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1. Introduction

The top quark mass is one of the key parameters of the Standard Model (SM). The SM predicts
a relation between the top quark mass and other parameters of the theory (in particular the masses
of the W and Higgs bosons). The top quark mass is the main input to extrapolations of the Higgs
potential to high scales. A precise measurement of the top quark mass thus allows for a stringent
test of the self-consistency of the theory. A precise measurement is furthermore needed to reduce
the parametric uncertainties on many SM predictions.

Contrary to other quarks, the top quark decays before it hadronizes. One can therefore observe
a mass peak directly by reconstructing the products of the decay chain t — Wb — ggb — jets
of hadrons. As the partonic final state contains coloured objects, observables describing the final
state objects receive corrections from the parton shower and non-perturbative effects. The most
precise measurements of the top quark mass extract the mass by comparing distributions generated
using Monte Carlo (MC) generators to the data. The mass parameter is usually identified with the
pole mass. Such direct measurements of the top quark mass have attained a precision of better than
0.5% [1], already exceeding the pre-LHC expectations [2]. The current world average is dominated
by systematic uncertainties on the response to jets of the experiments and in the modelling of the
tt signal. Further progress is envisaged such that the precision could reach 500 MeV [3] or even
200 MeV [4] after the complete LHC programme. This standard approach is the subject of several
other contributions in these proceedings [5, 6, 7].

The challenges inherent in performing a per mil level quark mass measurement and in the
interpretation of the measured mass within a field-theoretical mass scheme [3, 8] are addressed
from several complementary angles:

e Estimates of non-perturbative effects and their uncertainties are continuously being refined
and must evolve beyond the traditional comparison of several parton shower models.

e Dedicated studies are ongoing to understand the (hopefully universal) relation of the MC
mass parameter with the pole mass [9, 10].

o Measurements that base the top quark measurement on alternative observables, with an or-
thogonal dependence on the main sources systematics, strengthen the world average.

e The top quark pole mass is extracted from a corrected measurement of the (differential)
cross-section.

For a discussion of the first and second approaches, the reader is referred to other contributions
to these proceedings [10].

Good examples of the third strategy are the methods which use the relation of the top quark
mass with the B-hadron decay length [11] or the invariant mass of the J/y-lepton system [12,
13]. These methods, that are promising with large integrated luminosity, have been explored by
the ATLAS and CMS experiments: Reference [14] determines the mass to a precision of 3 GeV
using the B-hadron decay length, while References [15] and [16] investigate the selection and
reconstruction of J/y in 7 events. Two further methods that rely on relations of the top quark
mass with certain features (peaks, end-points) of observables of the top quark decay products that
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have recently been deployed by the CMS experiment are presented in these proceedings: the top
quark mass measurement from the b-jet energy peak and from the invariant mass my,; of the system
formed by the b-jet and charged lepton from top quark decay.

The extraction of the top quark mass from the production cross-section forms an independent
cross-check of the standard interpretation of the direct measurement in the pole mass scheme.
Recent extractions of the top quark pole mass from the total cross-section are presented in Section 4,
while the analysis of the differential 77 + 1 jet cross-section is presented in Section 5.

2. Top quark mass measurement from the b-jet energy peak

In the rest frame of the top quark the energy of the b-quark produced in the t — Wb decay has
a simple relation with the top quark mass. In Reference [17] the authors show that under certain
assumptions (in particular that of unpolarized production of the top quarks) the same relation holds
for the peak position of the b-jet energy in the laboratory frame. Subsequent papers study how this
observation can be used to measure the mass of new particles [18] and work generalize the study
to multi-body decays [19].

CMS has applied this technique to the 8 TeV proton-proton collision data collected in 2012 [20].
A very pure tf sample, with an expected ¢ contribution of 88% for the single b-tag and 95% for
the double b-tag category, is selected in the di-lepton channel with an isolated electron and muon
of opposite electric charge. The peak position in the b— jet energy distribution is found with a fit
to a 1/ElogE function and calibrated to the parton-level b-quark energy, after which the top quark

mass is found from the simple relation m, = Ej, + /m3, — m,% + E,f The precision of the measure-
ment is limited by uncertainties in the jet energy scale (1.2 GeV) and in ¢ modelling (2.1 GeV).
The result, m, = 172.3 £ 2.9 GeV, is in excellent agreement with the world average.

3. Template fit to the m;,; distribution

The second alternative mass determination I discuss measures the top quark mass from the
distribution of the invariant mass of the system formed by the b-jet and the charged lepton. Fol-
lowing Ref. [21] the lepton and b-jet are combined that yield the minimal mass. This distribution
is known to be invariant under Lorentz boosts. The extracted top quark mass is therefore expected
to be insensitive to the production mechanism. The shape of the distribution depends on the top
quark mass, with the most pronounced sensitivity around the end-point of the distribution (for
gt = \Jm2 ).

In Ref. [22] the CMS collaboration reconstructs the m’l’zi” distribution in the very pure electron-
muon channel, using the full 2012 data set (20 fb~'at /s = 8 TeV). The top quark mass is deter-
mined by fitting the distribution to templates created with the MadGraph Monte Carlo generator.
The mass is determined from the absolute and normalized distribution, with the shape analysis
yielding more powerful results. The result is m, = 172.3 4 1.3 GeV, with the dominant uncertain-
ties in the modelling of top quark production and decay.

The mass extraction is repeated with templates based on a fixed-order prediction implemented
in MCFM that describes top quark pair production at NLO and has leading-order accuracy for the
decay. The parton-level distribution is “forward folded” to the detector-level (i.e. a MC estimate
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of the effects of hadronization and detector resolution is applied in the form of a smearing matrix
and bin-by-bin efficiency correction). This is a promising step towards an extraction of the pole
mass from the m?’;j” distribution. The relatively large shift of the result (900 MeV, much larger than
the scale uncertainty of 100 MeV assigned to the MCFM prediction) demonstrates that for a pole
mass extraction with reliable uncertainties the top quark decay must be incorporated at NLO in
the calculation. Several authors [23] have pointed out that especially in the end-point region NLO

decay and off-shell effects are sizeable.

4. Extraction from the total /7 production cross-section

The classical alternative top mass measurement is the extraction of the mass from the total
top quark pair production cross-section, first performed in Ref. [24, 25]. The mass is inferred by
comparing the measured cross-section to a precise prediction of the dependence of the inclusive
1t cross-section on the top quark mass. Among the advantages of this method is the possibility to
unambiguously choose the renormalization scheme used in the calculation. This feature has been
used to extract the running MS mass directly [24, 26]. The theoretical uncertainty due to the trunca-
tion of the perturbative series is readily evaluated in the usual way, by varying the renormalization
and factorization scales.

The top quark mass is extracted by maximizing the product of the likelihoods corresponding to
the measured cross-section at center-of-mass energies of 7 and 8 TeV. Experimental and theoretical
uncertainties are treated as nuisance parameters, taking into account the strong correlations between
the 7 and 8 TeV measurements. The most recent ATLAS and CMS measurements use the NNLO
calculation of Ref. [27] with NNLL resummation to extract the pole mass, which reduces the scale
uncertainty on the cross-section to the level of 3%. An uncertainty of 1.7-1.8% is assigned to the
cross-section to account for the uncertainty in the LHC beam energy.

The ATLAS analysis of Ref. [28] extracts the pole mass for 7 TeV and 8 TeV separately, and
for three exponents of the previous generation of PDF sets (CT10, MSTW2008 and NNPDF2.1).
The results obtained with different PDF sets are compatible with each other to within 200 MeV, but
the results obtained on 7 TeV and 8 TeV data cluster around 171.4 GeV and 174.1 GeV, respectively.
Considering only uncorrelated experimental uncertainties, the two values are consistent at the level
of 1.7 standard deviations. The combined fit yields 172.9 f%:g GeV. The uncertainty is dominated
by the PDF uncertainty, estimated as the full envelope of the error sets of the three PDFs, which
amounts to 1.8 GeV.

The preliminary result of the cross-section measurement by CMS in the eyt channel analysis
of the 7 and 8 TeV data [29], presented in detail elsewhere in these proceedings [30], is slightly
more precise than the ATLAS result [31, 28]: where ATLAS finds an uncertainty of 3.9% (4.3%) at
V/s="T1TeV (/s = 8 TeV) the CMS uncertainty is 3.6% (3.9%). Importantly, in both measurements
the dependence of the measured cross-section on the assumed top quark mass is negligible '

CMS uses the most recent PDF sets in the mass extraction, that include constraints from LHC
data® and quotes several results that assume a given PDF set and o value. The mass values ex-

UIn previous analyses [24, 26, 32] the straightforward interpretation of the extracted mass was somewhat obfuscated
by this dependence.
2The MMHT14 and NNPDF3.0 sets include the LHC (7 production cross-section measurements as a constraint.
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Table 1: The top quark pole mass extracted from the production cross-section.
Experiment pole mass data theory comment
DO [25] 169.1735 GeV | pp, 1.96 TeV, 1 fb!
Langenfeld | 168.9733 GeV idem through
et al. [24] MS mass
DO [26] 167.5 735 GeV | pp, 1.96 TeV, 5.3 fb~! | approx NNLO
CMS [32] 176.7 + 2.9 GeV pp,7TeV, 5 fb~! approx NNLO
ATLAS [28] | 172.9 f%;g GeV pp,1TeV,5 b~} NNLO+NNLL full PDF4LHC [34]
+8TeV, 20 fb~! envelope of 3 PDF sets
CMS [29] 173.6 713 GeV idem idem NNPDF3.0 [35], preliminary
CMS [29] 173.9 715 Gev idem idem MMHT2014, preliminary
CMS [29] 174.1 735 Gev idem idem CT14 [36], preliminary
ATLAS [37] | 173.7 7373 GeV pp,TTeV,5fb~!1 | NLO 7 + 1 jet full PDFALHC [34]

tracted from 7 and 8 TeV data agree within 500 MeV. The values obtained with three different PDF
sets span 500-600 MeV and have not been combined into a single mass value 3.

In Table 1 these results are compared to the ATLAS results and the other measurements of the
top quark pole mass. The results are in good agreement with each other and with the world average
from the direct measurements.

5. Extraction from the differential 77 + 1 jet cross-section

A method proposed in Ref. [38] extracts the pole mass from the differential cross-section in
top quark pair production in association with a hard jet (do /dm;;;, with my;; the invariant mass of
the system formed by the top quark pair and the extra jet). The enhanced sensitivity to the top quark
mass avoids the limit on the precision of the quark pole mass extraction from the theory uncertainty
on the inclusive ¢7 production cross-section.

An ATLAS measurement [37] of the pole mass using this method on the /s = 7 TeV data set
collected in 2011 yields a result of m?*" = 173.7 & 1.5 (stat.) % 1.4 (syst.) 09 GeV, where the
latter term represents the theory uncertainty, estimated from variations of the renormalization and
factorization scales and the envelope of the error sets from PDF fits.

6. Summary and prospects

The key goal of alternative top quark mass measurement is to provide an independent confir-
mation of the interpretation of the more precise standard method. With the publication of the results
of the pole mass extraction from the inclusive top quark pair production cross-section measured at

Even if the bias on the mass due to the circularity of the exercise is expected to be negligible at present, an effort must
be made to improve the PDFs without sacrificing a key observable in this mass determination and many constraints on
physics beyond the Standard Model.

3The PDFALHC recommendation [33] for run II explicitly requests top quark mass extraction using individual PDF
sets, as provided by both collaborations. The new recommendation for obtaining the total PDF uncertainty using the
combined PDF set is less conservative than the envelope.
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7 and 8 TeV [28, 29] and from the differential ¢ 4 1 jet cross-section at 7 TeV [37] the precision of
such measurements approaches 1%. To that level of precision the results are in excellent agreement
with the world average.

Further progress can be made by combining the ATLAS and CMS measurements, by reducing
systematics on the 13 TeV data and by improving the PDF fit by including LHC data. A significant
reduction of the weight of the PDF uncertainty is expected at /s = 13 TeV, where top quark pair
production requires a smaller fraction x of the proton momentum. If both the experimental and
PDF uncertainties are reduced considerably, the precision of the mass extraction is limited by the
scale uncertainty of the NNLO+NNLL calculation # to approximately 1 GeV.

The extraction from the differential cross-section [37] can improve considerably by including
the 8 TeV (and 13 TeV) data. With a finer-grained binning the sensitivity to the top quark mass
increases considerably. The authors of Ref. [38] expect a 1 GeV precision can be achieved with the
data set collected in 2012 and 2015.

Methods like the my; analysis performed by CMS [22] have shown good sensitivity to the top
quark mass. With a more sophisticated (NLO) treatment of the modeling of the top quark decay
and a careful evaluation of the MC mass dependence of the unfolding and of the theory uncertainty
such measurements can form valuable pole mass measurements.
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