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Special place in the SM:

Heaviest elementary particle

Connection to Electroweak 
Symmetry Breaking 
with large Yukawa coupling (λ~1)


Unique quark:

Extremely short lifetime (τ~10-25 s)

Decays before hadronisation


Allows to probe properties 
of bare quark

Almost exclusively to Wb

t
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LHC: top quark factory


~120 million top quark pairs 

produced during Run 2 

in each experiment


More to come in Run 3


Allows for precision studies


Probe top quark properties, e.g. mass


Improve modelling — 

understand and control uncertainties


Also can search for BSM effects

Run 2

Run 3
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Top quark mass (mt) is a fundamental parameter of the SM

mt, mW and mH measurements can be compared to EW fit predictions 
to check the validity of SM

mt is crucial for the stability of the electroweak vacuum in the SM

APS/Alan Stonebraker, https://physics.aps.org/articles/v8/108

of ϕ̄C at the maximum of the integrand ranges from 1018

to 1020 GeV.
It is well known that, currently, our Universe is (almost)

dominated by the dark energy. If it is a cosmological
constant, then our Universe will eventually become de
Sitter space with the expansion rate of about
56.3 km= sec =Mpc [108]. Then, based on γPl, the phase
transition rate within the Hubble volume of such a universe
is estimated to be 10−580 Gyr−1, which may be regarded as
a decay rate of the EW vacuum in the SM.
For comparison,we also performa “tree-level” calculation

of the decay rate using Eq. (3.17). The results
are log10½γ

ðtreeÞ
Pl × Gyr Gpc3$ ¼ −575 and log10½γ

ðtreeÞ
∞ ×

GyrGpc3$¼−570. Thus, the difference between γ and
γðtreeÞ turns out to be rather small. This is a consequence
of an accidental cancellation among the contributions of
several fields. In the bottom panel of Fig. 2, we show
individual quantum corrections separately, as well as the
total one-loop contribution. We can see that the large
quantum correction from the top quark is canceled by those
from the gauge bosons. We have also checked that the
unstable region on the mh vs mt plane shifts upward by
Δmt ≃ 0.2 GeV if we use γðtreeÞ.

IV. MODELS WITH EXTRA FERMIONS

So far, we assumed that the SM is valid up to the Planck or
some higher scale. However, the decay rate of the EW

vacuum may be affected if there exist extra particles. In
particular, extra fermions coupled to the Higgs boson may
destabilize the EW vacuum because the new Yukawa
couplings tend to drive λ to a negative value through RG
effects [32–43,46,48–52,54]. Consequently, the decay rate
of the EW vacuum becomes larger than that in the SM.
Potential candidates of such fermions include vectorlike
fermions as well as right-handed neutrinos for the seesaw
mechanism [109–111].
In this section, we consider several models with such

extra fermions. We perform the RG analysis of the runnings
of coupling constants with the effects of the extra fermions.
We include two-loop effects of the extra fermions into the β
functions, which can be calculated using the result in [112–
115]. We also take account of one-loop threshold correc-
tions due to the extra fermions, which are summarized in
Appendix G.11 For the integration over R, we follow the
procedure in the SM case, as well as the following
treatments:

(i) We terminate the integration if any of the coupling
constants (in particular, Yukawa coupling constants
of extra particles) exceeds

ffiffiffiffiffiffi
4π

p
.

(ii) In order to maintain the classical scale invariance at a
good accuracy, we require 1=R > 10Mex, whereMex
is the mass scale of the new particles.

A. Vectorlike fermions

Here, we consider two examples of vectorlike fermions,
one is colored vectorlike fermions and the other is non-
colored ones. We consider the case where the extra
fermions have a Yukawa coupling with the SM Higgs
boson. (We assume that the mixing between the extra
fermions and the SM fermions is negligible.)
We first consider colored vectorlike fermions, having

the same SM gauge quantum numbers as the left-handed
quark doublet and the right-handed down quark, as well
as their vectorlike partners; we add Q ð3; 2; 16Þ, Q̄
ð3̄; 2;− 1

6Þ, D ð3; 1;− 1
3Þ, and D̄ ð3̄; 1; 13Þ. [In the paren-

theses, we show the quantum numbers of SUð3ÞC, SUð2ÞL,
and Uð1ÞY .] The Yukawa terms in the Lagrangian are
given by

LYukawa ¼ LðSMÞ
Yukawa þ YD̄Φ'QD̄þ YDΦQ̄D; ð4:1Þ

where LðYukawaÞ
SM is the SM part. We also add the following

mass terms:

Lmass ¼ MQQ̄QþMDD̄D: ð4:2Þ

FIG. 3. The stability of the EW vacuum in the SM with a cutoff
of the integration at ϕ̄C ¼ MPl. The red region is unstable, the
yellow region is metastable, and the green region is absolutely
stable. The dashed, solid, and dotted lines correspond to
αs ¼ 0.1192, 0.1181, and 0.1170, respectively. The black dot-
dashed lines indicate log10½γ × Gyr Gpc3$ ¼ 0, −100, −300, and
−1000 with the central value of αs. The blue circles indicate 68,
95, and 99% C.L. constraints on the Higgs mass vs top mass
plane assuming that their errors are independently Gaussian.

11If we use the two-loop β functions instead of three-loop ones
in the SM calculation, the difference of log10½γ × Gyr Gpc3$ is
around 40. Thus, the systematic error of neglecting three-loop
effects of the extra fermions is expected to be similar.

SO CHIGUSA, TAKEO MOROI, and YUTARO SHOJI PHYS. REV. D 97, 116012 (2018)

116012-12

S. Chigusa, T. Moroi, and Y. Shoji, Phys. Rev. D 97, 116012 (2018)

Meta-stability 
preferred(?)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.116012
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Direct measurements (MC mass)

From full or partial kinematic 
reconstruction of invariant mass 
of top decay products, 
comparison with MC calculations

Theoretically not well defined

PRL 117, 232001 (2016)

Relating the MC mass  to a field theory mass is challenging 
because of hadronization and parton-shower dynamics, 
but the uncertainty reached a few hundred MeV.

Indirect measurements (pole mass)

From cross sections 
(inclusive or differential)

Theoretically well defined

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.232001
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arXiv:2302.01967

Unprecedented precision result by a fit of 5 observables
 and : sensitive to 

, , and : constraint of systematics

mfit
t mreco

ℓb mt

m reco
W mreco

ℓb /mfit
t Rreco

bq

Syst.
reduced

mMC
t = 171.77 ± 0.37 GeV

https://arxiv.org/abs/2302.01967
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arXiv:2209.00583

Top quark mass extracted

from the invariant mass

of prompt lepton and soft muon:

Relatively small jet uncertainties

Dominant uncertainty from 

t → Wb → ( ℓ ν ) ( X μ ν )

b → Xμν

mMC
t = 174.41 ± 0.39(stat) ± 0.66(syst) ± 0.25(recoil) GeV

= 174.41 ± 0.81 GeV

Only leptons!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-17/
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Direct measurement with template fit in dilepton channel (ATLAS)


 [ATLAS-CONF-2022-058]


Direct measurement with boosted top in l+jets channel (CMS)


 [arXiv:2211.01456]


Indirect measurement with differential cross section of tt+jet (CMS)


 for ABMP16NLO PDF [arXiv:2207.02270] 

mMC
t = 172.21 ± 0.80 GeV

mMC
t = 172.76 ± 0.81 GeV

mpole
t = 172.94 ± 1.37 GeV

Various recent measurements with ~1 GeV precision

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-058/
https://arxiv.org/abs/2211.01456
https://arxiv.org/abs/2207.02270
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Sensitive to top Yukawa coupling and potential BSM effects

 (NLO (QCD + EW) + NLL @13TeV) [arXiv:2212.03259]σtt̄tt̄ = 13.4+1.0
−1.8 fb

Small cross section — no observation in previous analyses

https://arxiv.org/abs/2212.03259
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Figure 5: Comparison between data and the predictions after a fit to data for the GNN distribution in the SR. The first
bin contains underflow events. The ratio of the data to the total post-fit prediction is shown in the lower panel. The
dashed blue lines show the pre-fit prediction in the upper panel and the ratio of the data to the total pre-fit prediction
in the lower panel. The shaded band represents the total post-fit uncertainty in the prediction.

The probability for the background-only hypothesis to result in a signal-like excess at least as large as
seen in data is derived using the profile-likelihood ratio following the procedure described in Ref. [104].
From this, the significance of the observed signal is found to be 6.1 standard deviations, while 4.3 standard
deviations are expected. Using the SM cross section of 13.4+1.0

�1.8 fb from Ref. [16], the expected significance
would be 4.7 standard deviations. The goodness-of-fit evaluated using a saturated model [105] yields a
probability of 76%. Compared to the previous result of Ref. [17], the gain in expected sensitivity comes
from the updated lepton and jet selection and uncertainties, from the use of the GNN discriminant and
from the improved treatment of the CC̄C background. This leads to a better purity of the signal and a smaller
uncertainty on the background in the signal-enriched region. The overall uncertainty on the cross section
is slightly smaller than the result in Ref. [17], mainly because of an updated treatment of the systematic
uncertainty for signal modelling.

The normalisation factors of the di�erent fake/non-prompt lepton background sources and the parameters
of the data-driven CC̄, background model determined from the fit are shown in Tables 3 and 4. The post-fit
values of the background and signal yields before and after the fit as well as for events with a GNN score
equal to or higher than 0.6 are shown in Table 5. The post-fit number of CC̄, events with 6 and 7 jets is
smaller than at the pre-fit level, while the number of CC̄, events with �9 jets is increased compared to the
pre-fit prediction. The overall number of fitted CC̄, is in agreement with the CC̄, cross section measurement
in Ref. [80]. The number of background events from material conversion is also increased. The post-fit
normalisation factors from Tables 3 and 4 agree with their nominal value of 1, except for NFMat. Conv.. They
provide good agreement with data as shown in Table 5 and Figure 5.

Figure 6 presents the distributions of the number of jets, the number of 1-jets, the sum of the four highest
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σtt̄tt̄ = 22.5+6.6
−5.5 fb

ATLAS [arXiv:2303.15061]

Observed (expected): 6.1σ (4.3σ) 14
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Figure 8: Comparison of the number of observed (points) and predicted (colored histograms)
events as a function of log10(S/B), where S and B are the predicted signal and background
yields, respectively, evaluated for each bin in the tttt classes of the signal regions before the
fit to data. Only bins with log10(S/B) > �1 are included, and bins with log10(S/B) > 0.5 are
included in the last bin. The vertical bars on the points represent the statistical uncertainties in
the data, and the hatched bands the systematic uncertainty in the predictions. The predictions
are shown “postfit”, i.e., with the values of the signal and background normalizations and
nuisance parameters obtained in the fit to the data applied.

8 Summary
In summary, we have reported the first observation for the production of four top quarks (tttt)
in proton-proton (pp) collisions, using events with two same-sign, three, and four charged
leptons (electrons and muons) and additional jets. The observed (expected) significance of the
tttt signal above the background-only hypothesis is 5.5 (4.9) standard deviations. The signal
cross section is measured to be s(pp ! tttt) = 17.9 +3.7

�3.5 (stat) +2.4
�2.1 (syst) fb, in agreement with

the standard model prediction.

References
[1] R. Frederix, D. Pagani, and M. Zaro, “Large NLO corrections in ttW± and tttt

hadroproduction from supposedly subleading EW contributions”, JHEP 02 (2018) 031,
doi:10.1007/JHEP02(2018)031, arXiv:1711.02116.

[2] M. van Beekveld, A. Kulesza, and L. Moreno Valero, “Threshold resummation for the
production of four top quarks at the LHC”, 2022. arXiv:2212.03259.

[3] ATLAS Collaboration, “The ATLAS experiment at the CERN Large Hadron Collider”,
JINST 3 (2008) S08003, doi:10.1088/1748-0221/3/08/S08003.

[4] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

CMS [arXiv:2303.15061]

Observed (expected): 5.5σ (4.9σ)

σtt̄tt̄ = 17.9+3.7
−3.5(stat)+2.4

−2.1(syst) fb

Looser event selection,

improved ttW estimation,

graph neural network 
with nodes: reco objects

BDT lepton ID,

multiclassification 
BDT for background 
separation

The measured cross section in agreement with the SM

https://arxiv.org/abs/2303.15061
https://arxiv.org/abs/2303.15061
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κt: top-Higgs Yukawa coupling 
strength parameter


α: mixing angle between the 
CP-even and CP-odd components

Limits on EFT operators also shown in the preprint

arXiv:2303.15061

https://arxiv.org/abs/2303.15061
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ttH, H!bb (single lepton) ttH, H!bb (di-lepton)

tt + !1b tt + !1b

JHEP 06 (2022) 097

https://link.springer.com/article/10.1007/JHEP06(2022)097
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Higher than theoretical predictions (consistent with previous measurements) 

CMS-PAS-TOP-22-009

https://cds.cern.ch/record/2852880
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Varying compatibility with theoretical predictions

CMS-PAS-TOP-22-009

and many other 
observables

https://cds.cern.ch/record/2852880
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Figure 1: Signal diagrams for the dominant production modes of CC̄, . (a) The LO contribution (UU2
B), (b) a real

emission diagram from the NLO QCD contribution (UU3
B), (c) the tree-level EWK contribution (U3), and (d) a

representative diagram of the combined NLO QCD and EWK contributions (U3
UB). The pink circles correspond to

QCD couplings and the blue circles correspond to EWK couplings.

order (NLO) QCD corrections for CC̄, production with up to two additional partons in the initial state.
Considering only QCD corrections, the predicted cross-section is f(CC̄,)QCD = 691.1+9.5%

�10.7%, while virtual
EWK corrections are negative and 2.4% of the f(CC̄,)QCD value, and the remaining EWK contribution
(including C,-scattering, as shown in Figure 1(d)) gives a 6.9% positive correction to the f(CC̄,)QCD

calculation.

In this note, measurements of inclusive and di�erential cross-sections of CC̄, production at
p
B = 13 TeV

are presented, including measurements of the CC̄, relative charge asymmetry. This is the first measurement
of di�erential cross-sections of CC̄, production at the LHC. The measurements are performed by analysing
the two same-sign lepton, 2✓SS and three-lepton, 3✓, final states. The paper is structured as follows:
Section 2 describes the ATLAS detector, Section 3 provides an overview of the data and simulated samples
used in the measurements, Section 4 details the object reconstruction and selection and Section 5 defines
the analysis strategy. Section 6 provides a description of the strategy to estimate non-prompt lepton
backgrounds. An overview of the systematic uncertainties is given in Section 7. The results are presented
in Section 8 and conclusions are given in Section 9.

2 ATLAS detector

The ATLAS detector [29] at the LHC covers nearly the entire solid angle around the collision point.1 It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and
hadron calorimeters, and a muon spectrometer incorporating three large superconducting air-core toroidal
magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range |[ | < 2.5. The high-granularity silicon pixel detector covers the vertex region and
typically provides four measurements per track, the first hit normally being in the insertable B-layer (IBL)
installed before Run 2 [30, 31]. It is followed by the silicon microstrip tracker (SCT), which usually provides

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.

3

Background for ttH and 4 top productions

ttW observed for the first time in Run 1 and only with the full Run 2 dataset 
a precise inclusive measurement and the first differential measurements are obtainable

Dominant
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Inclusive cross section
higher than theoretical predictions

First differential measurement
(7 variables)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-019/
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CMS-TOP-22-012 (13.6 TeV, 1.21 fb-1)

$(tt) = 882 ± 23 (stat+syst) ± 20 (lumi) pb

ATLAS-CONF-2023-006 (13.6 TeV, 11.3 fb-1)

$(tt) = 859 ± 4 (stat) ± 22 (syst) ± 19 (lumi) pb

LHCPhysics Experiment & theory agreement
for 13.6 TeV!

https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-22-012/index.html
https://cds.cern.ch/record/2854834
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TtbarNNLO


SM
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In 2017, ATLAS published the LHC’s
first measurement of the W-boson 
mass: 80370 ± 19 MeV — the most 
precise single-experiment result,
in agreement with the SM prediction 
and all other experimental results.

Last year, the CDF Collaboration at 
Fermilab published an even more 
precise measurement of the W-boson 
mass: 80434 ± 9 MeV — deviated 
significantly from the SM prediction 
and from other experimental results.

https://atlas.cern/updates/briefing/measuring-w-boson-mass
https://atlas.cern/updates/briefing/measuring-w-boson-mass
https://cerncourier.com/a/cdf-sets-w-mass-against-the-standard-model/
https://cerncourier.com/a/cdf-sets-w-mass-against-the-standard-model/
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mW = 80360 ± 5(stat.) ± 15(syst.) = 80360 ± 16 MeV

Reanalysis of 7 TeV data — reduction of total uncertainty by 15 %
by updated PDFs (CT10NNLO!CT18NNLO), improvements in statistical analysis, …

ATLAS-CONF-2023-004

Agreement
with the SM

Awaiting a CMS result ...

https://cds.cern.ch/record/2853290/
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The coupling constant of the strong interaction αS 
is the least precisely known among the fundamental couplings


Z pT distribution (“recoil of gluon emission”) depends on αS

ATLAS-CONF-2023-013

Comparison with N4LL

https://cds.cern.ch/record/2854867
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Most precise experimental 

measurement on αS, 

and first time using 

N3LO+N4LL pT(Z) predictions 

 

Precision of αS important to reduce 

the associated theoretical uncertainty 

which enters into all cross-section 

calculations for processes at the LHC

ATLAS-CONF-2023-015

https://cds.cern.ch/record/2855244


/29VBS — Introduction 26

Vector boson scattering (VBS), 

VV→VV (V=W±/Z/γ), is crucial for


understanding the nature of the electroweak 

symmetry-breaking mechanism in the SM


searches for new physics processes, which may 

impact the scattering at high precision


studies of the Higgs sector, as the Higgs 

mechanism impacts the scattering rate.

V

V

V

V



/29VBS — Recent Results from CMS 27

Wγ: 6.0 (6.8)𝜎 observed (expected)

arXiv:2212.12592

Fiducial and differential cross sections measured

Stringent limits on anomalous quartic gauge couplings

https://arxiv.org/abs/2212.12592


/29VBS — Recent Results from ATLAS 28

ATLAS showed new results on same-sign WW (below), ZZ (backup), and Z& (backup).

2.5$ global (3.2$ local)
significance at 450 GeV

Fiducial and differential cross sections measured
Searches for anomalous quartic gauge couplings and doubly charged Higgs (e.g. in GM model)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-024/
https://arxiv.org/abs/2305.19142
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• Top quark mass new era: 0.4 GeV precision by single measurement 
Electroweak vacuum: closer to absolute stability(?)


• First tttt observation: new probe of top Yukawa coupling and new physics


• New ttbb and ttW measurements (most precise and differential)


• First Run 3 measurements for top quark pair production


• ATLAS results on W mass consistent with the SM 
— no convincing explanations on the deviation for CDF II result


• Most precise experimental measurement on αS using Z pT


• 2.5σ global (3.2σ local) significance at 450 GeV in same-sign WW

The Standard Model still reigns supreme! Stay tuned for Run 3 results!
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/29Interpretation of Top Quark MC Mass 31

PRL 117, 232001 (2016)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.232001


/29Getting Closer to Absolute Stability? 32

of ϕ̄C at the maximum of the integrand ranges from 1018

to 1020 GeV.
It is well known that, currently, our Universe is (almost)

dominated by the dark energy. If it is a cosmological
constant, then our Universe will eventually become de
Sitter space with the expansion rate of about
56.3 km= sec =Mpc [108]. Then, based on γPl, the phase
transition rate within the Hubble volume of such a universe
is estimated to be 10−580 Gyr−1, which may be regarded as
a decay rate of the EW vacuum in the SM.
For comparison,we also performa “tree-level” calculation

of the decay rate using Eq. (3.17). The results
are log10½γ

ðtreeÞ
Pl × Gyr Gpc3$ ¼ −575 and log10½γ

ðtreeÞ
∞ ×

GyrGpc3$¼−570. Thus, the difference between γ and
γðtreeÞ turns out to be rather small. This is a consequence
of an accidental cancellation among the contributions of
several fields. In the bottom panel of Fig. 2, we show
individual quantum corrections separately, as well as the
total one-loop contribution. We can see that the large
quantum correction from the top quark is canceled by those
from the gauge bosons. We have also checked that the
unstable region on the mh vs mt plane shifts upward by
Δmt ≃ 0.2 GeV if we use γðtreeÞ.

IV. MODELS WITH EXTRA FERMIONS

So far, we assumed that the SM is valid up to the Planck or
some higher scale. However, the decay rate of the EW

vacuum may be affected if there exist extra particles. In
particular, extra fermions coupled to the Higgs boson may
destabilize the EW vacuum because the new Yukawa
couplings tend to drive λ to a negative value through RG
effects [32–43,46,48–52,54]. Consequently, the decay rate
of the EW vacuum becomes larger than that in the SM.
Potential candidates of such fermions include vectorlike
fermions as well as right-handed neutrinos for the seesaw
mechanism [109–111].

In this section, we consider several models with such
extra fermions. We perform the RG analysis of the runnings
of coupling constants with the effects of the extra fermions.
We include two-loop effects of the extra fermions into the β
functions, which can be calculated using the result in [112–
115]. We also take account of one-loop threshold correc-
tions due to the extra fermions, which are summarized in
Appendix G.11 For the integration over R, we follow the
procedure in the SM case, as well as the following
treatments:

(i) We terminate the integration if any of the coupling
constants (in particular, Yukawa coupling constants
of extra particles) exceeds

ffiffiffiffiffiffi
4π

p
.

(ii) In order to maintain the classical scale invariance at a
good accuracy, we require 1=R > 10Mex, whereMex
is the mass scale of the new particles.

A. Vectorlike fermions

Here, we consider two examples of vectorlike fermions,
one is colored vectorlike fermions and the other is non-
colored ones. We consider the case where the extra
fermions have a Yukawa coupling with the SM Higgs
boson. (We assume that the mixing between the extra
fermions and the SM fermions is negligible.)
We first consider colored vectorlike fermions, having

the same SM gauge quantum numbers as the left-handed
quark doublet and the right-handed down quark, as well
as their vectorlike partners; we add Q ð3; 2; 16Þ, Q̄
ð3̄; 2;− 1

6Þ, D ð3; 1;− 1
3Þ, and D̄ ð3̄; 1; 13Þ. [In the paren-

theses, we show the quantum numbers of SUð3ÞC, SUð2ÞL,
and Uð1ÞY .] The Yukawa terms in the Lagrangian are
given by

LYukawa ¼ LðSMÞ
Yukawa þ YD̄Φ'QD̄þ YDΦQ̄D; ð4:1Þ

where LðYukawaÞ
SM is the SM part. We also add the following

mass terms:

Lmass ¼ MQQ̄QþMDD̄D: ð4:2Þ

FIG. 3. The stability of the EW vacuum in the SM with a cutoff
of the integration at ϕ̄C ¼ MPl. The red region is unstable, the
yellow region is metastable, and the green region is absolutely
stable. The dashed, solid, and dotted lines correspond to
αs ¼ 0.1192, 0.1181, and 0.1170, respectively. The black dot-
dashed lines indicate log10½γ × Gyr Gpc3$ ¼ 0, −100, −300, and
−1000 with the central value of αs. The blue circles indicate 68,
95, and 99% C.L. constraints on the Higgs mass vs top mass
plane assuming that their errors are independently Gaussian.

11If we use the two-loop β functions instead of three-loop ones
in the SM calculation, the difference of log10½γ × Gyr Gpc3$ is
around 40. Thus, the systematic error of neglecting three-loop
effects of the extra fermions is expected to be similar.

SO CHIGUSA, TAKEO MOROI, and YUTARO SHOJI PHYS. REV. D 97, 116012 (2018)

116012-12

arXiv:2302.01967mMC
t = 171.77 ± 0.37 GeV

?

PRL 117, 232001 (2016)

https://arxiv.org/abs/2302.01967
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.232001
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To be absolutely stable, the bounds on the parameters are

mpole
t

GeV
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!
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Absolute stability is currently excluded at 2.48σ, which
translates to a one-sided confidence of 99.3%. To exclude
absolute stability to the one-sided confidence for 3σ, the
top quark mass uncertainty must be reduced below
250 MeV. Similarly for αs for a 3σ uncertainty must be
less than Δαs < 0.00025.

The dashed lines Fig. 3 indicate the scale at which new
physics operators at the scale ΛNP can stabilize the SM,
added as in Eq. (6.17). Recall that because tunneling is a
nonperturbative phenomenon, higher-dimension operators
do not decouple: new physics at an arbitrarily high scale

can destabilize the SM my opening up new tunneling
directions [19,50,62,85–87]. To stabalize the SM, they
have to be strong enough to lift the potential from negative
to positive. In Fig. 3 we see that the density of ΛNP curves
increases near the absolute stability line. This happens
because the absolute stability region is necessarily insen-
sitive to the addition of a positive operator.

VII. MASS CORRECTIONS

One remaining technical detail is how to handle the fact
that the Higgs potential in the StandardModel is not exactly
scale invariant, since there is a finite mass term for the Higgs
field. We saw in Sec. III that with a scale-invariant classical
potential, quantum corrections naturally pick out the scale
μ⋆ where λðμÞ is minimal so that the action is dominated
by bounces of a size R⋆ ¼ 1

μ⋆. One hopes that because the
Higgs mass parameter m ∼ 102 GeV is much smaller than
μ⋆ ∼ 1017 GeV, the corrections to the decay rate from the
mass termwill be completely negligible. Although normally
classical effects, like the Higgs mass term, dominate over
quantum effects, in this case the quantum scale violation can
be dominant since it scales as an inverse power of ℏ [see
Eq. (3.35)]. Despite this convincing logic, producing a
quantitative estimate of the effect on the decay rate of a
finite mass term is surprisingly challenging.

A. A bound on the m2 correction

Consider the potential VðϕÞ¼ 1
2m

2ϕ2þ 1
4λϕ

4 with λ < 0
and m > 0. Trying to solve the Euclidean equations of

FIG. 3. Phase diagram for stability in the mpole
t /mpole

h plane with dotted lines indicating the scale at which the addition of higher-
dimension operators could stabilize the SM. Note that the curves accumulate on the stability/metastability boundary. ΛNP curves in the
αs/m

pole
t plane (not shown) are similar.

SCALE-INVARIANT INSTANTONS AND THE COMPLETE … PHYS. REV. D 97, 056006 (2018)
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of ϕ̄C at the maximum of the integrand ranges from 1018

to 1020 GeV.
It is well known that, currently, our Universe is (almost)

dominated by the dark energy. If it is a cosmological
constant, then our Universe will eventually become de
Sitter space with the expansion rate of about
56.3 km= sec =Mpc [108]. Then, based on γPl, the phase
transition rate within the Hubble volume of such a universe
is estimated to be 10−580 Gyr−1, which may be regarded as
a decay rate of the EW vacuum in the SM.
For comparison,we also performa “tree-level” calculation

of the decay rate using Eq. (3.17). The results
are log10½γ

ðtreeÞ
Pl × Gyr Gpc3$ ¼ −575 and log10½γ

ðtreeÞ
∞ ×

GyrGpc3$¼−570. Thus, the difference between γ and
γðtreeÞ turns out to be rather small. This is a consequence
of an accidental cancellation among the contributions of
several fields. In the bottom panel of Fig. 2, we show
individual quantum corrections separately, as well as the
total one-loop contribution. We can see that the large
quantum correction from the top quark is canceled by those
from the gauge bosons. We have also checked that the
unstable region on the mh vs mt plane shifts upward by
Δmt ≃ 0.2 GeV if we use γðtreeÞ.

IV. MODELS WITH EXTRA FERMIONS

So far, we assumed that the SM is valid up to the Planck or
some higher scale. However, the decay rate of the EW

vacuum may be affected if there exist extra particles. In
particular, extra fermions coupled to the Higgs boson may
destabilize the EW vacuum because the new Yukawa
couplings tend to drive λ to a negative value through RG
effects [32–43,46,48–52,54]. Consequently, the decay rate
of the EW vacuum becomes larger than that in the SM.
Potential candidates of such fermions include vectorlike
fermions as well as right-handed neutrinos for the seesaw
mechanism [109–111].
In this section, we consider several models with such

extra fermions. We perform the RG analysis of the runnings
of coupling constants with the effects of the extra fermions.
We include two-loop effects of the extra fermions into the β
functions, which can be calculated using the result in [112–
115]. We also take account of one-loop threshold correc-
tions due to the extra fermions, which are summarized in
Appendix G.11 For the integration over R, we follow the
procedure in the SM case, as well as the following
treatments:

(i) We terminate the integration if any of the coupling
constants (in particular, Yukawa coupling constants
of extra particles) exceeds

ffiffiffiffiffiffi
4π

p
.

(ii) In order to maintain the classical scale invariance at a
good accuracy, we require 1=R > 10Mex, whereMex
is the mass scale of the new particles.

A. Vectorlike fermions

Here, we consider two examples of vectorlike fermions,
one is colored vectorlike fermions and the other is non-
colored ones. We consider the case where the extra
fermions have a Yukawa coupling with the SM Higgs
boson. (We assume that the mixing between the extra
fermions and the SM fermions is negligible.)
We first consider colored vectorlike fermions, having

the same SM gauge quantum numbers as the left-handed
quark doublet and the right-handed down quark, as well
as their vectorlike partners; we add Q ð3; 2; 16Þ, Q̄
ð3̄; 2;− 1

6Þ, D ð3; 1;− 1
3Þ, and D̄ ð3̄; 1; 13Þ. [In the paren-

theses, we show the quantum numbers of SUð3ÞC, SUð2ÞL,
and Uð1ÞY .] The Yukawa terms in the Lagrangian are
given by

LYukawa ¼ LðSMÞ
Yukawa þ YD̄Φ'QD̄þ YDΦQ̄D; ð4:1Þ

where LðYukawaÞ
SM is the SM part. We also add the following

mass terms:

Lmass ¼ MQQ̄QþMDD̄D: ð4:2Þ

FIG. 3. The stability of the EW vacuum in the SM with a cutoff
of the integration at ϕ̄C ¼ MPl. The red region is unstable, the
yellow region is metastable, and the green region is absolutely
stable. The dashed, solid, and dotted lines correspond to
αs ¼ 0.1192, 0.1181, and 0.1170, respectively. The black dot-
dashed lines indicate log10½γ × Gyr Gpc3$ ¼ 0, −100, −300, and
−1000 with the central value of αs. The blue circles indicate 68,
95, and 99% C.L. constraints on the Higgs mass vs top mass
plane assuming that their errors are independently Gaussian.

11If we use the two-loop β functions instead of three-loop ones
in the SM calculation, the difference of log10½γ × Gyr Gpc3$ is
around 40. Thus, the systematic error of neglecting three-loop
effects of the extra fermions is expected to be similar.

SO CHIGUSA, TAKEO MOROI, and YUTARO SHOJI PHYS. REV. D 97, 116012 (2018)

116012-12

PRD 97, 116012 (2018) PRD 97 (2018) 056006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.116012
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.056006
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arXiv:2302.01967

mtfit: the invariant mass 
for hadronically decaying 
top quark after kinematic fit 
and requirement on 
goodness-of-fit for 
parton-jet assignment. 
 
The kinematic fit constrains 
4-momenta to the hypothesis 
that two heavy particles 
of equal mass are produced, 
each one decaying 
to a b quark and a W boson, 
with the invariant mass of the 
latter constrained to 80.4 GeV.

https://arxiv.org/abs/2302.01967


/29Top Quark Mass — Direct Measurement with l+jets 35

arXiv:2302.01967

For most tt events, a low Pgof value is 
caused by assigning a wrong jet to the 
W boson candidate, while the two b-
tagged jets are the correct candidates 
for the b quarks. Hence, mlbreco

preserves a good mt dependence and 
adds additional sensitivity to the 
measurement.

https://arxiv.org/abs/2302.01967


/29Top Quark Mass — Direct Measurement with l+jets 36

arXiv:2302.01967

https://arxiv.org/abs/2302.01967
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arXiv:2302.01967

Dominant uncertainties:

Jet Energy Correction (JEC) 
flavor bottom

Final State Radiation (FSR) 
Parton Shower (PS)

Color Reconnection (CR)

https://arxiv.org/abs/2302.01967


/29Top Quark Mass — “Recoil” Uncertainty 38

arXiv:2209.00583Gluon recoil schema in Phytia 8

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-17/
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CMS-PAS-FTR-16-006
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/29Jet Energy Scale Calibrations at ATLAS 40

Eur. Phys. J. C (2021) 81:689



/294 Top — Improvements in the Re-Analyses 41

arXiv:2303.15061 (ATLAS)

arXiv:2303.15061 (CMS)

https://arxiv.org/abs/2303.15061
https://arxiv.org/abs/2303.15061


/29ttbb — Background in the ttH(bb) Search 42

https://arxiv.org/pdf/2111.06712.pdf

tt + !1b: no prior knowledge from theory or subsidiary

measurements is assumed (normalisation)



/29ttW — Recent Results (ttW+ vs ttW-) 43

ATLAS-CONF-2023-019

Agreement with theoretical predictions

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-019/


/29First Evidence for tWZ 44CMS-PAS-TOP-22-008

Very rare process, new physics potential via modified interactions, good probe of EFT
The measured cross section: 0.37 ± 0.05 (stat) ± 0.10 (syst) pb
Observed (expected) significance: 3.5$ (1.4$)

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-008/index.html
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Figure 3: Comparison of the measured CC̄ cross-sections at various centre-of-mass energies and the theory predictions
using the PDF4LHC21 PDF set. The bottom panel shows the ratio of the measured values and three predictions that
either contain only the uncertainties originating from the QCD scale variations (black), only the variations in the
PDF uncertainties (red) or the total uncertainty in the prediction (blue).

14

13.6 TeV: eμ channel

ATLAS-CONF-2023-006

https://cds.cern.ch/record/2854834
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Event display for a W-boson candidate decays 
to one muon (orange line) and one neutrino 
(missing transverse momentum; red arrow). 
 
The W-boson is reconstructed in a beam crossing 
with two additionally reconstructed primary vertices.

ATLAS-CONF-2023-028

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-028/ATLAS-CONF-2023-028.pdf
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The W+ boson transverse momentum spectrum at 5.02 TeV, compared to several predictions

ATLAS-CONF-2023-028

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-028/ATLAS-CONF-2023-028.pdf
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Relative uncertainties for the W+ boson transverse momentum spectrum at 5.02 TeV



/29αS Measurement from Z pT 49ATLAS-CONF-2023-015

https://cds.cern.ch/record/2855244


/29VBS — Recent Results on ZZ 50arXiv:2305.19142

Differential cross-section for both EW and inclusive productions

Searches for dim-6 and dim-8 EFTs

https://arxiv.org/abs/2305.19142


/29VBS — Recent Results on Z& 51arXiv:2305.19142

Electroweak production of Z& (Z!ee, '') in association with two jets,
Fiducial and differential cross-sections, for both EW and EW+QCD.

https://arxiv.org/abs/2305.19142


/29VBS — Same-Sign WW Comparison 52

No excess in CMS but ATLAS has slightly better sensitivity at 450 GeV

PRL 120, 081801ATLAS-CONF-2023-023

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/



