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P. Strizenec (IEPSAS Košice) ATLAS Top properties ICHEP2024, Prague 1 / 20



Contents

1 Introduction

2 Top mass measurements

3 Quantum physics fundaments

4 Conclusions
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Leveraging top production @LHC

New ideas and pushing rare processes frontier is possible @LHC:

LHC is a t̄t factory, σ(tt̄) ≈ 830 pb at
√
s = 13 TeV, ATLAS has

collected about 116M t̄t events

in this presentation:
improving top mass measurements as the first step

using the dilepton channel at
√
s = 13 TeV (ATLAS-CONF-2022-058)

using the leptonic invariant mass at
√
s = 13 TeV (JHEP 06 (2023) 019)

combination of ATLAS and CMS measurements at
√
s = 7 and 8 TeV

(Phys. Rev. Lett. 132 (2024) 261902)

study the fundamental properties of quantum mechanics

observation of quantum entanglement in t̄t (arXiV:2311.07288,
accepted by Nature)
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Why measure mt
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FIG. 1. Posterior from a global fit of all EWPO in the SM in the mt vs. MW (top) and sin2 θlept
eff vs. MW (bottom) planes,

superimposed to the posteriors obtained omitting different observables from the fit in the standard average scenario. Dark
(light) regions correspond to 68% (95%) probability ranges. Direct measurements are shown in grey. The corresponding results
in the conservative average scenario are presented in Figure 3.

As in the top-quark mass case, there is however a sig-
nificant tension between the new CDF measurement and
the other measurements that enter in the calculation of
Eq. (5), with χ2/ndof = 3.59. Therefore, in a conserva-
tive average, we inflate the error on MW to 0.015 GeV.

We then perform a series of fits to the different EWPO
using both the standard (see Eqs. 4 and 5) and conser-
vative assumptions for the uncertainties of the top-quark
and W -boson masses. 3 (Although we will discuss both
scenarios throughout the text, in most of the tables and
figures in the main text we will report the results per-
taining to the standard average. The results for the con-
servative average scenario are shown in the appendix.)
In particular, we are interested in comparing the new
averages with the corresponding predictions obtained in
the SM. For that purpose we first perform a pure SM fit
of all EWPO, excluding the experimental input for MW

and, from the posterior of such fit, we compute the SM
prediction for MW . The results are shown in Table I,
where we also compare with the combined MW values in
each scenario via the 1D pull, computed as explained in
Ref. [5]. As it is apparent, there exists a significant 6.5σ

6.9 MeV, the total CDF systematic uncertainty [2]. In particu-
lar, the combined uncertainty ranges between 7.7 and 8.4 MeV,
whereas the central values can change by slightly less than 1 σ.
Thus, waiting for an official combination of LHC and TeVatron
results, we take the result in Eq. 5 as our best estimate of MW .

3 Unlike in Ref. [5], we do not consider an inflated uncertainty
for the Higgs-boson mass in the conservative scenario since, as
noted in that reference, this has little impact on the output of
the EW fit. We thus use mH = (125.21 ± 0.12) GeV in all the
fits presented here.

discrepancy with the SM in the standard average, which
persists at the level of 3.7σ even in the conservative sce-
nario, due to the large difference between the new CDF
measurement and the SM prediction.

Model Pred. MW [GeV] Pull Pred. MW [GeV] Pull
standard average conservative average

SM 80.3499± 0.0056 6.5σ 80.3505± 0.0077 3.7σ
ST 80.366± 0.029 1.6σ 80.367± 0.029 1.4σ

STU 80.32± 0.54 0.2σ 80.32± 0.54 0.2σ
SMEFT 80.66± 1.68 −0.1σ 80.66± 1.68 −0.1σ

TABLE I. Predictions and pulls for MW in the SM, in the
oblique NP models and in the SMEFT, using the standard
and conservative averaging scenarios. The predictions are
obtained without using the experimental information on MW .
See text for more details.

In Tables II and VI we present, in addition to the
experimental values for all EWPO used, the posterior
from the global fit, the prediction of individual parame-
ters/observables obtained omitting the corresponding ex-
perimental information, the indirect determination of SM
parameters obtained solely from EWPO, and the full pre-
diction obtained using only the experimental information
on SM parameters. For the individual prediction, indi-
rect determination and for the full prediction we also
report the pull for each experimental result. In this re-
gard, from the individual indirect determination of the
SM parameters in Table II, one can observe how the ten-
sions introduced by the new measurements in the SM fit
result into sizable pulls for the different SM inputs, at

the level of 4 σ (6 σ) for ∆α
(5)
had(MZ) and mH (MZ and

mt). Each pull can be converted in a p-value, and the
global consistency of the SM in the EWPO domain can

arXiV:2204.04204

precise measurement needed to check the
consistency of the SM and restrict BSM

mass measurements helps to restrict
the parameters space of BSM models.
Yukawa coupling ≈ 1 to Higgs: the
top and Higgs masses play a important
role in the EW vacuum stability.

strong t̄t cross section dependence on top
mass, important background in Higgs
measurements and NP searches

LHC is producing large amount of top
quarks, multiple measurements are possible

combinations could improve precision, very
promising result from ATLAS+CMS
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Top mass from dilepton channel
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ℓb of the selected ℓb

pair with the larger pTℓb per event, more
precise then using both pairs

ML algorithm to pick the best combination of
ℓ and b-tagged jets, fully connected DNN with
three hidden layers

training on pT and η of each ℓb pair, angular
distance between paired ℓ and b as well as pT
and η of individual ℓ and b, and also mbb

data with 139 fb−1 at
√
s=13 TeV

main systematics uncertainties comes from
matrix element matching, jet energy scale and
recoil effect (which is quoted separately)

unbinned maximum-likelihood fit to data
ATLAS-CONF-2022-058

Result: mtop = 172.21 ± 0.20(stat) ± 0.67(syst) ± 0.39(recoil) GeV
P. Strizenec (IEPSAS Košice) ATLAS Top properties ICHEP2024, Prague 5 / 20
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Top mass from soft muon tag
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-1 = 13 TeV, 36.1 fbs

stat.
stat.+syst.

event selection designed to collect ℓνbjj ′b̄ final
states, and maximize the fraction of events where ℓ
from the W and b-initiated jet with the muon from
semileptonic decay come from the same top

leptonic-only, invariant mass reconstruction of mℓµ,
lepton from W and soft µ from a b-hadron

smaller sensitivity to the jet energy scale and
resolution
less sensitivity to top-quark production
modeling than previously showed
measurement

data with 36.1 fb−1 at
√
s=13 TeV

binned-template profile likelihood fit used to find
best value for mt , systematics included as
Gaussian-constrained nuisance parameters

JHEP 06 (2023) 019

Result: mtop = 174.41 ± 0.39(stat) ± 0.66(syst) ± 0.25(recoil) GeV
P. Strizenec (IEPSAS Košice) ATLAS Top properties ICHEP2024, Prague 6 / 20
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Top mass from soft muon tag

Table 1: Impact of main sources of uncertainty on 𝑚𝑡 . Each row of the table corresponds to a group of individual
systematic variations. For each uncertainty source the fit is repeated with the corresponding group of nuisance
parameters fixed to their best-fit values. The contribution from each source is then evaluated by subtracting in
quadrature the uncertainty obtained in this fit from that of the full fit. The total systematic uncertainty is different
from the sum in quadrature of the different groups due to correlations among nuisance parameters in the fit. The last
column shows the statistical uncertainty on each of the top-quark mass uncertainties as estimated with the bootstrap
method .

Source Unc. on 𝑚𝑡 [GeV] Stat. precision [GeV]

Statistical and datasets
Data statistics 0.39
Signal and background model statistics 0.17
Luminosity < 0.01 ±0.01
Pile-up 0.07 ±0.03

Modelling of signal processes
Monte Carlo event generator 0.04 ±0.06
𝑏, 𝑐-hadron production fractions 0.11 ±0.01
𝑏, 𝑐-hadron decay BRs 0.40 ±0.01
𝑏-quark fragmentation 𝑟𝑏 0.19 ±0.06
Parton shower 𝛼𝐹𝑆𝑅

𝑆
0.07 ±0.04

Parton shower and hadronisation model 0.06 ±0.07
Initial-state QCD radiation 0.23 ±0.08
Colour reconnection < 0.01 ±0.02
Choice of PDFs 0.07 ±0.01

Modelling of background processes
Soft muon fake 0.16 ±0.03
Multijet 0.07 ±0.02
Single top 0.01 ±0.01
𝑊 /𝑍+jets 0.17 ±0.01

Detector response
Leptons 0.12 ±0.01
Jet energy scale 0.13 ±0.02
Soft muon jet pT calibration < 0.01 ±0.01
Jet energy resolution 0.08 ±0.07
𝑏-tagging 0.10 ±0.01
Missing transverse momentum 0.15 ±0.01

Total stat. and syst. uncertainties (excluding recoil) 0.77 ±0.03

Recoil uncertainty 0.25

Total uncertainty 0.81

systematics ranking, grouped
per source

leading ones are due to the
modeling of the top-quark
pair production and modeling
of the b-quark fragmentation
and decay

jet energy calibration
uncertainty is sub-dominant

nearly all of the main
uncertainties are largely
uncorrelated with those
dominant in previous
lepton+jets ATLAS
measurements

P. Strizenec (IEPSAS Košice) ATLAS Top properties ICHEP2024, Prague 7 / 20



Top mass ATLAS+CMS combination
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CMS
t = mATLAS

t = mLHC
tm

using BLUE [1], calculate or estimate the
correlation between measurements, BLUE then
calculates the corresponding uncertainty on the
physics parameter

ATLAS inputs 6 measurements, CMS the same
channels plus single top, J/ψ and secondary vertex
at 8TeV

to see compatibility run “simultaneous” BLUE with
two mtop parameters, mATLAS

top and mCMS
top ,

excellent agreement, see above

resulting precision is below 2 per mil
[1] Nucl. Inst. and Meth. A 270 (1988) 110

See Matteo’s talk for the details

165 170 175 180 185
 [GeV]tm

ATLAS+CMS  = 7,8 TeVs

ATLAS+CMS combined
stat uncertainty
total uncertainty

 syst) [GeV]± stat ± total (± tmATLAS
  dilepton 7 TeV  1.31)± 0.54 ± 1.42 (±173.79 

  lepton+jets 7 TeV  1.04)± 0.75 ± 1.28 (±172.33 

  all-jets 7 TeV  1.21)± 1.35 ± 1.82 (±175.06 

  dilepton 8 TeV  0.74)± 0.41 ± 0.84 (±172.99 

  lepton+jets 8 TeV  0.82)± 0.39 ± 0.91 (±172.08 

  all-jets 8 TeV  1.02)± 0.55 ± 1.15 (±173.72 

CMS
  dilepton 7 TeV  1.52)± 0.43 ± 1.58 (±172.50 

  lepton+jets 7 TeV  0.97)± 0.43 ± 1.06 (±173.49 

  all-jets 7 TeV  1.23)± 0.69 ± 1.41 (±173.49 

  dilepton 8 TeV  0.94)± 0.18 ± 0.95 (±172.22 

  lepton+jets 8 TeV  0.45)± 0.16 ± 0.48 (±172.35 

  all-jets 8 TeV  0.57)± 0.25 ± 0.62 (±172.32 

  single top 8 TeV  0.93)± 0.77 ± 1.20 (±172.95 

 8 TeVψ  J/  0.94)± 3.00 ± 3.14 (±173.50 

  secondary vertex 8 TeV  1.11)± 0.20 ± 1.12 (±173.68 

  combined  0.41)± 0.25 ± 0.48 (±172.71 

  combined  0.39)± 0.14 ± 0.42 (±172.52 
WGtopLHCATLAS+CMS

  dilepton  0.51)± 0.29 ± 0.59 (±172.30 
  lepton+jets  0.32)± 0.17 ± 0.36 (±172.45 

  all-jets  0.36)± 0.26 ± 0.45 (±172.60 

  other  0.64)± 0.43 ± 0.77 (±173.53 

  combined  0.30)± 0.14 ± 0.33 (±172.52 

total

stat

Result: mtop = 172.52 ± 0.14(stat) ± 0.30(syst) GeV Phys. Rev. Lett. 132 (2024) 261902

5
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Quantum entanglement at ATLAS

Eur. Phys. J. Plus (2021) 136 → first
analysis of top quark pair production from
the quantum information point of view,
gg→t̄t spin singlet state at threshold
(80% of produced pairs)

t lifetime shorter than hadronization and
spin decorrelation time, spin info preserved
in t→Wb, for W→ ℓν spin info carried
by ℓ
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FIG. 5. Left: Statistical deviation from the null hypothesis (D = −1/3) for different assumptions of relative uncertainty on D.
The contour shows the number of measurement uncertainties differing between the measured value of D and the null hypothesis,
n∆. Right: The value of D within the mass window [2mt,Mtt̄]. The LO analytical values are calculated using the methods
presented in this work, while the MadGraph + MadSpin values are calculated numerically by using Monte Carlo simulation.
The horizontal line represents the critical value D = −1/3.

stance, by computing the concurrence). However, inter-
estingly, at the LHC a direct experimental entanglement
signature is provided by the measurable observable

D =
tr[C]

3
= −1 + δ

3
, (33)

which can be extracted from the differential cross sec-
tion characterizing the angular separation between the
leptons

1

σ

dσ

d cosϕ
=

1

2
(1−D cosϕ) (34)

where ϕ is the angle between the lepton directions in each
one of the parent top and antitop rest frames [see also Eq.
(32)]. This quantity, also represented in Fig. 4c, provides
a simple entanglement criterion since the condition δ >
0 translates into D < −1/3. The concurrence is also
readily measured from D as C[ρ] = max(−1− 3D, 0)/2.
The detection of entanglement is more non-trivial than

could naively be expected since, even though entangle-
ment is present in a wide region of phase space, the sta-
tistical averaging over all possible directions induces the
necessity of a selection in the mass spectrum. This obser-
vation was already evident from the recent measurement
of the CMS collaboration [51], in which it was obtained
D = −0.237 ± 0.011 > −1/3 without any requirements
on the mass window.
Our proposal for the experimental detection of entan-

glement is similar to the quantum tomography protocol
developed in the previous section. The idea is to mea-
sure D from the cross section of Eq. (34), also apply-
ing an upper cut in the invariant mass spectrum. Left
Fig. 5 presents an experimental perspective for the en-
tanglement detection at the LHC. The null hypothesis

is defined to be the upper limit where D does not sig-
nal entanglement, D = −1/3. We represent the number
of measurement uncertainties n∆ differing between the
expected measurement and the null hypothesis,

n∆ ≡ max

[

D + 1/3

∆D
, 0

]

, (35)

as a function of the upper cut in the invariant mass spec-
trum, Mtt̄, and the relative uncertainty, |∆D/D|, where
D is the expected value [computed theoretically from Eq.
(33)] and ∆D the uncertainty of the measurement.
Any measurement with n∆ > 5 implies a detection of

entanglement within 5 statistical deviations (5σ). In par-
ticular, the recent measurement of D above quoted has
a relative uncertainty of 4.6% [51], allowing a measure-
ment of entanglement with more than 5σ. We note high
enough statistics is expected even with hard selection on
the tt̄ invariant mass spectrum. For instance, with a
total integrated luminosity of 139 fb−1, which is the cur-
rent data recorded by the LHC, we deduce that a selec-
tion of [2mt,Mtt̄] with Mtt̄ = 450 GeV leaves ∼ 5 · 104
events [47], accounting for selection efficiency and de-
tector acceptance. For this selection, entanglement can
be measured within 5σ if the relative uncertainty is up
to 6%. Lower selection of Mtt̄ decrease the value of D,
allowing higher relative uncertainties to have similar sta-
tistical significance.
We note that a full estimation of the background pro-

cesses at the LHC is beyond the scope of this work. Nev-
ertheless, the estimation above is done using a result of an
analysis performed by the CMS collaboration [51], while
similar analyses have been performed by the ATLAS and
CMS collaborations [42–50]. Those analyses estimated
the background processes for the suggested measurement

gg spin-singlet

1
σ

dσ
dΩ1dΩ2

= 1
4π2 (1 + α2B1 · ℓ̂1 + α2B2 · ℓ̂2 + α1α2ℓ̂1Cℓ̂2)

B ≃ 0 because most t̄t produced via QCD on LHC

Tr[C] < −1 Peres-Horodecki criterion
1
σ

dσ
d cosφ = 1

2(1− D cosφ)

D = TrC
3 ⇒ D < −1

3
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Quantum entanglement at ATLAS

entanglement marker D = -3·⟨cosφ⟩,
with φ angle between ℓ from t̄t in rest
frame:

t̄t boosted to its rest frame
each t→ ℓνb boosted into its rest frame

measurement performed on stable particle
level

requires full event reconstruction
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The contour shows the number of measurement uncertainties differing between the measured value of D and the null hypothesis,
n∆. Right: The value of D within the mass window [2mt,Mtt̄]. The LO analytical values are calculated using the methods
presented in this work, while the MadGraph + MadSpin values are calculated numerically by using Monte Carlo simulation.
The horizontal line represents the critical value D = −1/3.

stance, by computing the concurrence). However, inter-
estingly, at the LHC a direct experimental entanglement
signature is provided by the measurable observable

D =
tr[C]

3
= −1 + δ

3
, (33)

which can be extracted from the differential cross sec-
tion characterizing the angular separation between the
leptons

1

σ

dσ

d cosϕ
=

1

2
(1−D cosϕ) (34)

where ϕ is the angle between the lepton directions in each
one of the parent top and antitop rest frames [see also Eq.
(32)]. This quantity, also represented in Fig. 4c, provides
a simple entanglement criterion since the condition δ >
0 translates into D < −1/3. The concurrence is also
readily measured from D as C[ρ] = max(−1− 3D, 0)/2.
The detection of entanglement is more non-trivial than

could naively be expected since, even though entangle-
ment is present in a wide region of phase space, the sta-
tistical averaging over all possible directions induces the
necessity of a selection in the mass spectrum. This obser-
vation was already evident from the recent measurement
of the CMS collaboration [51], in which it was obtained
D = −0.237 ± 0.011 > −1/3 without any requirements
on the mass window.
Our proposal for the experimental detection of entan-

glement is similar to the quantum tomography protocol
developed in the previous section. The idea is to mea-
sure D from the cross section of Eq. (34), also apply-
ing an upper cut in the invariant mass spectrum. Left
Fig. 5 presents an experimental perspective for the en-
tanglement detection at the LHC. The null hypothesis

is defined to be the upper limit where D does not sig-
nal entanglement, D = −1/3. We represent the number
of measurement uncertainties n∆ differing between the
expected measurement and the null hypothesis,

n∆ ≡ max

[

D + 1/3

∆D
, 0

]

, (35)

as a function of the upper cut in the invariant mass spec-
trum, Mtt̄, and the relative uncertainty, |∆D/D|, where
D is the expected value [computed theoretically from Eq.
(33)] and ∆D the uncertainty of the measurement.
Any measurement with n∆ > 5 implies a detection of

entanglement within 5 statistical deviations (5σ). In par-
ticular, the recent measurement of D above quoted has
a relative uncertainty of 4.6% [51], allowing a measure-
ment of entanglement with more than 5σ. We note high
enough statistics is expected even with hard selection on
the tt̄ invariant mass spectrum. For instance, with a
total integrated luminosity of 139 fb−1, which is the cur-
rent data recorded by the LHC, we deduce that a selec-
tion of [2mt,Mtt̄] with Mtt̄ = 450 GeV leaves ∼ 5 · 104
events [47], accounting for selection efficiency and de-
tector acceptance. For this selection, entanglement can
be measured within 5σ if the relative uncertainty is up
to 6%. Lower selection of Mtt̄ decrease the value of D,
allowing higher relative uncertainties to have similar sta-
tistical significance.
We note that a full estimation of the background pro-

cesses at the LHC is beyond the scope of this work. Nev-
ertheless, the estimation above is done using a result of an
analysis performed by the CMS collaboration [51], while
similar analyses have been performed by the ATLAS and
CMS collaborations [42–50]. Those analyses estimated
the background processes for the suggested measurement

signal

valid.

no-entanglement valid.

Eur. Phys. J. Plus (2021) 136

partition events into three selections:

340 <Mtt̄ < 380: entanglement signal region
380 <Mtt̄ < 500: validation region (dilution from mis-reconstruction)
500 <Mtt̄ : no-entanglement validation region

P. Strizenec (IEPSAS Košice) ATLAS Top properties ICHEP2024, Prague 10 / 20
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Quantum entanglement at ATLAS

dilepton eµ channel with ≥ 1 b-jet,
140 fb−1 at

√
s = 13 TeV

very clean channel, 90 % purity

ν reconstructed based on kinematic
constraints on top and W mass

D distorted by detector response

calibration curve approach, derive
true D vs detector-level D
systematics with their own curves,
quadratic envelope
event-by-event reweighting, cos φ
distributions for various D
background cos φ estimate based
on MC

tW, VV, t̄tW
data-driven normalization of
non-prompt leptons from
samesign eµ events
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Quantum entanglement at ATLAS

Calculated detector-level D from data
and corrected using calibration curve

Dobs = -0.547 ± 0.002 (stat.) ± 0.021 (syst.)

Dexp = -0.470 ± 0.002 (stat.) ± 0.018 (syst.)

arXiV: 2311.07288, accepted by Nature

observation of quantum
entanglement with >5σ significance
CERN physics briefing

CERN Courier article

good agreement between measured and
predicted D in validation regions

measurement dominated by systematic
uncertainties, mainly signal modeling

paves the way for future measurements
of quantum information at the LHC
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Conclusions

ATLAS benefits from large top samples provided by LHC during Run-2 and
study fundamental SM properties:

top mass measurements in different channels, with increasing
precision

combination with CMS results brings the most precise top mass
result to date

first observation of quantum entanglement in “bare” quarks, at
highest energy so far
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Backup

Backup
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Top mass from dilepton channel

recoil effects in top-quark decays

PYTHIA 8 used in this analysis recoils subsequent gluons against b-quark by
default

too small out-of-cone radiation, affects b-jets shape, too narrow
reconstructed top-mass distribution

recent setup allows the top quark to be the recoiler for the gluon radiation

recoil-to-top likely overestimates the effect, no dedicated tune has been
performed yet

the full difference between the mass values extracted from pseudo-data using
these two settings is used as an additional uncertainty
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Top mass from dilepton channel

parametrisation (two Gauss and cosine) of template distributions of mHigh
ℓb

with linear dependence of parameters on mtop, with very good description
(χ2/ndf = 1.01 and P(χ, ndf) = 0.44)

Data 86811
tt̄ signal 94000 ± 5800
Single-top-quark signal 1167 ± 75
Z+jets 131 ± 52
Diboson 4.7± 2.4
tt̄ + V , tWZ, tZq 301 ± 46
tt̄ + H 97.0± 9.8
NP/fake leptons 110 ± 110
Signal+background 95800 ± 5800
Expected background fraction 0.006 ± 0.001
Data/(Signal + background) 0.906 ± 0.058
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Top mass from dilepton channel

mtop [GeV]
Result 172.21

Statistics 0.20
Method 0.05 ± 0.04
Matrix-element matching 0.40 ± 0.06
Parton shower and hadronisation 0.05 ± 0.05
Initial- and final-state QCD radiation 0.17 ± 0.02
Underlying event 0.02 ± 0.10
Colour reconnection 0.27 ± 0.07
Parton distribution function 0.03 ± 0.00
Single top modelling 0.01 ± 0.01
Background normalisation 0.03 ± 0.02
Jet energy scale 0.37 ± 0.02
b-jet energy scale 0.12 ± 0.02
Jet energy resolution 0.13 ± 0.02
Jet vertex tagging 0.01 ± 0.01
b-tagging 0.04 ± 0.01
Leptons 0.11 ± 0.02
Pile-up 0.06 ± 0.01
Recoil effect 0.39 ± 0.09

Total systematic uncertainty (without recoil) 0.67 ± 0.05
Total systematic uncertainty (with recoil) 0.77 ± 0.06
Total uncertainty (without recoil) 0.70 ± 0.05
Total uncertainty (with recoil) 0.80 ± 0.06
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Top mass from soft muon tag

20 30 40 50 60 70 80

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

F
ra

ct
io

n 
of

 e
ve

nt
s

 = 170.5 GeVtm

 = 172.5 GeVtm

 = 174.5 GeVtm

ATLAS Simulation
 = 13 TeVs

OS selection

20 30 40 50 60 70 80

 [GeV]µlm

0.94
0.96
0.98

1
1.02
1.04
1.06

 =
 1

72
.5

 G
eV

t
m

R
at

io
 to

 

171 172 173 174 175 176 177 178 179

 [GeV]tm

Nominal 174.41  0.77± (0.39  0.66± )

1−) = 
primary

l(q 174.01  0.88± (0.55  0.68± )

1+) = 
primary

l(q 174.70  0.89± (0.56  0.69± )

 channelµ 174.42  0.94± (0.57  0.75± )

 channele 174.11  0.95± (0.55  0.77± )

SS sample 173.88  1.25± (0.74  1.01± )

OS sample 174.63  0.88± (0.47  0.75± )

tm  tot.± (stat.  syst.± )ATLAS -1 = 13 TeV, 36 fbs

Process Yield (OS) Yield (SS)

𝑡𝑡 (SMT from 𝑏- or 𝑐-hadron) 55 700 ± 3400 34 800 ± 2300
𝑡𝑡 (SMT from 𝑊 → 𝜇𝜈) 2190 ± 310 4.9 ± 3.6
𝑡𝑡 (SMT fake) 1490 ± 210 1240 ± 170
Single top 𝑡-channel 770 ± 70 490 ± 40
Single top 𝑠-channel 63 ± 6 49 ± 4
Single top 𝑊𝑡 channel 1840 ± 140 1260 ± 100
𝑊+jets 1600 ± 400 1080 ± 240
𝑍+light jets 210 ± 80 15 ± 6
𝑍+HF jets 550 ± 180 310 ± 100
Diboson 17.2 ± 2.9 6.3 ± 1.4
Multijet 530 ± 140 480 ± 130
Total Expected 65 000 ± 4000 39 700 ± 2500
Data 66 891 42 087
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Top mass ATLAS+CMS combination

Uncertainty category ρ Scan range
∆mt/2 ∆σmt

/2
[MeV] [MeV]

JES 1 0 — — —
JES 2 0 [−0.25,+0.25] 8 7
JES 3 0.5 [+0.25,+0.75] 1 <1
b-JES 0.85 [+0.5,+1] 26 5
g-JES 0.85 [+0.5,+1] 2 <1
l-JES 0 [−0.25,+0.25] 1 <1
CMS JES 1 — — — —
JER 0 [−0.25,+0.25] 5 1
Leptons 0 [−0.25,+0.25] 2 2
b tagging 0.5 [+0.25,+0.75] 1 1
pmiss

T 0 [−0.25,+0.25] <1 <1
Pileup 0.85 [+0.5,+1] 2 <1
Trigger 0 [−0.25,+0.25] <1 <1

ME generator 0.5 [+0.25,+0.75] <1 4
QCD radiation 0.5 [+0.25,+0.75] 7 1
Hadronization 0.5 [+0.25,+0.75] 1 <1
CMS b hadron B — — — —
Color reconnection 0.5 [+0.25,+0.75] 3 1
Underlying event 0.5 [+0.25,+0.75] 1 <1
PDF 0.85 [+0.5,+1] 1 <1
CMS top quark pT — — — —

Background (data) 0 [−0.25,+0.25] 8 2
Background (MC) 0.85 [+0.5,+1] 2 <1

Method 0 — — —
Other 0 — — —

Uncertainty category
Uncertainty impact [GeV]
LHC ATLAS CMS

b-JES 0.18 0.17 0.25
b tagging 0.09 0.16 0.03
ME generator 0.08 0.13 0.14
JES 1 0.08 0.18 0.06
JES 2 0.08 0.11 0.10
Method 0.07 0.06 0.09
CMS b hadron B 0.07 — 0.12
QCD radiation 0.06 0.07 0.10
Leptons 0.05 0.08 0.07
JER 0.05 0.09 0.02
CMS top quark pT 0.05 — 0.07
Background (data) 0.05 0.04 0.06
Color reconnection 0.04 0.08 0.03
Underlying event 0.04 0.03 0.05
g-JES 0.03 0.02 0.04
Background (MC) 0.03 0.07 0.01
Other 0.03 0.06 0.01
l-JES 0.03 0.01 0.05
CMS JES 1 0.03 — 0.04
Pileup 0.03 0.07 0.03
JES 3 0.02 0.07 0.01
Hadronization 0.02 0.01 0.01
pmiss

T 0.02 0.04 0.01
PDF 0.02 0.06 <0.01
Trigger 0.01 0.01 0.01

Total systematic 0.30 0.41 0.39
Statistical 0.14 0.25 0.14

Total 0.33 0.48 0.42
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Quantum entanglement at ATLAS

Powheg+Pythia 8
Powheg+Herwig 7
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Source of uncertainty Δ𝐷observed(𝐷 = −0.547) Δ𝐷 [%] Δ𝐷expected(𝐷 = −0.470) Δ𝐷 [%]

Signal modeling 0.017 3.2 0.015 3.2
Electrons 0.002 0.4 0.002 0.4
Muons 0.001 0.1 0.001 0.1
Jets 0.004 0.7 0.004 0.8
𝑏-tagging 0.002 0.4 0.002 0.4
Pile-up < 0.001 < 0.1 < 0.001 < 0.1
𝐸miss

T 0.002 0.3 0.002 0.4
Backgrounds 0.010 1.8 0.009 1.8

Total statistical uncertainty 0.002 0.3 0.002 0.4
Total systematic uncertainty 0.021 3.8 0.018 3.9

Total uncertainty 0.021 3.8 0.018 3.9

Systematic uncertainty source Relative size (for SM 𝐷 value)

Top-quark decay 1.6%
Parton distribution function 1.2%
Recoil scheme 1.1%
Final-state radiation 1.1%
Scale uncertainties 1.1%
NNLO reweighting 1.1%
pThard setting 0.8%
Top-quark mass 0.7%
Initial-state radiation 0.2%
Parton shower and hadronization 0.2%
ℎdamp setting 0.1%
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