is he 1 (MG shape) + Bro
M;*° — an invariant mass of the top-quark de- :2 30F -

cay products (¢vb), and the second observ- 320;_

able is the so-called alternative mass: M3 = 105_ g

V/(I1 -b1)(ly - b2) /Ep, Ep,, where Iy ) and by (5 60 80 100 120 140 160 180 200

MM (GeVicY)

are four-momenta of leptons and b-jets, respec-

tively. To account for the unconstrained kine- Figure 1: Likelihood fit to the dilepton data,

matics of the top-quark dilepton channel, the  ,_ag0ed events. Background (purple) and sig-
phase space of the azimuthal angles of both  nal+background (cyan) p.d.fs are superimposed to
neutrino momenta was scanned and for each  the M™P distribution from data (points).

point the top-quark mass was reconstructed by minimizing a x> function for the 77 final state hy-
pothesis and a weight was assigned to it. The mass, M;°°°, with the highest weight is taken for each
event. The signal and background templates were created for an observable, M™®, which was a
combination of M[*® and M&': M"® = WM + (1 —w)M2!' with the weight w found by minimiz-
ing the total uncertainty (w = 0.6). The top-quark mass is extracted from a likelihood fit, where
the likelihood expression is based on the signal and background M™® templates. Main source of
systematics still comes from jet energy scale (2.2%). The total systematic uncertainty is 2.5% and
the statistical one is 1.9%. The extracted mass is:

my = 171.5 £ 1.9 (stat) £2.5 (syst) GeV.
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This result improves the previous CDF result
measured in the dilepton channel [17].

The CDF collaboration summarized its top-
quark measurements performed in Run I and Run
IT [18]. The summary contains a combination
of eight measurements and also the top-quark
masses in the /+jets, all jets, £/ and MET de-
cay channels. Considering correlations of the
uncertainties, and combining the statistical and
systematic uncertainties, the resulting CDF aver-
age mass of the top quark was found to be m, =
173.16 + 0.93 GeV, corresponding to a relative
precision of 0.54%. The channel masses are:

m % = 17251 £ 1.02 GeV
=169.40 4 2.76 GeV
mill =174.99 + 1.90 GeV
mMET = 173.64 + 1.79 GeV

m!*

March 2014 (" CDF preliminary)
CDF-I dilepton 167.40 +11.41(210.30 £ 4.90
——
CDF-II dilepton * 170.80 +3.25 (+1.83 £ 269)
—_——
CDF-I lepton+jets 176.10 £7.36 (£5.10£530)
CDF-Il lepton+jets 172.85 +1.11 (£0.52 + 0.98)
- ——
CDF-| alljets 186.00 +11.51(+10.00 + 570
) s
CDF-Il alljets * 175.07 £1.96 (+1.19+156)
CDF-II track 166.90 +0.46 (+9.00 + 2.90)
. L o
CDF-Il MET+jets 173.93 +1.85 (+126+135)
CDF combination * 173.16 +£0.93 (+0.57 = 0.74)
(astat + sysp
¥3/dof = 5.6/7 (58%)
| | | | \ |
150 160 170 180 190 200

M, (GeV/c?)

Figure 2: Summary of the CDF measurements
and resulting combination of the top-quark mass.
The red (blue) lines correspond to the statistical
(total) uncertainty.

Top-quark mass at D0. Here will be mentioned the latest DO top-quark mass measurements

performed in dilepton and ¢+jets channels. Both measurements were carried out using the full DO

data sample of 9.7 fb~!. In the case of the dilepton analysis [19] a matrix element technique was

applied. This technique associates to each event a probability
P (fv frt_amtop) = fiiPi (3_5', mtop) + (1 - frt_) H)kg ()_6) )

where X is a set of the observables: pr, 1 and ¢ for event jets and leptons; fi7 is the fraction of ¢7

(3.2)

events in data and P (Fyg) is the probability that observables X correspond to signal (background).

To extract m, and f;7 a likelihood fit, with the like-
lihood function based on the event probability P, is per-
formed to data. The fit leads to the mass:

my = 173.93 £ 1.61 (stat) = 0.88 (syst) GeV.
Here the statistical uncertainty dominates and the most
significant systematic uncertainty comes from b-jet en-
ergy scale. This result is comparable with the pre-
vious DO dilepton results obtained using the neutrino
weighting technique [20]. The most precise measure-
ment of the top-quark mass carried out at Tevatron was
done by DO in /+jets channel using the matrix element
method [21]. Extraction of m;, via likelihood technique
using the signal and background probability densities
was obtained via the matrix element method for each
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Figure 3: Invariant mass of the trijet sys-
tem matched to the hadronic decay of the
top quark in /+jets final states.

event. In addition, the signal fraction f, and jet energy scale factor kjgs are also extracted. A two-

dimensional likelihood fit in the plane (fsg, kjgs) to the data events leads to the extracted mass:

m; = 174.98 £ 0.58 (stat+JES) £ 0.49 (syst) GeV.
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The most significant sources of systematic uncertainties are effects of hadronization, underlying
event and residual jet energy scale.

Top-quark mass — Tevatron combination. The Run I and Run II results of CDF and DO
experiments on the top-quark mass were combined

The resultant Tevatron combined value for the Mass of the Top Quark
- July 2014 (* preliminary)
top-quark mass is [
CDF-| dilepton 167.40 +11.41 (:10.30 4.90)
mt == 17434 :l: 0.58 (Stat) :l: 052 (Syst) GeV. D@-I dilep&m—.— 168.40 +12.82 (+12.30 £ 3.60)|
using the BLUE method [22] taking into account CDF-Il dilepton * * 17080£3.26 (:1.89+260)
correlations between the sources of uncertain- DI dilepton 174002280 (:230% 149
. . . . . CDF-I lepton+jets 1047.36 (:5.10%5.
ties. The theoretical uncertainties associated to 170105738 (o080
. D@-I lepton+jets 180.10+5.31 (:3.90% 3.60)
the background modelling are taken to be 100% Rl tontonsi -

-1l lepton+jets 172.85+1.12 (£0.52+0.98)
correlated among all measurements in the same D@1 leptontets B iohi076 comsom
channel. The uncertainties associated to the data CDF- alljets 186,00 51151 61000+ 570)

. . " . -

driven background estimates are taken to be 100% COF-lallets 175074195 1102155
. CDF-litrack £0.43 (+9.00+ 282
correlated among all measurements in the same e 106902043 (500-2
. CDF-Il MET+Jets T 173.9311.85 (+1.26+1.36)

channel and same run period, but uncorrelated be- o |
Tevatron combination * 174.34£0.64 (:037+052)
tween the experiments. The global correlation be- ot = 1081 (16

| | | | | |

tween the CDF and DO uncertainties is 25% and
the experiment average top-quark masses are:

150 160 170 180 190 200
M, (GeV/c?)

Figure 4: Summary of the input measurements
F=173.12 £ 0.92 GeV, and resulting Tevatron average mass of the top
mP? =175.03 4+ 0.74 GeV. quark.

3.3 Top-quark mass reconstructed at LHC

In the LHC Run I the experiments ATLAS and CMS have measured the top-quark mass at
center-of-mass energies /s = 7 and 8 TeV using samples with integrated luminosities of approxi-
mately 5 and 20 fb~!, respectively.

Top-quark mass at ATLAS. ATLAS has measured the top-quark mass using different ap-
proaches at /s =7 and 8 TeV. Here are reported the measurements performed at 7 TeV in /+jets, £/
and all-jets channels and at 8§ TeV in ¢/ chan-
nel. One of the measurements, carried out at 7
TeV with a sample of 4.6 fb~!, employed a 3D 400 1
template method for the /+jets channel and a 1D- 300
template method for the ¢¢ channel [23]. In the 200
l+jets case the signal and background templates

600 ATLAS ERREREEEEEE S H“o‘da(alﬂets““*
r 7 TeV, 4.6 fb’l ------ Best fit background
o Best fit -

Uncertainty

500~

Events / GeV

100

of three observables, m{f;;", my~°, and Rreco are e 7o
. . 30 140 150 160 170 180 190 200 210 220
used in an unbinned fit to the selected data events. 150 [Gev]

The observable mgy° is the reconstructed invari-

Figure 5: The fitted distribution of m{f,go and the
ant mass of top-quark decay products, my“® isthe  fitted probability density functions for the back-

invariant mass of the hadronically decaying W bo- ground alone and for signal+background.
son, and KR, is the ratio of the transverse mo-
mentum of the b-tagged jet to the average transverse momentum of the two jets of the hadronic W

boson decay. The observable mgy° is sensitive to 1, the two other observables, my and R} 7, are
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sensitive to JES and bJES, respectively. The likelihood function is constructed on the base of the
signal and background templates of the above-mentioned observables. The output of the likelihood
fit are the reconstructed top-quark mass, 1, the jet energy scale factor (JES), and a relative b-jet
energy scale factor (DJSF). As a representative fit result, in Fig. 5 it is shown the fitted distribution
in the data, showing a mg;° distribution. The fitted probability density functions for the background
alone and for signal-plus-background are also shown. The extracted top-quark mass is

mi % = 172,33 + 0.75 (stat+JSF+bJSF) +1.02 (syst) GeV,

In the dilepton case the 1D template method was used with the sensitive observable mj;™°, i.e.

the £ — b-jet invariant mass. An unbinned likelihood fit to data was based on mj;° signal and
background templates and the output of the fit were the top-quark mass, mfz, and the background

fraction, fyke. The extracted mfé and its combination with mfﬂets, using the BLUE method, is

mf’ = 173.79 & 0.54 (stat) + 1.50 (syst) GeV, m™ =172.99 4+ 0.91 GeV.

The relative precision of the combined result is 0.53%.

The template method is also used for the measurement of the top-quark mass in all-jet channel.
The sensitive observable is Rz, = mjj; /mi;, where mj;; (mj;) is the three (two) jet invariant mass
corresponding to the top-quark (W boson) decay products. R3; is used rather than the reconstructed
top-quark mass (/mj;) to reduce the systematic effects common to reconstructed top-quark and W
boson masses. The large multijet background was determined by dividing the event sample into six
disjoint sets according to the number of b-tagged jets and the pt of the sixth jet.

ATLAS measured the top-quark mass also at 8 TeV in the dilepon channel using the sample of

reco

20.3 fb~! [24]. The same strategy and template method as at 7 TeV with the observable my;° was
used, but the event selection was refined and the singly produced top quarks with the same lepton
final states were also included. The top-quark mass, mf/ extracted from the likelihood fit to data

and its combination with the 7 TeV f+jets and ¢/ channels results are:
mf* =172.99 & 0.41 (stat) & 0.74 (syst) GeV, m™ =172.84 4 0.70 GeV.
The relative precision of the combined result is 0.40%.

Top-quark mass at CMS. The CMS experiment measured the top-quark mass at /s =7 and 8
TeV. Here are presented the measurements at /s

= 8 TeV performed in the /+jets, all-jets and ¢¢ L 1 016? MS e S ‘18"2‘1[()? ‘Te‘vé
channels, as well as the combined 7 and 8 TeV - 1:014; :Hybrid E
result. The /+jets measurement carried out at /s 10125 1 E
= 8 TeV using the data sample of 19.7 fb~! em- 1.01E E
ploys an ideogram technique [25]. The applied 1.008 3
technique is based on a joint maximum likelihood 1-006; *
fit to data. The fit output is the top-quark mass, 1'004;’ 7
my, and (optionally) the jet energy scale factor, 1'002?
JSF. The likelihood fit is based on an event like- |3 E

T R S
lihood d . fit d mreco | b 171 1715 172 1725 173
ihood created using m;" and mi$® templates ob- m, [GeV]

tained from simulation for different m, and JSF. . ) ) o
Figure 6: The two-dimensional likelihood

it eco i (—2Alog(L)) for the ¢+jets channel for the 2D,
masses m;"" and my;”® corresponding to top quark hybrid, and 1D fits (see text).

The observables for measuring m, and JSF are the
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and W boson, respectively, which are estimated by a kinematic fit for each event and different
parton-jet assignments. Three approaches are used to reconstruct the top-quark mass: 2D ap-
proach with a simultaneous fit to m; and JSF, 1D approach with a fit only to m; (JSF = 1) and
hybrid approach with a prior knowledge about JES used but a Gaussian constraint applied centered
at 1 with the variance depending on the JES uncertainty. In Fig. 6 are shown the contours of like-
lihood, —2Alog(L), corresponding to one (two) statistical standard deviation(s) of m, for the 2D
and hybrid fits. For the 1D fit, the thick (thin) lines correspond to the one (two) o of statistical

uncertainty. The extracted top-quark masses are

m?P =172.14 £ 0.19 (stat+JSF) £ 0.59 (syst) GeV, m/P = 172.56 + 0.12 (stat) & 0.62 (syst) GeV,
m™°=172.35 & 0.16 (stat) & 0.48 (syst) GeV.

The most precise results is obtained in the hybrid approach where the total uncertainty is 0.51 GeV,
i.e. a relative precision of 0.30%.

The same ideogram technique using the mentioned three approaches was used also at the mea-
surement carried out in the all-jets channel (/s =8 TeV, [ Ldr = 19.7 fb—1) [25]. The reconstructed
top-quark masses using these approaches are
m?P = 171.64 + 0.32 (stat+JSF) & 0.95 (syst) GeV, m!P = 172.46 + 0.23 (stat) & 0.62 (syst) GeV,
m™°=172.35 & 0.25 (stat) & 0.59 (syst) GeV.

In the dilepton case an analytical matrix weight- N L B B B B
ing technique (AMWT) - see details in Ref. [25] was e N
employed. The background in the ¢¢ is very small 2,2”22,‘;‘,‘2;,‘,’;',?;3;5,.,”,1 N [t
and the main systematic uncertainties comes from Z:J:C::%"II:’:“I“"’ Ve “7:4:0430;::
the factorization and renormalization scales. The ——— m N
likelihood fit to the data gives — N o
my* = 172.82 4 0.19 (stat) & 1.22 (syst) GeV. T
o mayas 171 e
CMS combined its top-quark measurements at 7 and oS combinaton N 7244 0122 047 Go¥
8 TeV taking into account correlations between the e N
measurements. The obtained value is medrger T% maemeance
my = 172.44 + 0.48 GeV. o e e e
The relative precision of the result is 0.28% — it is the m, [GeV]
most precise measurement to date. Figure 7: Summary of the CMS measure-

ments in Run I performed at /s = 7 and 8
TeV, including the combination.

4. Top-quark pole mass

The dependence of #f cross section (inclusive or f7+jet one) on the top-quark pole mass, mf(’le,

is used to infer this mass. The m}mle is used in the theoretical predictions and though it exhibits
some ambiguity, as mentioned above, it is theoretically a well-defined mass unlike the directly
reconstructed top-quark mass. A big progress in the ¢ cross section calculations — now they are
known at NNLO including NNLL soft gluon resummations [29], makes the idea of determination

I .
of mP very attractive.

Top-quark pole mass at ATLAS. For the extraction of m’" the ATLAS experiment used the
inclusive 7 cross section measurements at 7 and 8 TeV performed in dilepton e¢/u channel with
electron and muon as decay products [26]. The pole mass can be extracted from the predicted
NNLO+NNLL dependence of inclusive ¢ cross section, o;7, on mf)Ole. In Fig. 8 are shown the pre-

dicted NNLO+NNLL #7 production cross sections at 7 and 8 TeV as a function of mf(’le, showing the
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. . .. = S B B B I I SR R I
central values (solid lines) and total uncertainties ‘% 3505\ ATLAS T ST 2008 AL e
. . S P . = CT10 NNLO oertain 4
(dashed lines) with several PDF sets, and are com- 5 o I eermemo
. . g L oem o ey
pared to the measurements of ¢;; with their depen- & R TR
S 250k 44 .
dence on the assumed value of m, through accep- N\ NS
. . P ]
tance. Combining the results at 7 and 8 TeV the 200 77y ‘*5\:‘:\%&2 R
F ~— ) @ ]
extracted top-quark pole mass reads 150 T
N N R AN P RSN EPRATN IR B e
pole _ +2.5 164 166 168 170 172 174 176 178 180 182
m; =172.9 757 GeV. -~

m [GeV]

The main analysis systematics comes from 7 Figure 8: Predicted NNLO+NNLL o7 at 7 and
modelling and QCD scale, from PDFs, lepton ef- 8 TeV as a function of mf"lc with several PDF
ficiencies, and jets and b-tagging. sets is compared with the measured o;;.
Top-quark pole mass at CMS. The CMS collaboration has also extracted the top-quark pole
mass, m?OIB, using the inclusive #f cross section (0;;) measurements at 7 and 8 TeV performing
the measurements in dilepton e/u channel [27]. The predicted NNLO+NNLL #7 production cross
sections, employing NNPDF3.0 and o = 0.118 + 0.001, were compared to the measured o;7 at /s
=7 and 8 TeV as a function of mf()le. The pole mass was extracted at each value of /s. Combining

the results at 7 and 8 TeV, the extracted top-quark pole mass reads

mP =173.8 118 GeV.
The extracted masses using the CT14 and the MMHT2014 PDF sets give, within uncertainties,
compatible results. The main analysis systematics comes from #f modelling and QCD scale, from
PDFs, lepton efficiencies, and jets and b-tagging.

Top-quark pole mass at D0. The DO collaboration extracted the top-quark pole mass utilizing
the #7 cross section measurement at /s = 1.96 TeV combining the lepton+jets and dilepton top-
quark decay channels using the data sample with an integrated luminosity of 9.7 fb~! [28]. The
predicted NNLO+NNLL 77 production cross section [30] is compared with the measured one as a

function of m". From this comparison, the DO top-quark pole mass was extracted:

mP = 172.8 34 GeV.

The uncertainty corresponds to a precision of 1.9%. The obtained mass is within uncertainties com-
patible with the ATLAS and CMS ones. The main analysis systematics comes from ¢ modelling
and QCD scale, from PDFs, lepton efficiencies, and jets and b-tagging.

4.1 Top-quark pole mass from 7+ one jet

From NLO calculations [31] follows that the mf(’le dependence of the 74 1 jet cross section is
enhanced with respect to that of the inclusive 77 cross section. The pole mass can be extracted from
the normalised differential distribution:

1 d O 1jett X 1
R (P, p,) = X () @.1)
r b doiiitjesx  dps ¢ P

mgo (=170 GeV) is an arbitrary value, and s;7; is the invariant mass of the system

2my
i)’

tt+ jet. Due to the normalization many experimental and theoretical uncertainties are canceled.

where p; =

ATLAS performed its measurement using the 7 TeV data with an integrated luminosity of
4.6 fb~! [31]. The R-distribution, after the background subtraction, was unfolded to parton level
using corrections for detector and hadronization effects. The extracted top-quark pole mass is
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mP"® = 173.7 & 1.5(stat) + 1.5(syst) *18 (theory) GeV.

The dominant experimental uncertainties are due to the jet energy calibration and the initial and
final-state radiation modelling. The theoretical uncertainties include the uncertainty due to missing
higher orders in the perturbative NLO calculation, as well as uncertainties due to the PDF and o
used in the calculation.

A similar analysis based on the observable p, has been carried out by CMS using the dilepton
data at 8 TeV with an integrated luminosity of 19.7 fb~! [32]. The extracted pole mass is

mP® = 169.9 + (stat) *37 (syst) +30 (theory) GeV.

The precision is mostly limited by the systematic uncertainties arising from modelling sources and
the theory uncertainties in the POWHEG ¢7-+jet simulation.

4.2 Top-quark mass measurements using alternative topologies

There is a series of measurements of the top-quark mass proposed and performed with aim to
avoid using (b-)jet energy scale. A classical measurement in this direction was the measurement
of CDF [14] where the top-quark mass was measured exploiting the transverse decay length of
b-jets (L,y) and isolated lepton pt. Both L,, and pt depend approximately linearly on top-quark
mass. Using the invariant mass of system formed by secondary vertex and isolated lepton, as an
observable, at /s = 1.96 TeV using an integrated luminosity of 1.9 fb~!, the mass was extracted:

my =170.7 £ 6.3 (stat) &= 2.6 (syst) GeV.
A similar procedure, based on an invariant mass of the secondary vertex and lepton, was applied
by CMS to the data at /s = 8 TeV with an integrated luminosity of 19.7 fb~! [33] and obtained:
m; = 173.68 £ 0.20 (stat) 735 (syst) GeV.

An interesting approach used by CMS employs the exclusive decay channel 7 — (W — ¢v) (b —
J/w+X —) [34]. Once again the data sample at \/s = 8 TeV with an integrated luminosity of
19.7 fb~! was used and the observable used to infer the top-quark mass was invariant mass of J /y
and isolated lepton (J/y + /). The extracted mass was

m, = 173.68 £ 3.0 (stat) £ 0.9 (syst) GeV.

For determination of the top-quark mass can be used also the single top-quark production
t — (W — b, W{v). This alternative was studied by CMS using the data sample at /s = 8 TeV with
an integrated luminosity of 19.7 fb=! [35]. The investigated observable was My, — the invariant
mass of the leptonic branch top-quark decay products. The measured top-quark mass was

my =172.6 & 0.77 (stat) 005 (syst) GeV.
The obtained masses are in good agreement with the results of the standard approaches.

5. Summary

The top-quark mass measurements carried out by experiments of Tevatron (CDF, D0) and
LHC (ATLAS, CMS) have achieved an unprecedented precision. The uncertainty of the top-quark
mass is well below 1 GeV and approaches to Aqcp. As the nonperturbative aspects of the strong
interaction prevent us to extract unambiguously the top-quark pole mass from experiment, it is
inevitable to continue effort for better understanding of relation between the measured top-quark
mass and the top-quark pole mass, as well as for better understanding of ambiguities in the top-
quark pole mass itself. From experimental point of view it is needed to try different approaches for
a better understanding of systematic effects.
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