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The mass of the top quark was measured by the ATLAS' and CMS ? collaborations at the
Large Hadron Collider (LHC) in pp collisions at y/s = 7—8 TeV. This report briefly discusses
the basic analysis strategy and the main ¢ modeling uncertainties, and gives an overview of
the most recent results.

1 Introduction

The top-quark mass is an important parameter of the Standard Model, allowing to check its
internal consistency 3, and infer to new physics effects at higher scales from arguments of elec-
troweak vacuum stability 4.

Most top mass measurements performed at the LHC follow a common scheme, illustrated in
Fig. 1. As first analysis step, tf events are selected, profiting from the large integrated luminosity
accumulated during the LHC Run I at /s = 7 — 8 TeV and from the efficient b-tag algorithms.
Then an estimator M, is constructed that is required to be sensitive to different choices of top-
quark mass m}M¢ in simulation. Often the invariant mass of the top decay products is used but
other choices are possible. The distribution of M; is parametrized in dependency on m}fv[c, and
this information is used to perform a maximum likelihood fit. After calibration with simulated
pseudo-experiments of known m,lfvlc, the analysis is carried out on data to extract the final result.
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Figure 1 — Selection and construction of a top mass estimator M; (left), parametrization of M; in terms of the
input top mass my'© (center) and maximum likelihood fit (right)



2 Modeling uncertainties

Due to the complex final states of tf events, the analyses rely on simulated samples, using a
range of different MC event generators. Typically, the most relevant modeling uncertainties
stem from radiation and hadronization.

While radiation from the top decay products is constrained by the LEP experiments at simi-
lar energy scales, the amount of radiation from the initial state and the top quark itself depends
strongly on the choice of fragmentation and renormalization scales. Therefore, measurements of
the jet multiplicity and gap fraction in tf events®% were performed to give constraints on these
generator parameters.

Hadronization uncertainties are usually extracted from a comparison of Lund string and
cluster fragmentation, implemented in the PYTHIA and HERWIG codes, respectively. Both ex-
periments use PYTHIA and HERWIG to derive flavour-dependent jet energy uncertainties between
particle-level (”GenlJets”) and reconstructed jets. This approach avoids double-counting of ra-
diation uncertainties but relies on the assumption that non-perturbative out-of-cone effects are
negligibly small. Therefore, the complete analysis chains are rerun with different simulated sam-
ples, serving as further uncertainty (ATLAS) or cross-check (CMS). Additionally, the hardness
of the b-fragmentation function (both experiments) and the semileptonic branching ratio of B
hadrons (CMS) are varied.

3 Measurements

3.1 Dilepton channel

The measurements in the dilepton channel, Fig. 2, select events with two leptons of opposite sign
and large transverse momentum (pr), 1 — 2 b-tagged jets, and a significant amount of missing
transverse momentum (MET). The ATLAS measurement” achieves a very clean selection of 97%
tt, and uses a template fit to the invariant mass of b-jet and lepton. The result is m; = 173.09 &
0.64 (stat) & 1.50 (syst) GeV. At CMS®, the analytical matrix weighting technique (AMWT)
is employed to reconstruct the full ¢£ system by solving for the missing neutrino momenta and
assigning a weight based on the leading order matrix element to each solution. For each event, the
procedure is repeated with smeared jet momenta 1000 times, and the solution with the highest
average weight is used as reconstructed M;. The result is m; = 172.5+£0.4 (stat)£1.5 (syst) GeV.
For both analyses, the dominant uncertainty stems from the jet energy scale calibration which
is measured from 7/Z-+jet events with a precision of 1 — 3%.

3.2 All-hadronic channel

Samples of all-hadronic top decays are selected by requiring at least six high-p jets. Suppression
of QCD multijet background is achieved with requirements on b-tagging and the opening angle
between the b-tagged jets. Both signal fraction and mass resolution are improved by constraining
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Figure 2 — Measurements in the dilepton channel from ATLAS (left) and CMS (right)
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Figure 3 — Reconstructed top-quark mass in the all-hadronic channel from ATLAS (left) and CMS (right)

the light-jet energies to my = 80.4 GeV. In the case of CMS, a full kinematic fit is done,
requiring m; = my in addition. The resulting distributions of reconstructed top-quark mass are
shown in Fig. 3. Event mixing techniques are employed for estimating the remaining multijet
background from data. The ATLAS template analysis  measures m; = 174.9 4+ 2.1 (stat) &
3.8 (syst) GeV, while the CMS ideogram measurement 0 yields m; = 173.49 & 0.69 (stat) +
1.21 (syst) GeV, where the JES uncertainty is dominant for both.

3.8 Lepton+jets channel

The lepton—+jets selection requires exactly one high-pr lepton and at least four jets with at least
one b-tag, and employs a kinematic fit. As the reconstructed top mass is very sensitive to the
JES uncertainty, the reconstructed W boson mass is used to determine a jet scale factor (JSF)
simultaneously. The JSF is also capable of correcting for physics effects like radiation but may
amplify light-to-b jet uncertainties from the hadronization phase.

Therefore, the ATLAS measurement ! (Fig. 4) employs a novel method of constraining an
additional bJSF using the Ry, observable, defined as the ratio of the summed b and light jet
pr (for events with two b-tags) and shown in Fig. 4. The method reduces the uncertainties from
relative b-JES and hadronization (1.59 — 0.28 GeV) at the cost of a larger b-tag uncertainty
(0.17 — 0.81 GeV), and yields a final result of m; = 172.31 £ 0.75 (stat + JSF + bJSF) +
1.35 (syst) GeV.

The CMS analysis!? (Fig. 5) at /s = 8 TeV uses a selection of two b-tags and a tight require-
ment on the goodness-of-fit probability of the kinematic fit, in order to maximize the fraction of
correct jet-parton assignments. An ideogram likelihood is calculated for m; and JSF, taking into
account multiple permutations per event and different templates for each permutation class. Due
to the usage of particle-flow jets, the flavor-dependent JES uncertainty from hadronization is well
under control (0.41 GeV). The final result is my = 172.04£0.19 (stat + JSF)+0.75 (syst) GeV.
As the top quark is a colored object, there is an ambiguity of O (Aqcp) arising from the as-

— T T T T T > 60l T T T T T T T T % prrr T oo, 2btage |
S oo [ ATLAS Preliminary [Jousr=095 8 ATLAS Preliminary e (5=7TeVdata 2103 oo Zb‘:g;s E
@ F Simulation, Vs= 7 TeV o 1 o 500- [ Lgeaz® | Best Fit background | E Tocont. 1btag ]
S 0.048 bJSF = 1.00 | k< t=4. + . 1.021 26 cont. 1btag
3 Tr D bUSF= 1.05 1 :>j Best Fit £ 1 cont. comb. fit 7
E] E =1 400 Mgy = 172312075 e ier G&Y| 1.01- 20 cont. comb. fit
N 003 JSF = 1.014:+0.008 E ]
g g 300 bJSF = 1.006 + 0.008 £ 3
s F £ ]
0.02 200 _ 0.99F 3
0.01F 100 B o_ga? ATLASPreliminary i
F 8l
ol I I | I ] T T v e e ] 0.97 J Ldl=‘4-7 fb‘ | | | | .
05 1 15 2 25 30940 150 160 170 180 190 200 210 220 RV N TN TRt T Tt
reco [GeV/
R micp. [GeV] m, [GeV]

Figure 4 — Measurement in the lepton+jets channel from ATLAS: dependency of the R;, observable in the input
b-JSF (left), mi°“° distribution (center) and template fit result (right)
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Figure 5 — Measurement in the lepton-jets channel from CMS: mft distribution (left), ideogram result (center)
and result in dependency of the top-quark pr (right)

signment of hadrons formed on the color connection between the b quarks and the proton beam
remnants. The measurement is therefore repeated in bins of 14 kinematic observables, like the
top-quark pr, b-jet pseudo-rapidity, or separation between the light-quark jets. The simulation
is found to give a good description of the data, with a p-value of 85%.

The measurement of the mass difference between top and anti-top quark provides a test of
CPT invariance. The ATLAS analysis '3 calculates Afi = g, x (m],! — méc;;) for each event, and
yields Am; = 4+0.67 & 0.61 (stat) + 0.41 (syst) GeV, where the dominating uncertainty stems
from a comparison between PyTHIA and EVTGEN for hadron decays. The CMS measurement ™
is using 8 TeV data, and splits the data sample according to the lepton charge. The result
of Amy = —0.272 + 0.196 (stat) &+ 0.122 (syst) GeV shows no significant deviation from the

Standard Model expectation.

4 Summary

ATLAS and CMS perform an extensive program for measuring the top-quark mass, reaching a
precision below 1 GeV. At the upcoming LHC Run II, more precise NLO-multileg calculations
of tt production, data-driven constraints on non-perturbative QCD, and improvements in the

understanding of the detectors are expected to lead to even higher precision !°.
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