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Top quarks are produced abundantly at the Large Hadrondeolit CERN, and a variety of
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laborations ATLAS and CMS. In this review, the most recesufts on the measurement of the
top quark mass by the two collaborations, using the mostistatechniques, are reported. The
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quark the most accurately measured quark.
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1. Introduction

At hadron colliders top quarks are produced predominamtlgdirs via strong interaction. At
LHC this production becomes quite copious: more than 5 oniltt pairs have been produced
during pp collisions at\/s= 7 and 8 TeV (the so—called Run 1), yieldindta— W+bW-b final
state distinguished by th&’s decay intodilepton lepton+jets andall-jets final states.

The top quark mas$/;, is an important free parameter of the Standard Model (SMglwban
be measured directly from the observation of its decay prt=durhe quantityvl; requires however
a theoretical interpretation, see [1].

Precise measurements M, theW mass,My, and the Higgs boson maddy, are used to
assess the self-consistency within the SM of global elesak fits [2]. On the other hand, top
quarks might play a peculiar role in models for new physics435]. Finally, M; and My are
related to the vacuum stability [6] of the SM. In fact the \aMy ~ 125 GeV [7], measured by
ATLAS and CMS, is associated to a near-criticality of the SAdwum, see [8].

2. Measuring the Top Quark Massat the LHC

Thett events collected by ATLAS and CMS have common physics sigesat highpr iso-
lated leptonsdor u); high-pr jets, some of which can be associated to the hadronizatibigaédrk
(i.e. b-jets); missing transverse energ@{l“ss, corresponding to the transverse momentum imbal-
ance associated to neutrinos. These physics objects ateéaissconstruct th@p — tt - — WbWo
final state, with inherent ambiguities and permutationstiieir mapping to the leptons/quarks of
the final state. In addition, there is an uncertainty in thevdedge of the absolute value of jet
energies, i.e. the so-called jet energy scale (JES), andhitiéng of theEMsS between multiple
neutrinos.

Methodsfor measuring thetop quark mass. Having reconstructed fully or partially the final
state, there are several methods for the measurement aglypark mass, and the most common
(“standard”) are: theéemplatemethod; thedeogrammethod; and thanalytical matrix-weighting
technique. These methods are described briefly below, veltiégnative methods are discussed
in [9].

The template method is based on distributions of varialdesitve toM;. The typical choice
is the reconstructed top quark mas§° associated to thé/ bW b(W — jjb orW — ¢v) hypothesis
which yields the smallest?, while theW boson massVly, is constrained to its measured value.
Normalized distributions (templates) are then derivedMilante Carlo (MC) simulated events, as-
suming different values d¥l;, and parametrized as a functionMf. A likelihood is then computed
based on these functions, and maximized to derive the best far M;. A simultaneousn-situ
calibration of the JES can be performed by includMg templates which depend explicitly on
JES shifts from the nominal value. It is also possible to gutsic constraints on the JES of the
b-jets.

The ideogram method is a modification of the template methbitlwaccounts for thé/;
resolution on an event-by-event basis. Starting from tinerkiatical reconstruction of th& bw b
final state, the method then computes an event likelihoodfaediion of M, convoluting Breit-
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Wigner (or similar) distributions with experimental regbbns. Multiple combinations for the
jet-to-quark matching are considered with weights depgndn the goodness of the fit.

In the dilepton channel the system is under-constrained unless one assumes a given top
quark mass and infers the neutrino momenta frorrﬂﬁ'ésvalue. This is performed in the analyt-
ical matrix-weighting techniqgue (AMWT) scanning tiMg values in small increments, sharing the
momentum imbalance among the two neutrinos. This carri@sgamultiple solutions per event,
each one with a given weight. The mass value which has thedaggim of these weights becomes
the top quark mass estimator, called the AMWT-mass.

Systematic uncertainties. Large samples oft events have been collected at the LHC so,
in general, the statistical uncertainties are small andrbasurements are instead dominated by
systematic uncertainties.

There are several sources of systematic uncertainty whgel to be accounted for. The most
relevant uncertainties are related to: the imperfect kedgé of the JES for generic jets or for
b-flavored jets (bJES); the modeling of ttiesignal, as evaluated by using different MC generators,
hadronization models, color-reconnection schemes, rgriie amount of underlying events and
of initial/final state radiation (ISR/FSR), or choosingfeient parton distribution functions (PDF);
uncertainties related to the background modeling or theofepnergy/momentum determination;
specific features of the method applied, and the size of thesktiples used. A successful treat-
ment of these uncertainties is based on a thourough clagsificdiscussion of each contribution,
common bewteen ATLAS and CMS collaborations. For more angke [10].

3. Latest measurementsby ATLASand CMS

We discuss now the most recent measurements of the top quesk performed at the LHC
by the ATLAS and CMS collaborations, with up to.25b—? of integrated luminosity collected for
pp collisions at,/s= 7 and 8 TeV.

Leptontjets channel. The lepton+jets channel provides the most accurate measuts at
LHC, both for ATLAS and CMS.

For this channel ATLAS recurs to a 3-dimensional templat¢hod applying then-situ cali-
bration both of the JES and of the bJES. For the latter a dqyaRf} is introduced, derived from
the ratio of thept of untagged and tagged jets, which is sensitive to shiftserbtlES. Th&/; value
measured with 4 fo~! at 7 TeV amounts [11] to 1723+ 0.75(stat+ JES+bJES + 1.02(sysb
GeV, with a total uncertainty of 1.27 GeV.{8%). The systematic uncertainty is dominated by
contributions due to the-jet tagging efficiency (0.50 GeV), the residual JES (0.58/zencer-
tainty, and ISR/FSR effects (0.32 GeV). Observed and eggatistributions fom{®®are shown in
Fig. 1 (left).

CMS uses for this channel the ideogram method witkitu JES calibration. Adding a Gaus-
sian constraint of the JES to what measured with dijef gr+jet events (“hybrid fit”) results in a
reduction in the total uncertainty. The valueMf measured at 8 TeV with 19.7 fb amounts [12]
to 17235+ 0.16(stat+ JES + 0.48(syst GeV, with a total uncertainty of 0.51 GeV.@9%). The
systematic uncertainty is dominated by contributions duiiaé bJES (0.32 GeV), assumptions on
the generator (0.12 GeV) and modeling of the underlying ey@il GeV). The agreement be-
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tween data and simulations is shown in Fig. 1 (right). CM$listsl also differential distributions
finding good agreement with the expectations based on dutrearetical models.
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Figure 1: Reconstructed top quark mass and best fit for the leptonkgtrel. Left: ATLAS (4.6 fbl at 7
TeV). Right: CMS (19.7 fb! at 8 TeV).

All-jets channd. ATLAS applies a template method using as reference digtoibuhe ratio
Rs/2 between the invariant masses reconstructed from the pétsiand doublets associated to top
quark andVV decays. Thév; value which provides the best agreement is [13].1251.4(stat) +
1.2(syst GeV (7 TeV, 4.6 fol), with a total uncertainty of 1.8 GeV. The systematic uraiety
is dominated by contributions from the bJES (0.62 GeV) amd}ES (0.51 GeV), and from the
modeling of the hadronization (0.50 GeV). DistributionsRaf, are shown in Fig. 2 (left).

With the ideogram method, and with hybiiasitu JES calibration, CMS measures [14] =
172324 0.25(sta) = 0.59(syst) GeV (8 TeV, 18.2 fbl), with a total uncertainty of 0.64 GeV.
The systematic uncertainty is dominated by contributiaosnfthe bJES (0.29 GeV) and the JES
(0.26 GeV) uncertainties, and from the modeling of the bamkigd (0.20 GeV). The observed and
expected distributions far{® are shown in Fig. 2 (right).
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Figure 2: All-jets event. Left: Distribution oRg/, for ATLAS (4.6 fo~1 at 7 TeV). Right: Distribution of
the reconstructed top quark mass for CMS (18:2'fat 8 TeV).

Dilepton channel. ATLAS measured/; in the dilepton channel by employing templates based
on themy, variable, which is the invariant mass of the charged leptdagged jet system. The
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value measured [11] il = 17379+ 0.54(stat) + 1.30(syst GeV (7 TeV, 4.6 fbrl), with a total
uncertainty of 1.41 GeV. The major contributions to the eysitic uncertainty come from the JES
(0.75 GeV) and the bJES (0.68 GeV) uncertainties, and theohiadtion modeling (0.53 GeV).

In the case of CMS, the missing neutrinos are handled withAM&VT which gives [12]
M; = 17282+ 0.19(stat) + 1.22(syst) GeV (8 TeV, 19.7 fb!). The major contributions to the
systematic uncertainty come from uncertainties on therraatization/factorization scales (0.75
GeV), the modeling of the-quark fragmentation (0.69 GeV), and the bJES (0.34 GeV).

Combined mass measurements. CMS released in time for this conference a combination
of all Run 1 top quark mass measurements. Such a combinaiperformed with the BLUE
method [14, 15], with a careful definition and evaluation loé torrelations between the various
systematic uncertainties. The resulting value [1If$VS = 17244+ 0.13(stat) +-0.47(syst) GeV,
with a total uncertainty of 0.49 GeV corresponding to 0.28%he mass itself.

For the time being, ATLAS combines measurements in the @itepand lepton+jets channels
into a value [LIMATYAS = 17299+ 0.48(stat) 4- 0.78(syst GeV.

4. Summary

Since the discovery of the top quark, the measurement of @&ssnmas been pursued in a
variety of channels and with different techniques. The ll@feprecision reached is impressive,
smaller than 0.3%, thanks to 20 years of continuous accuionlaf data and improvements in
the methodology. An even better precision is expected fragong and future measurements at
the LHC. New measurements at increasing precision will helexplore fundamental issues like
cosmological models for inflation, vacuum stability of the,Sand physics beyond the SM.

To achieve these goals it will be important to reduce theesyatic uncertainties, mainly those
related to signal modeling, by improving the tuning of thegoaeters in the MC generators and
their agreement with the data.
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