
Status of Vector Boson Scattering measurements at the LHC Shu Li, on behalf of ATLAS and CMS
Collaborations

1. Introduction to Vector Boson Scattering

Multi-Boson productions are among those most important Standard Model (SM) processes to
be measured at the Large Hadron Collider (LHC), which generally include Di-Boson productions
(VV), Tri-Boson productions (VVV), Vector Boson Fusion productions (VBF V j j) and Vector
Boson Scattering productions (VBS VV j j). Precisely measuring the Multi-Boson processes will
provide not only a better understanding of SM, especially in the electroweak sector, but also a solid
estimation of SM backgrounds for many Beyond SM (BSM) new physics searches, as the Multi-
Boson productions are usually the irreducible backgrounds of many BSM signatures in similar
decay final states.

Vector Boson Scattering (VBS), being the rare process in the SM Multi-Boson productions
at LHC, is one of the key processes to probe the mechanism of electroweak symmetry breaking.
Moreover, without the presence of Higgs boson, the longitudinal components of VBS amplitudes
will increase as a function of center-of-mass energy, and violate the unitarity eventually. Therefore,
VBS is also a key process to probe the Higgs mechanism in unitarization of such VV ! VV
scattering processes. Besides, many resonant BSM models and E�ective Field Theory (EFT)
parameterized anomalous quartic gauge couplings can be realized via VBS processes.

ATLAS [1] and CMS [2] at LHC are the two general-purpose experiments aiming for SM
precise measurements and BSM searches. VBS are thoroughly searched for in both experiments
utilizing LHC Run 1 to Run 2 proton-proton collision data. Many processes are eventually measured
with su�ciently high statistical significance and reached the observation threshold of 5 �. Figure 1
shows a clean signature of VBS like-sign WW pair production with typical VBS topology: two
forward-backward jets and two centrally produced vector boson decayed like-sign leptons.

Figure 1: Event display of VBS like-sign WW j j production with like-sign e and µ leptons and two jets. [3]

It is worth emphasizing that, In the actual measurements, VBS VV j j processes are usually
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Case study: tZj/tHj
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[ATLAS; arXiv:1710.03659], [CMS-PAS-TOP-16-020 & arXiv:1712.02825] 

• Single top rate about 1/4 of QCD tt 
• Purely EW processes => no QCD contribution
• Sensitive to 2 four-fermion and 3 top/EW operators that 

modify tbW vertex
• Requiring the presence of an additional Z or Higgs

• Unique possibility of probing full set of top/Higgs/
EW operators at once

• Higher thresholds may enhance EFT effects
• Recent LHC measurement of tZj cross section at 4.2σ
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1 Introduction
Electroweak (EW) scattering processes of the form VV0 ! VV0, with V and V0 being W, Z, or g
vector bosons, are crucial tools to investigate the mechanism of EW symmetry breaking [1, 2].
The existence of a Higgs boson with a mass of 125 GeV [3–5] prevents the violation of unitarity
in such vector boson scattering (VBS) processes by adding new exchange diagrams that cancel
divergences in the theoretical calculations [6]. Therefore, the precise measurement of VBS cross
sections in proton-proton (pp) collisions at the CERN LHC can probe the nature of the Higgs
sector and search for effects beyond the standard model.

The cross sections of the various VBS processes and their associated backgrounds differ consid-
erably depending on the choice of the pair of bosons and their final state. The EW production
of two W bosons with the same electric charge (W±W±) in the fully leptonic final state has
been extensively studied by the ATLAS and CMS Collaborations [7–12]. In this paper, the full
2016–2018 data set recorded by the CMS experiment is exploited to search for the purely EW
production of a pair of opposite-sign (OS) W bosons in association with two jets, a process that
has not been observed. This analysis, however, is more challenging than the W±W± channel,
mainly due to the large OS background from top pair (tt) production. Moreover, only recently
the first next-to-leading-order calculation for the EW production of W+W� bosons has become
available [13]. Fig. 1 (left and middle) shows some typical diagrams at the lowest order in the
EW coupling (i.e., a6 including subsequent W boson decays) that contribute to the signal. In
Fig. 1 (right), the production of the W+W� final state is instead mediated via gluon exchange,
referred to as quantum chromodynamics (QCD)-induced W+W� production. These QCD di-
agrams constitute an irreducible background for the analysis, although they have different
kinematic properties that can be used to reduce their contamination in the signal region (SR).

Figure 1: Examples of Feynman diagrams for the EW (left, center) and QCD-induced (right)
production of W+W� bosons in association with two quarks.

The characteristic signature of VBS events includes two vector bosons and two jets emitted
at forward and backward rapidities. The jets in the VBS topology (tagging jets) have large
pseudorapidity separation (Dhjj), a high dijet invariant mass (mjj), and suppressed hadronic
activity between them. The analysis selects final states with two OS leptons (e+e�, µ+µ�,
e±µ⌥). The eµ channel is less contaminated by Drell–Yan (DY) events, thus resulting in a
lower background and higher sensitivity. The neutrinos in the final state result in large missing
transverse momentum (p

miss
T ).

The main source of reducible background arises from tt production. This background can be
suppressed by vetoing the presence of jets originating from the fragmentation of bottom (b)
quarks, and its contamination in the SR is measured from CMS data through dedicated con-
trol regions (CRs) enriched in tt events. Together with the QCD-induced W+W� production,
which is reduced by requirements on mjj and Dhjj, other relevant sources of background are DY
plus jets and W boson plus jets production, and their yields are all estimated from a CMS data
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tt̄ Cross Section
First Run-3 result

09.11.2022 First measurement of the tt production cross section at 13.6 TeV | Laurids Jeppe 14
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Available on the CERN CDS information server CMS PAS TOP-22-012

CMS Physics Analysis Summary

Contact: cms-pag-conveners-top@cern.ch 2022/09/21

First measurement of the top quark pair production cross
section in proton-proton collisions at

p
s = 13.6 TeV

The CMS Collaboration

Abstract

The first measurement of the top quark pair (tt̄) production cross section in proton-
proton collisions at

p
s = 13.6 TeV is presented. Data recorded with the CMS detector

at the CERN LHC in July and August 2022 corresponding to an integrated luminosity
of 1.20 ± 0.07 fb�1 are analyzed. Events are selected with one or two charged leptons
(electrons and muons) and additional jets. A maximum likelihood fit is performed to
event categories defined by the number and flavors of the leptons, and the number of
jets and jets identified as originating from the decay of b hadrons. An inclusive tt̄ pro-
duction cross section of 887 +43

�41 (stat + syst)± 53 (lumi)pb is measured, in agreement
with the standard model prediction of 921 +29

�37 pb.

c� 2022 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

In-situ calibration and efficiencies from combination of 5 channels 
Luminosity from emittance scans, cross checked using Z-bosons

CMS PAS TOP-22-012

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-012/index.html
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All inclusive measurements
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ATLAS+CMS tt̄ cross sections at 7 and 8 TeV: 

Combined systematic uncertainty: 2.6% (down from 3.5%) 
Extract top quark pole mass and αS
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Final word on Run-1

acceptance dependence by ±1.0 GeV [52]. Due to the mild dependence of the measurements on this mass
assumption, this contribution is negligible in the final result.

The predicted dependence of the CC̄ cross-section on the top-quark pole mass is evaluated using T��++,
assuming Us(</ ) = 0.118 as a baseline. The dependence is derived using ten mass points. In addition,
the prediction is evaluated for five di�erent values of Us(</ ), assuming <pole

C = 172.5 GeV, by varying
Us(</ ) consistently in the PDF and the calculation. In each case the cross-section is fitted with a fourth-
order polynomial. The relative e�ects of these variations are assumed to be independent. The comparisons
with the combined cross-sections are shown in Figure 3. The variations with <pole

C and Us(</ ) are very
similar for di�erent PDF sets.
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Figure 3: Dependence of the predicted cross-section and the combined measured cross-section on (a) the top-quark
pole mass <pole

C and (b) the strong coupling Us (</ ). The prediction is evaluated for three di�erent PDF sets and
assumes (a) Us (</ ) = 0.118 ± 0.001 or (b) <pole

C = 172.5 ± 1.0 GeV. NNPDF3.1_a is a version of this PDF
set containing no top-quark measurements. The uncertainty bands include the e�ects of the uncertainties in the
combined cross-sections and of the factorisation and renormalisation scale and PDF uncertainties in the predicted
cross-sections.

The values of Us(</ ) and <pole
C are extracted from the combined cross-sections using a j2 minimisation

technique. The j2 is defined as

j2 =
1

1 � d2

⇣
�(7 TeV)

2
+ �(8 TeV)

2
� 2d�(7 TeV)�(8 TeV)

⌘
, with (3)

� =
fC C̄ (<
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C ) � fp

C C̄
(<pole

C , Us(</ ))

X
,

and where fp
C C̄

is the predicted CC̄ cross-section as a function of <pole
C and Us(</ ), fC C̄ (<

pole
C ) is the

measured cross-section with a residual pole mass dependence, X represents the experimental uncertainty of
the combined cross-section, and d is the correlation coe�cient (0.41) between the combined cross-section
values. The uncertainties in the CC̄ cross-section prediction from each renormalisation and factorisation
scale and PDF eigenvector variation are propagated to the final result by re-extracting the top-quark pole
mass with di�erent assumptions about the scales and PDF. The total scale uncertainty is determined
from the envelope of its individual contributions, and the total PDF uncertainty is calculated using the
prescription of the corresponding PDF set. For the case of the CT14 PDF set, the uncertainties are rescaled
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6 Summary and conclusions

A combination of measurements of the inclusive CC̄ production cross-section performed by the ATLAS and
CMS experiments at

p
B = 7 and 8 TeV is presented, accounting for correlations between the measurements

from di�erent experiments as well as correlations within the ATLAS and CMS measurements. The
resulting cross-sections are

fC C̄ (
p
B = 7 TeV ) = 178.5 ± 4.7 pb

fC C̄ (
p
B = 8 TeV ) = 243.3+6.0

�5.9 pb.

The combined results improve on the precision of the most precise individual results by 25% at
p
B = 7 TeV,

and by 28% at
p
B = 8 TeV, making these combined results the most precise measurements of the inclusive

CC̄ cross-section to date at those respective centre-of-mass energies. The correlation between the combined
cross-sections values is 0.41, and their ratio is determined to be

'8/7 = 1.363 ± 0.032.

Furthermore, the combined values for fC C̄ are used to determine the top-quark pole mass and the strong
coupling by comparing them with the predicted evolution of fC C̄ as a function of <pole

C and Us(</ ), for
di�erent PDF sets. The measurement yields the most precise values, <pole

C = 173.4+1.8
�2.0 GeV (1.2% relative

uncertainty) and Us(</ ) = 0.1170+0.0021
�0.0018 (1.8% relative uncertainty), when using the NNPDF3.1_a PDF

set. The extracted Us(</ ) value is more precise than previous measurements performed using top-quark
events.
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acceptance dependence by ±1.0 GeV [52]. Due to the mild dependence of the measurements on this mass
assumption, this contribution is negligible in the final result.

The predicted dependence of the CC̄ cross-section on the top-quark pole mass is evaluated using T��++,
assuming Us(</ ) = 0.118 as a baseline. The dependence is derived using ten mass points. In addition,
the prediction is evaluated for five di�erent values of Us(</ ), assuming <pole

C = 172.5 GeV, by varying
Us(</ ) consistently in the PDF and the calculation. In each case the cross-section is fitted with a fourth-
order polynomial. The relative e�ects of these variations are assumed to be independent. The comparisons
with the combined cross-sections are shown in Figure 3. The variations with <pole

C and Us(</ ) are very
similar for di�erent PDF sets.

165 170 175 180 185
 [GeV]pole

tm

150

200

250

300

350 [p
b]

tt
σ

ATLAS+CMS 
WGtopLHC

CT14
MMHT14
NNPDF3.1_a

ATLAS+CMS

8 TeV
7 TeV ) = 0.118

Z
(mSαNNLO+NNLL 

(a)

0.114 0.116 0.118 0.12 0.122
)

Z
(mSα

150

200

250

300

350 [p
b]

tt
σ

ATLAS+CMS 
WGtopLHC

CT14
MMHT14
NNPDF3.1_a

ATLAS+CMS

8 TeV
7 TeV = 172.5 GeVpole

tNNLO+NNLL m

(b)

Figure 3: Dependence of the predicted cross-section and the combined measured cross-section on (a) the top-quark
pole mass <pole

C and (b) the strong coupling Us (</ ). The prediction is evaluated for three di�erent PDF sets and
assumes (a) Us (</ ) = 0.118 ± 0.001 or (b) <pole

C = 172.5 ± 1.0 GeV. NNPDF3.1_a is a version of this PDF
set containing no top-quark measurements. The uncertainty bands include the e�ects of the uncertainties in the
combined cross-sections and of the factorisation and renormalisation scale and PDF uncertainties in the predicted
cross-sections.

The values of Us(</ ) and <pole
C are extracted from the combined cross-sections using a j2 minimisation

technique. The j2 is defined as

j2 =
1

1 � d2

⇣
�(7 TeV)

2
+ �(8 TeV)

2
� 2d�(7 TeV)�(8 TeV)

⌘
, with (3)

� =
fC C̄ (<

pole
C ) � fp

C C̄
(<pole

C , Us(</ ))

X
,

and where fp
C C̄

is the predicted CC̄ cross-section as a function of <pole
C and Us(</ ), fC C̄ (<

pole
C ) is the

measured cross-section with a residual pole mass dependence, X represents the experimental uncertainty of
the combined cross-section, and d is the correlation coe�cient (0.41) between the combined cross-section
values. The uncertainties in the CC̄ cross-section prediction from each renormalisation and factorisation
scale and PDF eigenvector variation are propagated to the final result by re-extracting the top-quark pole
mass with di�erent assumptions about the scales and PDF. The total scale uncertainty is determined
from the envelope of its individual contributions, and the total PDF uncertainty is calculated using the
prescription of the corresponding PDF set. For the case of the CT14 PDF set, the uncertainties are rescaled

15

to 68% CL, as appropriate for this PDF set. Figure 4 shows the constraints in the Us(</ )–<
pole
C plane

from the combined cross-sections. The uncertainty bands include the e�ects of the uncertainties in the
combined cross-sections and of the renormalisation and factorisation scale and PDF uncertainties in the
predicted cross-sections.
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Figure 4: Dependence of the top-quark pole mass, <pole
C , on the assumed value for the strong coupling, Us (</ ),

including constraints from the combined measured cross-sections for three di�erent PDF sets. NNPDF3.1_a is a
version of this PDF set containing no top-quark measurements. The shaded band represents the 68% CL uncertainty
on the extracted Us (</ ) when fixing <pole

C and on <pole
C when fixing Us (</ ). The uncertainty bands include the

e�ects of the uncertainties in the combined cross-sections and of the renormalisation and factorisation scale and
PDF uncertainties in the predicted cross-sections.

The dependence shown in Figure 4 is used subsequently to extract either <pole
C or Us(</ ). The confidence

intervals cover the negligible di�erence that results from minimising Eq. (3) with respect to <pole
C while

stepping over values of Us instead of minimising with respect to Us while stepping over values of <pole
C .

Therefore, Figure 4 can be used to extract Us(</ ) for a fixed value of <pole
C and vice versa. When

extracting <pole
C , Us(</ ) = 0.118 ± 0.001 is used, whereas when determining Us(</ ), <

pole
C is assumed

to be <pole
C = 172.5 ± 1.0 GeV. The corresponding results for each PDF set are reported in Table 6.

These results represent the most precise determinations of Us(</ ) at the scale of inclusive CC̄ production
(O(2<pole

C )), being more precise than the previous measurements reported by CMS in Refs. [51, 53], and
are among the most precise top-quark pole mass measurements. The results for <pole

C are compatible with
the values reported in Refs. [15, 19].

Table 6: Measured <pole
C and Us (</ ) values for each PDF set using the measured 7 and 8 TeV combined cross-

sections. NNPDF3.1_a is a version of this PDF set containing no top-quark measurements.

PDF set <pole
C Us(</ )

(Us = 0.118 ± 0.001) (<C = 172.5 ± 1.0 GeV)

CT14 174.0 +2.3
�2.3 GeV 0.1161 +0.0030

�0.0033

MMHT2014 174.0 +2.1
�2.3 GeV 0.1160 +0.0031

�0.0030

NNPDF3.1_a 173.4 +1.8
�2.0 GeV 0.1170 +0.0021

�0.0018

16

arXiv:2205.13830

https://arxiv.org/abs/2205.13830


    Andreas B. Meyer                                                         Top and Electroweak Physics at the LHC                                                                     QCD@LHC, Orsay, 28 Nov - 2 Dec 2022                               11

In-situ determination of b-tag and lepton ID efficiency (as in Run-1) 

Uncertainty: 2.4%  
Dominant uncertainties: luminosity, lepton-ID, tt̄ modelling
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Figure 6: Absolute di�erential cross-sections as a function of p`T , |⌘` |, Ee + Eµ and meµ with statistical (orange) and
systematic uncertainties (yellow). The data points are placed at the centre of each bin. The results are compared
with the predictions from di�erent Monte Carlo generators normalised to the Top++ prediction: the baseline
P�����+P����� 8.230 tt̄ sample (blue), M��G����5_aMC@NLO +H����� 7.1.3 (red), P����� +H����� 7.0.4
(green), P����� +H����� 7.1.3 (purple), M��G����5_aMC@NLO +P����� 8.230 (cyan) and P�����+P�����
8.230 rew. (dark green) which refers to the P�����+P����� 8.230 reweighted according to the top quark pT. The
lower panel shows the ratios of the predictions to data, with the bands indicating the statistical and systematic
uncertainties. The highest energy bin in (a), (c) and (d) also contains the overflows.
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Run-2: very high statistics => even smaller systematics
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Figure 12: Normalised double-di�erential cross-sections as a function of |yeµ | in bins of meµ (a) and ��eµ in bins
of meµ (b) with statistical (orange) and systematic uncertainties (yellow). The data points are placed at the centre
of each bin. The results are compared with the predictions from di�erent Monte Carlo generators normalised to
the Top++ prediction: the baseline P�����+P����� 8.230 tt̄ sample (blue), M��G����5_aMC@NLO +H�����
7.1.3 (red), P����� +H����� 7.0.4 (green), P����� +H����� 7.1.3 (purple), M��G����5_aMC@NLO +P�����
8.230 (cyan) and P�����+P����� 8.230 rew. (dark green) which refers to the P�����+P����� 8.230 reweighted
according to the top quark pT. The lower panel shows the ratios of the predictions to data, with the bands indicating
the statistical and systematic uncertainties.
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ATLAS CONF Note

ATLAS-CONF-2022-061
18th September 2022

Measurement of lepton kinematic distributions in

the eµ decay channel of t t̄ events observed in pp
collisions at

p
s = 13 TeV with the ATLAS detector

The ATLAS Collaboration

The di�erential and double di�erential distributions of kinematic variables of leptons from
decays of top quark pairs are measured using the full LHC Run 2 sample of data collected
with the ATLAS detector. The data were collected at a pp collision energy of

p
s = 13 TeV,

corresponding to an integrated luminosity of 139 fb�1. The measurements use events containing
an opposite charged eµ pair and b-tagged jets. They are compared with predictions of tt̄ Monte
Carlo event generators. While no generator is found to be consistent with all distributions,
some improvement in the agreement with measurements of the lepton pT distributions is
obtained by reweighting the tt̄ sample so as to reproduce top-antitop quark pT distribution
from an NNLO calculation. The inclusive top quark pair production cross-section is measured
as well, both in a fiducial region and in the full phase-space. The total inclusive cross-section
is found to be

�t t̄ = 836 ± 1 (stat) ± 12 (syst) ± 16 (lumi) ± 2 (beam) pb,

where the uncertainties are due to statistics, theoretical and experimental systematic e�ects, the
integrated luminosity and the beam energy. This is in excellent agreement with the theoretical
expectation.

© 2022 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Figure 1: Distribution of the number of b-tagged jets in selected opposite sign eµ events. The coloured distributions
show the breakdown of the predicted background contributions from single top quarks (Wt and t-channel), misidentified
leptons, Z ! ⌧⌧ + jets and other sources of background (diboson, tt̄V , and tt̄H). The bottom panel shows the ratio
of the prediction to the data with an uncertainty band covering both statistical and systematic uncertainties, except for
tt̄ generator uncertainties.

5 Data-driven background estimates and e�ciency corrections

The simulated backgrounds from misidentified leptons and the backgrounds from Z ! ⌧⌧ + jets are
corrected using data-driven methods. These two backgrounds amount to 1% and 0.2%, respectively, of the
total selected event sample.

The misidentified lepton background is composed of five di�erent categories treated together, as shown in
Figures 4 and 5. The major contribution is due to tt̄ dilepton events where the electron stems from the
conversion of a photon radiated from a prompt electron. Three more categories are due to the electron
or the muon coming from the semileptonic decay of heavy flavour hadrons or one lepton with a wrongly
reconstructed charge. The final category labelled as “Other” includes all the other cases, e.g. a muon from
an in-flight decay of a pion or kaon.

The simulated contribution from prompt leptons to the SS eµ sample is subtracted and the result is scaled
by the simulated ratio between OS and SS misidentified leptons. These data-driven estimates result in
corrections to the MC predictions which are generally below 10% (see Figures 4 and 5).

The background from Z ! ⌧⌧ + jets events predicted by the simulation (see Section 3.3) is rescaled by the
ratio of measured to predicted events with Z ! µµ and Z ! ee accompanied by b-tagged jets in the Run 2
sample. The µ+µ� and e+e� invariant mass spectra in data are each fitted to a linear combination of two

7

Also measured: fiducial, 
differential- and double 
differential cross sections  

Known trends:  
lepton-pT 
Δφ

normalized 2D

Δφeµ:meµLepton pT [GeV]

Number of b-tagged jets

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-061/
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tt̄ Differential Cross Sections

Precise differential cross sections: 
very large statistics => reach very high pT  

measured and calculated at NNLO, up to 3D

Up to 3D
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Figure A.1: Normalized differential cross sections at the parton level as a function of pT(th),
pT(t`), pT(thigh), pT(tlow), and ST. The data are shown as points with gray (yellow) bands indi-
cating the statistical (statistical and systematic) uncertainties. The cross sections are compared
to the predictions of POWHEG combined with PYTHIA (P8) or HERWIG (H7), the multiparton
simulation MG5 aMC@NLO (MG)+PYTHIA FxFx, and the NNLO QCD calculations obtained
with MATRIX. The ratios of the various predictions to the measured cross sections are shown
in the lower panels.
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Figure 51: Normalized [m(tt̄), pT(tt̄)] cross sections are shown for data (filled circles),
POWHEG+PYTHIA8 (‘POW-PYT’, open circles) simulation, and various theoretical predictions
with beyond-NLO precision (other points). Further details can be found in the caption of
Fig. 46.

NNLO calculations: 
clear improvement over NLO, still residual slope 

differential lepton distributions also available  

large uncertainty towards pT(tt̄)→0 

arXiv:2108.02803 
CMS PAS TOP-20-006 

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-006/index.html
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t-channel 

tW-channel 

s-channel

Single top production 

22/08/2012 Frank-Peter Schilling  -  Top Physics at LHC 21 

Kidonakis, NLO+NNLL: 
t-channel: PRD 83 (2011) 091503 
s-channel: PRD 81 (2010) 054028 
tW-channel: PRD 82 (2010) 054018 

• EWK production of top quarks: test Wtb vertex, measurement of |Vtb| 
• Sensitive to b-PDF, R(t/tbar) sensitive to u/d-PDF 
• Searches for NP at Wtb vertex, 4th gen, H+, W’, FCNC 

 t-channel  s-channel tW-channel 
      (associated production) 
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Figure 8: Normalised fiducial differential tW production cross section as functions of the pT of
the leading lepton (upper left), pz(e±, µ⌥, j) (upper right), pT of the jet (middle left), m(e±, µ⌥, j)
(middle right), Dj(e±, µ⌥) (lower left), and mT(e±, µ⌥, j,~pmiss

T ) (lower right). The vertical bars
on the points give the statistical uncertainty in the data, the horizontal bars show the bin width.
Predictions from POWHEG (PH) + PYTHIA 8 (P8) DR and DS, POWHEG + HERWIG7 (H7) DR,
MADGRAPH5 aMC@NLO (aMC) + PYTHIA 8 DR, DR2, DS, and DS with a dynamic factor are
also shown. The grey band represents the statistical uncertainty and the orange band the total
uncertainty. In the lower panels, the ratio of the predictions to the data is shown.
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• EWK production of top quarks: test Wtb vertex, measurement of |Vtb| 
• Sensitive to b-PDF, R(t/tbar) sensitive to u/d-PDF 
• Searches for NP at Wtb vertex, 4th gen, H+, W’, FCNC 
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20th September 2022

Measurement of single top-quark production in the
s-channel in proton–proton collisions atps = 13 TeV with the ATLAS detector

The ATLAS Collaboration

A measurement of single top-quark production in the s-channel is performed in proton–proton
collisions at a centre-of-mass energy of 13 TeV with the ATLAS detector at the CERN Large
Hadron Collider. The dataset corresponds to an integrated luminosity of 139 fb�1. The
analysis is performed on events with an electron or muon, missing transverse momentum
and exactly two 1-tagged jets in the final state. A discriminant based on matrix element
calculations is used to separate single-top-quark s-channel events from the main background
contributions, which are top-quark pair production and ,-boson production in association
with jets. The observed (expected) signal significance over the background-only hypothesis
is 3.3 (3.9) standard deviations, and the measured cross-section is f = 8.2+3.5

�2.9 pb, consistent
with the Standard Model prediction of fSM = 10.32+0.40

�0.36 pb.

© 2022 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Figure 5: The measured distributions from data (points) and MC simulations (coloured his-
tograms) of the six observables used to measure the tW differential cross sections. Signal events
in the 1j1b region with 0 loose jets (0jl) are selected. The last bin of each distribution contains
the overflow events. The vertical bars on the data show the statistical uncertainty. The hatched
band displays the sum of the statistical and systematic uncertainties in the MC predictions
before the fit. The lower panels show the ratio of the data to the sum of the MC expectations.
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Top Quark Mass
From 5D profile likelihood ratio

CMS-PAS-TOP-20-008

most precise result as yet (still with 2016 data only) 

10

When additional observables are included the measurement in the lepton+jets category yields
a smaller mass value than the single lepton categories. This is caused by stronger constraints
on the nuisance parameters when both lepton channels are combined. With this in mind, the
values of mt are consistent for the different measurements and the 5D result is quoted as the
final result.

170 171 172 173 174
 (GeV)tm

 + jets 5Dµ  0.43±171.96 
l + jets 5D  0.38±171.77 
e + jets 5D  0.47±171.92 

 + jets 4Dµ  0.44±171.81 
l + jets 4D  0.40±171.62 
e + jets 4D  0.49±171.86 

 + jets 3Dµ  0.47±171.81 
l + jets 3D  0.45±171.80 
e + jets 3D  0.57±172.24 

 + jets 2Dµ  0.53±172.04 
l + jets 2D  0.53±171.99 
e + jets 2D  0.63±172.29 

 + jets 1Dµ  0.70±171.93 
l + jets 1D  0.66±172.06 
e + jets 1D  0.72±172.01 
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Figure 5: Left: Measurement of mt in the the three different channels for the different sets of
observables and categories. Right: Dependence of the 5D result on the assumed correlation
between the FSR PS scales per branching in the lepton + jets channel.

The 5D fit to the selected events yields in the respective channels:

electron+jets: m
5D
t = 171.92 ± 0.47 GeV,

muon+jets: m
5D
t = 171.96 ± 0.43 GeV,

lepton+jets: m
5D
t = 171.77 ± 0.38 GeV.

Figure 7 shows the pulls on the most important systematic nuisance parameters q after the fit
and the impacts of the corresponding systematic effect on the uncertainty of the mt measure-
ment. The impacts are evaluated by repeating the ML fit with the studied nuisance q fixed to
q̂ ± Dq, where q̂ is the value and Dq the standard deviation of the nuisance parameter after the
fit. The impacts are evaluated with the pre- and post-fit values for q̂ and Dq. If the systematic
nuisance parameters q have statistical nuisance parameters w that account for the statistical un-
certainty on the q-dependence of the model, the corresponding statistical nuisance parameters
w are fixed to their post-fit values in the impact evaluation. In this case, the post-fit impact
plotted in Fig. 7 is the combined impact of the systematic and statistical nuisance parameters.
To estimate it, the likelihood fit is repeated with the corresponding nuisance parameters fixed
to their post-fit values and the quadratic difference of the overall mt uncertainty compared to
the default fit is taken. The quadratic difference between the combined impact and the post-

Previously: 
2D (or 3D) constraining (b) jet energy from W mass 
(and the ratio Rbq)  

Systematic uncertainties assumed uncorrelated  

New: 
5D (additional variables: mℓb/mfit and mℓb|pgof<0.2) 
Profile likelihood ratio, accounting for correlations 

Dominant uncertainties (as previously) 
b-jet energy scale 
FSR PS scale 
Color reconnection 
Underlying event 

Expect further improvements from “differential” 
measurements

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-008/index.html
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Final result and leading uncertainties

The top quark mass is measured using a leptonic
invariant mass involving SMT muons with a total
uncertainty of 0.81 GeV.

Leading uncertainties are: 

● Branching ratios of b- and c-hadrons (0.40 GeV)

● The data statistics (0.39 GeV) [partial Run-2]

● The recoil scheme (0.25 GeV)

● The Initial state QCD radiation (0.23 GeV)

● The b-quark fragmentation r
b
 (0.19 GeV)

No strong pulls or constraints are observed in the
ranking plots for the main uncertainties.

Small correlation of the leading systematics with
those of previous measurements. 

Example: Jet Energy Scale uncertainty = 0.13 GeV

arXiv.2209.00583

18

Top Quark Mass
Soft-muon mass mℓµ

arXiv.2209.00583

4

Introduction

● Performed in the lepton+jets decay channel, with the full dataset from 2015-2016.

● Based in a partial reconstruction of the top quark decay products.

● Uses a leptonic only invariant mass, m
lμ
: lepton from W boson decay and soft

muon from semileptonic decay of a b-hadron

● Less sensitivity to jet energy calibration/resolution, and modeling of top production.

● Orthogonal systematic sensitivity: important for combining measurements.

● Accurate description of b-fragmentation and b- and c-hadron decays required.

t
-

b
-

q
q

m
lμ

-

arXiv.2209.00583

5

Modelling of heavy-quark fragmentation

● MC generators use phenomenological models to describe the momentum transfer
between b-quark and b-hadron: free parameters are tuned to data (e+e- colliders).

● Pythia 8 uses the Lund-Bowler parametrization:

● z is the fraction of longitudinal energy
carried by the b-hadron relative to b-
quark.

● a, b and r
b
 are the free parameters, of

which r
b
 is specific to b-fragmentation.

● The nominal ATLAS A14 description of
the b-quark fragmentation is improved by
fitting for the r

b
 parameter using data

from LEP and SLC.

● Best r
b
 value extracted from a Chi2 fit to

x
b
 = 2p

B
 p

Z
/m2

Z 
, the relative B-hadron

energy to the Z-boson mass. 

arXiv.2209.00583

TOPQ-2017-17

less sensitive to jet energy scale 

more sensitive to fragmentation function, analysis includes:  

Refit of Lund-Bowler parameter rb in Pythia8 using LEP data 

Additional uncertainty from gluon recoil scheme impacting xB

9

Extraction of top quark mass

● The invariant mass of the primary lepton and the soft tagged muon, m
lμ
, is used

to determine the top-quark mass, with  m
lμ 

between 15 and 80 GeV.

● Done with a binned-template profile likelihood fit, with a Poisson likelihood model.

● Systematic uncertainties are included as Gaussian-constrained nuisance parameters.

● Simultaneous fit to OS and SS, Including normalisation factors for ttbar events.

arXiv.2209.00583
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(b)

Figure 4: Sensitivity of the <✓` distribution to di�erent input top-quark masses from simulated events, separately for
the OS and SS samples.

data without knowledge of the best-fit top-quark mass. The fit yields:

<C = 174.41 ± 0.39 (stat.) ± 0.66 (syst.) ± 0.25 (recoil) GeV,

where the statistical, systematic and recoil uncertainties are described in detail in Section 5. Figure 5
shows the post-fit <✓` distributions in the OS and SS samples; a goodness-of-fit test is performed using
the saturated model technique [1, 96] and returns a probability of 56%. Figures 6 and 7 display the
corresponding post-fit plots for the kinematic variables of Figures 2 and 3. The data distributions are well
described by the prediction, with the primary lepton ?T exhibiting a slight trend which is traced to the boost
of the CC̄ system, but which has no appreciable impact on the determined top-quark mass. The likelihood
scan with the best-fit top-quark mass value is shown in Figure 8.

Checks were performed by fitting the OS and SS regions separately, giving <C (OS) = 174.63±0.47 (stat.)±
0.75 (syst.) GeV and <C (SS) = 173.88 ± 0.74 (stat.) ± 1.01 (syst.) GeV. Checks were performed
by separately fitting the electron and muon channels, di�erent ,-decay lepton charges and di�erent
configurations of 1-tagging and event selection, and were found to all give consistent results. Checks also
included the extraction of the top-quark mass with alternative statistical methods, namely using analytic
functions for <✓` with a parametric dependence on the top-quark mass, only using the mean value of the
<✓` distribution, and using a binned-template likelihood fit without including systematic uncertainties as
nuisance parameters. In particular, the inclusion of systematic uncertainties as nuisance parameters in the
fit reduces the total uncertainty by 2.6%, in line with reasonable constraints from the fit.

15

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-17/
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Matteo M. Defranchis (CERN)

mt @NLO from tt+1jet at 8 TeV in ATLAS (ℓ+jets)

9

Invariant mass of tt+1jet system sensitive to value
of mt near the production threshold

● Normalised differential cross section unfolded to 
the parton level
→ normalisation mitigates αS dependence

● Compared to dedicated NLO+PS predictions in 
pole and MS schemes 
→ PS approximates threshold effects: does it 
affect the mass definition?

Larger scale uncertainties in MSbar scheme
at threshold (contrary to inclusive σtt)

JHEP 11 (2019) 150

Differential tt̄+1jet cross section as a function of ρs                                       

Enhanced sensitivity as gluon (jet) kinematics 
depends top-quark mass 

Dedicated calculation at NLO+PS arXiv:1303.6415

19

Top Quark Mass
“Indirect Mass” from differential tt̄+1jet cross section

Matteo M. Defranchis (CERN)

mt @NLO from tt+1jet at 13 TeV in CMS (ℓℓ)

● First result of this type at 13 TeV
● NN techniques to optimally reconstruct 

ρ variable and categorise processes
● Maximum-likelihood unfolding to reduce 

impact of systematic uncertainties

10

arXiv:2207.02270

arXiv:2207.02270
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Matteo M. Defranchis (CERN)

mt @NLO from tt+1jet at 13 TeV in CMS (ℓℓ)

● mt
pole extracted by fitting NLO 

predictions to normalised 
differential cross section

● Good agreement between data 
and predictions with both CT18 
and ABMP16 PDFs

● Milder experimental  
dependence on mt and larger 
PDF uncertainties wrt 8 TeV

11

arXiv:2207.02270

ABMP16:

CT18:→ more details in talk by 
    Sebastian Wuchterl

Differential measurements sensitive to jet-related syst. + kin. reco

ABMP16

CT18

https://arxiv.org/abs/1303.6415
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-008/index.html
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Contributions from qq̅ 
LO: No charge asymmetry expected 

NLO: interference between qq̅ diagrams

20

Charge Asymmetry
Inclusive tt̄

12.09.2012 Yvonne Peters 9

Asymmetry Idea

+

+

 LO: No charge asymmetry expected

 NLO QCD: Interference between qq diagrams

 Asymmetry in QCD:Interference of C=1 and C=-1 amplitudes are odd 
under t ↔ t    → cause asymmetry

 Tree level and box diagrams:

 Positive asymmetry

 

 Initial and final state radiation:

 Negative asymmetry

12.09.2012 Yvonne Peters 9

Asymmetry Idea

+

+

 LO: No charge asymmetry expected

 NLO QCD: Interference between qq diagrams

 Asymmetry in QCD:Interference of C=1 and C=-1 amplitudes are odd 
under t ↔ t    → cause asymmetry

 Tree level and box diagrams:

 Positive asymmetry

 

 Initial and final state radiation:

 Negative asymmetry

12.09.2012 Yvonne Peters 10

Tevatron and LHC Difference

 Tevatron: pp is CP eigenstate → pp (LHC) is not
→ different way to measure the effect at Tevatron and LHC

 LHC: Quarks valence quarks, antiquark always from the sea 
→ antitop less boosted and more central than top in case of asymmetry 

 LHC: Measure charge asymmetry

AC=
N ∣y∣0−N ∣y∣0

N ∣y∣0N ∣y∣0
AFB
t t
=
N  y0−N  y0

N  y0N  y0

LHCTevatron
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2
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E pz
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Tevatron and LHC Difference

 Tevatron: pp is CP eigenstate → pp (LHC) is not
→ different way to measure the effect at Tevatron and LHC

 LHC: Quarks valence quarks, antiquark always from the sea 
→ antitop less boosted and more central than top in case of asymmetry 

 LHC: Measure charge asymmetry

AC=
N ∣y∣0−N ∣y∣0
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arXiv:2208.02751

arXiv:2208.12095

Boosted top: 
enhanced qq̅ 
at large mtt̄

inclusive AC = 
0.0068 ± 0.0015 
(4.7σ)

positive  
asymmetry

negative  
asymmetry

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-014/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-06/
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tt̄+γ and tt̄+W: enhance qq̅’ initial state 
tt̄+jets: also contributions from gq

21

Charge Asymmetry
tt̄+γ, tt̄+W, tt̄+jets

tt+jets: arXiv:2110.05453  
tt+γ: ATLAS-CONF-2022-049 

1 Introduction

The top quark is the heaviest known elementary particle and the only quark that decays before hadronisation,
and thus gives direct access to its properties in production and decay. Measurements of top quark properties,
predicted by the Standard Model (SM), provide important input to test theoretical calculations and have the
potential to unveil discrepancies with the SM predictions. One of the relevant properties is related to the
slight difference in the rapidity distribution between top quarks and top antiquarks produced in pairs (CC̄).
This asymmetry, referred to as charge asymmetry, is defined in proton-proton collisions as follows [1–4]:

�⇠ =
# ( |HC | > |H C̄ |) � # ( |HC | < |H C̄ |)
# ( |HC | > |H C̄ |) + # ( |HC | < |H C̄ |)

, (1)

where # is the number of events and HC (H C̄ ) the rapidity of the top quark (top antiquark). The production of
CC̄ events is predicted to be symmetric under the exchange of top quark and antiquark, i.e. �⇠ = 0, at leading
order (LO) accuracy in perturbative QCD. However, at next-to-leading order (NLO), the quark-antiquark
initiated CC̄ production is asymmetric in the top-quark rapidity distribution, owing to the interference
between processes with initial- and final-state gluon emission and between the Born and the box diagram
at $ (U4

B). The total asymmetry from the sum of all effects is expected to be positive [5].

Previous measurements of the asymmetry in CC̄ production by the ATLAS and CMS Collaborations at
centre-of-mass energies (

p
B) of 7, 8 and 13 TeV [6–16] are found to be in agreement with the SM

expectation. The most recent measurement of the inclusive and differential charge asymmetry at 13 TeV
by the ATLAS Collaboration [17] reported evidence for a non-zero asymmetry in CC̄ production. While
�⇠ at the LHC corresponds to a central-forward asymmetry, the CC̄ production asymmetry manifests
itself as a forward-backward asymmetry at the Tevatron. Early measurements of this asymmetry showed
discrepancies to NLO QCD predictions, in particular at large values of the CC̄ invariant mass [18]. However,
more recent results by the CDF and DO Collaborations [19–21] are compatible with the improved SM
predictions including NLO electroweak and higher-order QCD corrections [22, 23].
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Figure 1: Example Feynman diagrams of CC̄W production contributing to the charge asymmetry.

The CC̄ charge asymmetry is diluted at the LHC owing to the large fraction of gluon-gluon initiated CC̄ events,
which are symmetric under the exchange of the top quark and antiquark. Thus, it is enhanced in other
topologies, where the fraction of quark-antiquark initiated production is larger, such as the associated
production of a CC̄ with a photon (CC̄W) [1, 2]. Similar interference effects among QCD diagrams at NLO are
predicted in CC̄W production. However, the dominant contribution to the asymmetry in CC̄W arises from the
interference between QED initial-state radiation, Figure 1 left, and final-state radiation, Figure 1 right,
which yields a larger asymmetry of negative sign. Additionally, there can be other QCD-EW higher-order

2

First measurement of AC in tt̄W [ATLAS-CONF-2022-062]

First search for the leptonic charge
asymmetry with tt̄W , in the 3` final
state

BDT to select correct even lepton
(71% accuracy)

Requirements on number of jets,
b-tagged jets imposed to define signal
regions

[From M. Miralles]

Main backgrounds are constrained in enriched CRs
Prompt leptons from tt̄Z : require pair of leptons compatible with Z candidate
Non-prompt lepton from heavy flavour decays: split in the flavour of the softest
lepton
Non-prompt lepton from photon conversion: select electrons originating from
photon conversions
C. Diez Pardos LHCTOPWG 14/19

tt̄W A``
C at reconstruction level

Profile likelihood fit based on the event yields in each region + CRs to extract A``
C

10 free-floating parameters extracted simultaneously
Bkg. normalisation factors split in �⌘ ? 0 to avoid biases by data asymmetries

A`
C = �0.123± 0.136(stat)± 0.051(syst)

A`
C SM = �0.084+0.005

�0.003 (scale)± 0.006 (MC stat) [Sherpa]

Systematic uncertainty dominated by tt̄Z and tt̄W modelling

C. Diez Pardos LHCTOPWG 15/19

Each of the four SRs are separated into �[� and �[+ regions. For the �[� (�[+) set of regions, a single
factor N�[� (N�[+) models the relative normalisations of the signal yields across the four SRs. Accordingly,
the �

✓

2
value is extracted as a function of these normalisation factors. Similarly, separate normalisation

factors in the �[� and �[+ sets of regions for the major background processes are allowed to float freely in
the fit in order to avoid a bias from an assumption of SM asymmetries for these processes in data.6

The predicted and observed numbers of events in the SRs and CRs before performing the simultaneous
fit (‘pre-fit’) are given in Table 2. The indicated uncertainties consider statistical, as well as all experimental
and theoretical systematic uncertainties described in Section 7. The numbers of events in the SRs and
CRs after the fit to data (‘post-fit’) are given in Table 3. Comparisons between data and the post-fit SM
predictions for the variables that are used for the binned likelihood fit are given in Figure 2 for CR-HF4

and CR-HF`, as well as in Figure 3 for CR-CC̄/ and CR-W-conv. The data and the post-fit predictions for
�[✓BDT  0 and �[✓BDT > 0 in the four SRs are shown in Figure 4.

The normalisation factors for the major background processes, N
C C̄/

, N4

W-conv, N4

HF and N
`

HF (all obtained
separately for �[� and �[+), together with N�[� and the �

✓

2
value for the CC̄, signal, are given in Figure 5.

The normalisation factor for the CC̄, process has been checked and found to be (within its uncertainty)
compatible with the latest ATLAS and CMS CC̄, cross-section measurements [7, 8]. Tests in MC have also
been performed to validate that the extracted �

✓

2
value is not biased by the absolute normalisation of the

CC̄, process.

The normalisation factors for some of the background processes (in particular N
C C̄/

and N
4

W-conv) show
di�erences between �[� and �[+. To quantify the impact of this e�ect on the �

✓

2
value, an alternative fit is

performed where each background is normalised with a single normalisation factor (not separated between
�[� and �[+). This fit is performed with Asimov pseudo-data in the SR and data in the CRs, where the
normalisations of the backgrounds obtained from data are propagated to the Asimov pseudo-data in the
SR. The fit result is compared against an equivalent fit setup with the CRs separated in �[� and �[+. The
di�erence between the results of these two fit setup is assigned as an extra systematic uncertainty to the
extracted �

✓

2
value. This uncertainty is found to be 0.046 and one the leading systematic uncertainties.

The leptonic charge asymmetry in CC̄, is found to be

�
✓

2
(CC̄,) = �0.123 ± 0.136 (stat.) ± 0.051 (syst.),

with a SM expectation calculated using the nominal CC̄, S����� simulation of

�
✓

2
(CC̄,)SM = �0.084 +0.005

�0.003 (scale) ± 0.006 (MC stat.).

The contributions from the most relevant uncertainties are summarised in Table 4. The uncertainties
are symmetrised and grouped into several type-related categories and are shown together with the total
systematic and statistical uncertainties. The dominant systematic uncertainties can be attributed to the
aforementioned �[± dependency, as well as the modelling uncertainties of the CC̄, and CC̄/ MC processes
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Results consistent with SM within large statistical uncertainties 

ATLAS-CONF-2022-062

Δη- Δη+ Δη- Δη+ Δη- Δη+ Δη- Δη+

BDT to identify ℓ from additional W

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-28/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-049/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-062/
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• Single top rate about 1/4 of QCD tt 
• Purely EW processes => no QCD contribution
• Sensitive to 2 four-fermion and 3 top/EW operators that 

modify tbW vertex
• Requiring the presence of an additional Z or Higgs

• Unique possibility of probing full set of top/Higgs/
EW operators at once

• Higher thresholds may enhance EFT effects
• Recent LHC measurement of tZj cross section at 4.2σ
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Top + γ

ttγ: differential measurements show importance of NLO 
very high precision: 4%  

Dominant uncertainties:                                                         
luminosity, background,                                                               
signal modelling
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Figure 8: Normalised di�erential cross-section measured in the fiducial phase space as a function of the photon pT,
photon |⌘ |, �R(�, `)min, ��(`, `), and |�⌘(`, `)| (from left to right and top to bottom). Data are compared with the
NLO calculation provided by the authors of Refs. [10, 11] and the M��G����5_aMC@NLO simulation interfaced
with P����� 8 and H����� 7. The uncertainty in the calculation corresponds to the total scale and PDF uncertainties.
The PDF uncertainty is rescaled to the 68% CL. The lower parts of each plot show the ratio of the prediction to the
data and the ratio of the NLO calculation to the MC simulations.

20

sample is compared to a sample with the value of the hdamp parameter, which controls the pT of the first
gluon emission in the P����� generator, increased from 1.5 mtop to 3 mtop [90]. The uncertainty in the
modelling of ISR/FSR is estimated by systematic variations in the A14 tune [42] in the signal, the tt̄�
and the tt̄ samples. In addition, an uncertainty in the t (! `⌫b�) q sample is estimated by comparing the
nominal sample to a LO sample with the decay t (! `⌫b�) q simulated directly in the hard process with
M��G����5_�MC@NLO, NNPDF2.3 and P����� 8.

Neural networks (NN) are trained based on the signal and background predictions in the two SRs in order
to separate the signal from the background. Keras [91] with TensorFlow [92] backend is used with binary
cross-entropy as loss function. In the 0fj and �1fj SRs, 12 and 15 input variables are used, respectively,
which comprise the pT, ⌘ and � of the photon, the lepton, and the highest-pT b- and forward jets, kinematic
combinations of these objects and with the Emiss

T (scalar pT sum, invariant masses and transverse masses),
as well as the b-tagging properties of the b-jet [30]. The input variable with the largest separation is the
reconstructed top-quark mass in both SRs. The NN output nodes use the sigmoid function as activation.

In order to test for the presence of tq� production and to extract the measured signal cross sections, a
profile-likelihood fit using asymptotic formulae [93] is performed simultaneously in the SRs and CRs with
systematic uncertainties treated as nuisance parameters. The uncertainty due to the limited number of MC
events is included [94]. In the 0fj (� 1fj) SRs, the 0fj (� 1fj) NN output distributions are used in the fit. In
the tt̄� CR, the 0fj (� 1fj) NN output is used for events with no (at least one) forward jet, and the inclusive
event yield is used in the W� CR. The tt̄� and W�+jets normalizations are free parameters of the fit. The
result of the fit is shown in Fig. 2. The data are inconsistent with the prediction obtained for the sum of all
background processes. The observed (expected) significance of the tq� signal is 9.1� (6.7�). The fitted
tt̄� and W�+jets normalizations are consistent with the nominal prediction within the uncertainties of +15%

�14%
and +18%

�16%, respectively.
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Figure 2: Distributions of the NN outputs in (a) the 0fj SR, (b) the �1fj SR and (c) the tt̄� CR in data and the expected
contribution of the signal and background processes after the profile-likelihood fit. The hashed band includes the
uncertainties in the SM prediction, including systematic uncertainties.

The measured fiducial parton-level cross section is �tq� ⇥ B (t ! `⌫b) = 580 ± 19 (stat.) ± 63 (syst.) fb.
The measured fiducial particle-level cross section is �tq� ⇥ B (t ! `⌫b) + �t(!`⌫b�)q = 287 ± 8 (stat.) ±
31(syst.) fb. The main sources of systematic uncertainties in the parton-level (particle-level) measurement
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Figure 1: Example Feynman diagrams at leading order for tt̄� (left) and tW� production (right) in the eµ channel.
The top-quark mass resonances are marked with double-lined arrows, while W bosons are marked in red.

2 ATLAS detector

ATLAS [12–14] is a multipurpose detector with a forward–backward symmetric cylindrical geometry with
respect to the LHC beam axis.1 The innermost layers consist of tracking detectors in the pseudorapidity
range |⌘ | < 2.5. This inner detector (ID) is surrounded by a thin superconducting solenoid that provides a
2 T axial magnetic field. It is enclosed by the electromagnetic and hadronic calorimeters, which cover
|⌘ | < 4.9. The outermost layers of ATLAS consist of an external muon spectrometer within |⌘ | < 2.7,
incorporating three large toroidal magnetic assemblies with eight coils each. The field integral of the
toroids ranges between 2.0 and 6.0 Tm for most of the acceptance. The muon spectrometer includes
precision tracking chambers and fast detectors for triggering. A two-level trigger system [15] reduces the
recorded event rate to an average of 1 kHz.

3 Signal and background modelling

The estimation of signal and background contributions relies on the modelling of these processes with
simulated events produced with Monte Carlo (MC) event generators. The response of the ATLAS
detector was simulated [16] with G����4 [17]. For some of the estimates of modelling uncertainties,
the fast-simulation package A��F���-II was used instead of the full detector simulation. Additional
pp interactions (pile-up) were generated with P����� 8 [18, 19] using a set of tuned parameters called
the A3 tune [20] and the NNPDF2.3LO parton distribution function (PDF) set [21]. Corrections to the
pile-up profile, selection e�ciencies, energy scales and resolutions derived from dedicated data samples
are applied to the MC simulation to improve agreement with data.

This analysis uses both inclusive samples, in which processes were generated at matrix-element (ME) level
without explicitly including a photon in the final state, and dedicated samples for certain processes, where
photons were included in the ME-level generation step. Dedicated samples with a photon in the ME were
generated for the tt̄� and tW� final states, as well as for V� processes with additional jets. Here, V denotes
either a W or a Z boson. Although no photons were generated at ME level in the inclusive samples, initial-
and final-state radiation of photons is accounted for by the showering algorithm. Combining inclusive

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 z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.

3

ATLAS-CONF-2022-013

The measurements of rare associated-production processes of the top quark (t) are fundamental to probe the
top-quark electroweak couplings. While pair production (tt̄) has been observed in association with a Higgs
boson [1, 2], W boson [3], Z boson [3, 4] and photon (�) [5], single top-quark production has so far only
been observed in association with a Z [6, 7] and a W boson [8, 9]. These associated production processes
play a crucial role in constraining non-resonant contributions of physics beyond the Standard Model (SM),
parametrized in the framework of the SM e�ective field theory (EFT) [10–13]. The CMS Collaboration
reported evidence for the associated single top-quark production in the t-channel with a photon (tq�) using
35.9 fb�1 of proton–proton (pp) data collected at 13 TeV [14]. The measured tq� cross section already
plays a significant role in constraining the top-quark electroweak couplings in EFT fits [15].

This letter reports on the observation of tq� production using the full 13 TeV pp dataset recorded with
the ATLAS detector [16] at the Large Hadron Collider (LHC), which corresponds to 139 fb�1 [17]. The
analysis only considers semileptonic top-quark decays (t ! `⌫b) as signal. An example of a Feynman
diagram for this process is shown in Figure 1, where the photon is radiated from the top quark. In addition,
the photon can also be radiated from the other charged particles in the process. The signal signature
hence consists of a photon, an electron or muon, missing transverse momentum from the neutrino in
the t ! `⌫b decay, a b-tagged jet from the top-quark decay, and a jet in the forward direction due to
the t-channel production. The photon can also be radiated from the top quark’s decay products, called
the t (! `⌫b�) q process. The cross section for tq� production is measured in a fiducial phase space at
parton level, excluding radiation from the top-quark decay products (t (! `⌫b�) q), for comparison with
fixed-order predictions for tq�. A fiducial cross section at particle level is also measured, which includes
both processes, tq� and t (! `⌫b�) q, covering the full signal phase space.

q

g

b

q0

�

b

e, µ

⌫e, ⌫µ

b
t

t
W

W

Figure 1: Representative Feynman diagram at leading order in ↵S for tq� production with semileptonic top-quark
decay.

The ATLAS detector is a multipurpose particle physics detector with cylindrical geometry1. It consists of an
inner tracker (ID) surrounded by a superconducting solenoid, sampling electromagnetic (EM) and hadronic
calorimeters, and a muon spectrometer (MS) with three toroidal superconducting magnets with eight coils
each. A two-level trigger system is used to select events for storage. Events used in this analysis were
selected online by sets of single-electron or single-muon triggers with their lowest transverse-momentum
(pT) thresholds being 20–26 GeV, depending on the data-taking year [18–20]. An extensive software
suite [21] is used in the reconstruction and analysis of real and simulated data, in detector operations, and

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 z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.

2

tt̄γ and tqγ

ATLAS dilepton: arXiv:2007.06946 
CMS l+jets: arXiv:2107.01508 

CMS dilepton: arXiv:2201.07301 

Observation of tqγ at 9.1(6.7)σ 

σtqγ x BR = 580 ± 19stat ± 63sys fb

ATLAS dilepton: arXiv:2007.06946

Δφ(ℓ,ℓ)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-03/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-010/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-004/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-03/
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Figure 12: Prefit (upper) and postfit (lower) distributions of the neural network score from the
tZq output node for events in the signal region with fewer than four jets, used for the m(3`)
differential cross section measurement at the parton level. The data are shown by the points
and the predictions by the colored histograms. The vertical lines on the points represent the
statistical uncertainty in the data, and the hatched region the total uncertainty in the prediction.
The events are split into four subregions based on the value of m(3`) measured at the detector
level. Four different tZq templates, defined by the same intervals of m(3`) at the parton level
and shown in different shades of orange and red, are used to model the contribution of each
parton-level bin. The lower panels show the ratio of the data to the sum of the predictions,
with the gray band indicating the uncertainty from the finite number of MC events.

8.3 Results

The measured absolute differential cross sections are shown in Figs. 13–15. The last bin of each
distribution also includes the overflow contributions.

Inclusive cross section: measured to ~10% 
Dominant from fake leptons and multi boson
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Figure 18: Normalized differential cross sections measured at the parton (left) and particle level
(right) as a function of pT(t) (upper), m(t, Z) (middle) and cos(q?pol) (lower). The observed
values are shown as black points, with the inner and outer vertical bars giving the systematic
and total uncertainties, respectively. The SM predictions for the tZq process are based on events
simulated in the 5FS (green) and 4FS (blue). The p-values of the c2 tests are given to quantify
their compatibility with the measurement. The lower panels show the ratio of the simulation
to the measurement.
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Top quark spin polarisation from 
asymmetry in cosθ* distribution 

Aℓ (SM) = 0.45

30

In the measurement of the spin asymmetry, the fit of cos(q?pol) at the parton level is reparame-
terized according to Eq. (3) such that the spin asymmetry is directly used as a free parameter
in the fit. Apart from the spin asymmetry, the total cross section is left freely floating in the fit
as well, to account for the overall normalization. The spin asymmetry is measured as

A` = 0.54 ± 0.16 (stat) ± 0.06 (syst),

compatible with SM predictions of A
4FS
` = 0.44 (in the 4FS) and A

5FS
` = 0.45 (in the 5FS) from

MADGRAPH5 aMC@NLO simulations at NLO. Uncertainties in the SM predictions from ISR,
FSR, PDFs, and renormalization and factorization scales at ME level were found to be negligible
with respect to those of the measured value. Additional prefit and postfit results, the extracted
distribution, and the likelihood as a function of the spin asymmetry are given in Appendix C.

The uncertainties in both the differential cross section and spin asymmetry measurements are
dominated by the statistical component. The leading systematic uncertainties come from the
experimental uncertainties, including the background modeling, b tagging efficiency, and lep-
ton identification. For measurements using observables that include quarks in their definition,
the jet energy scale also represents an important source of systematic uncertainty. The leading
theoretical uncertainties are associated with the renormalization and factorization scales at ME
level, and FSR effects.

9 Summary

Inclusive and differential cross section measurements of single top quark production in as-
sociation with a Z boson (tZq) are presented using events with three leptons (electrons or
muons). The data sample for this measurement was collected by the CMS experiment at the
LHC in proton-proton collisions at a center-of-mass energy of 13 TeV and corresponds to an
integrated luminosity of 138 fb�1. Including nonresonant lepton pairs, an inclusive cross sec-
tion of stZq = 87.9+7.5

�7.3 (stat)+7.3
�6.0 (syst) fb is obtained for dilepton invariant masses greater than

30 GeV. This result is the most precise inclusive tZq cross section measurement to date, with
a relative precision about 25% better than previously published results. For the first time, the
inclusive tZq cross sections are also measured separately for top quark and antiquark produc-
tion, obtaining stZq(`+t ) = 62.2+5.9

�5.7 (stat)+4.4
�3.7 (syst) fb and stZq(`�t ) = 26.1+4.8

�4.6 (stat)+3.0
�2.8 (syst) fb,

respectively, with the ratio of 2.37+0.56
�0.42 (stat)+0.27

�0.13 (syst). The measured values compared to the
theoretical predictions are summarized in Fig. 19.

The differential tZq cross sections are measured for the first time at the parton and particle
levels using a binned maximum-likelihood-based unfolding. The studied observables are the
transverse momenta of the top quark, the Z boson, and the lepton associated with the top quark
decay, as well as the invariant masses of the three leptons and the t + Z system. Also used as
observables are the difference in azimuthal angle between the two leptons from the Z boson
decay, the cosine of the top quark polarization angle, and, at the particle level, the transverse
momentum and absolute pseudorapidity of the recoiling jet. The results are mostly compatible
with the standard model predictions using both the four- and five-flavor schemes, while the
sensitivity is not sufficient to show a preference for one or the other. From the differential
distribution of the top quark polarization angle, the top quark spin asymmetry is measured to
be A` = 0.54 ± 0.16 (stat) ± 0.06 (syst), in agreement with the standard model prediction.

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-010/
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4 Tops

Predicted 4-top quark cross section: 12 ± 2.5 fb 
Measured signal strength µ: 

ATLAS (combined): µ = 2.0 +0.8 -0.6     4.7(2.6)σ 

CMS (combined):    µ = 1.4 ± 0.4            3.9(3.2)σ

Evidence 
consolidated

6

Figure 2: Post-fit signal+background predictions for the full Run II all-hadronic channel BDT
output distributions for the two most sensitive SR categories, defined by NRT = 1, NBT � 1,
HT > 1400 GeV (left), and NBT � 2, HT > 1100 GeV (right). Estimates for the tttt signal and
other minor backgrounds are shown using simulated samples. The postfit error bands shown
include all systematic uncertainties.

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
BDT Score

 
0.5

1
1.5

 

D
at

a 
/ P

re
d. 0

20

40

60

80

100

120

140

160

180

200

220

240

Ev
en

ts

ATLAS
-1 = 13 TeV, 139 fbs

Validation regions
1L,9j,3bV
Post-Fit

Data  *tttt
tttt +lighttt

1c≥+tt 1b≥+tt
tnon-t Uncertainty

*: normalised to tot. bkg.

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
BDT Score

 
0.5

1
1.5

 

D
at

a 
/ P

re
d. 0

20

40

60

80

100

120

140

Ev
en

ts

ATLAS
-1 = 13 TeV, 139 fbs

Validation regions
10j,3bV≥1L,

Post-Fit

Data  *tttt
tttt +lighttt

1c≥+tt 1b≥+tt
tnon-t Uncertainty

*: normalised to tot. bkg.

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
BDT Score

 
0.5

1
1.5

 

Da
ta

 / 
Pr

ed
. 0

10

20

30

40

50

60Ev
en

ts

ATLAS
-1 = 13 TeV, 139 fbs

Validation regions
2LOS,7j,3bV
Post-Fit

Data  *tttt
tttt +lighttt

1c≥+tt 1b≥+tt
tnon-t Uncertainty

*: normalised to tot. bkg.

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
BDT Score

 
0.5

1
1.5

 

Da
ta

 / 
Pr

ed
. 0

5

10

15

20

25

30

35

40

45

Ev
en

ts

ATLAS
-1 = 13 TeV, 139 fbs

Validation regions
8j,3bV≥2LOS,

Post-Fit

Data  *tttt
tttt +lighttt

1c≥+tt 1b≥+tt
tnon-t Uncertainty

*: normalised to tot. bkg.

Figure 9: Comparison between data and post-fit prediction for the distributions of the BDT score in each validation
region. The band includes the total uncertainty of the post-fit computation. The dashed red line shows the signal
distribution normalised to the background yield. The ratio of the data to the total post-fit computation is shown in the
lower panel.

are presented in Figure 11, ranked according to their post-fit impacts. The 20 systematic uncertainties
with the largest impact are shown. The impacts of the individual and grouped systematic uncertainties are
evaluated using di�erent methods, as described in the corresponding captions.

Apart from the uncertainties in the CC̄CC̄ signal, the largest contribution is from CC̄+�11 modelling uncertainties.
The major uncertainties in this category are due to the choice of flavour scheme and MC generator used to
model the CC̄+11̄ background, which is dominant in all signal regions. This reflects the large di�erence

22

1 or 2 OS leptons 0, 1 or 2 leptons

In 2019/2020, ATLAS and CMS 
established evidence of 4-top 
production using multilepton channels
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https://atlas.cern/updates/feature/vector-boson-scattering

WG3, Tue afternoon [link] 

• Michael Pitt: VBF and VBS 
• Qibin Liu: Multiboson production 

https://atlas.cern/updates/feature/vector-boson-scattering
https://indico.cern.ch/event/1150707/sessions/464297/#20221129
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electroweak signal predicted by S����� at 4.4�. A significance of 6.5� is expected by the alternative
signal sample simulated with P�����-B��.
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Figure 2: Event yields for data, signal and background in the W Z and 200 < mj j < 500 GeV control regions
(left) and the mj j distribution for events meeting all selection criteria for the signal region (right). Signal and
background distributions are shown as predicted after the fit. The hatched band represents the statistical and systematic
uncertainties of the background predictions added in quadrature. The backgrounds from V� production and electron
charge misreconstruction are combined into the e/� conversions category. The other prompt category combines Z Z ,
VVV and tt̄V background contributions. The last bin on the right figure includes the overflow.

Table 1 compares the numbers of data events in the signal region with the background and signal event
yields after the fit; the signal region contains 122 data events, compared with a best-fit yield of 69 ± 7
background events. By fitting the data and background events in the signal and control regions, the
background-only hypothesis is rejected with a significance of 6.5�. Figure 2 shows the control region
events separated into categories and the mj j distribution in the signal region after the fit. All nuisance
parameters remain within their one standard deviation uncertainty after the fit. The normalization of the
W Z background is scaled by a factor of 0.86+0.07

�0.07 (stat.) +0.18
�0.08 (exp. syst.) +0.31

�0.23 (mod. syst.), constrained
mainly by the observed number of data events in the W Z control region. Figure 3 shows the m`` distribution
in the signal region after the fit.

Table 1: Summary of the data event yields, and the signal and background event yields in the signal region as obtained
after the fit. The numbers are shown for the six individual channels and for all channels combined. The backgrounds
from V� production and electron charge misreconstruction are combined in the e/� conversions category. The other
prompt category combines Z Z , VVV and tt̄V background contributions.

e+e+ e�e� e+µ+ e�µ� µ+µ+ µ�µ� Combined

W Z 1.48± 0.32 1.09± 0.27 11.6 ± 1.9 7.9 ± 1.4 5.0 ± 0.7 3.4 ± 0.6 30 ± 4
Non-prompt 2.2 ± 1.1 1.2 ± 0.6 5.9 ± 2.5 4.7 ± 1.6 0.56± 0.05 0.68± 0.13 15 ± 5
e/� conversions 1.6 ± 0.4 1.6 ± 0.4 6.3 ± 1.6 4.3 ± 1.1 — — 13.9 ± 2.9
Other prompt 0.16± 0.04 0.14± 0.04 0.90± 0.20 0.63± 0.14 0.39± 0.09 0.22± 0.05 2.4 ± 0.5
W±W± j j strong 0.35± 0.13 0.15± 0.05 2.9 ± 1.0 1.2 ± 0.4 1.8 ± 0.6 0.76± 0.25 7.2 ± 2.3

Expected background 5.8 ± 1.4 4.1 ± 1.1 28 ± 4 18.8 ± 2.6 7.7 ± 0.9 5.1 ± 0.6 69 ± 7

W±W± j j electroweak 5.6 ± 1.0 2.2 ± 0.4 24 ± 5 9.4 ± 1.8 13.4 ± 2.5 5.1 ± 1.0 60 ± 11

Data 10 4 44 28 25 11 122

A signal strength of 1.44+0.26
�0.24 (stat.) +0.28

�0.22 (syst.) is measured with respect to the S����� fiducial cross

7

VBS and Electroweak Symmetry Breaking
• Vector boson scattering at high energies demonstrates essential 

cancellation from Higgs boson diagrams
– Classic example is WLWL-> WLWL scattering, which diverges without Higgs
– Cancellation could be spoiled by small changes in the gauge boson couplings

• VBS measurements offer a direct glimpse into standard EWSB

J. Nielsen (Santa Cruz) VBF and VBS Measurements (LHCP 2022) 4

M. Szleper, arXiv:1412.8367

Vector Boson Scattering Topology

I Two highly energetic, forward ’tag jets’ (identified as highest pT jets)
with large mjj and �hjj

I Central leptons, MET

Sensitivity measurement dominated by mjj > 1 TeV region

4 J. Lauwers EW W±W± JJ

29

Vector Boson Scattering (VBS)

Higgs boson expected to unitarize VLVL→VLVL amplitude                                                           
Higgs boson cancels cross section divergence exactly. 
Probing the Higgs mechanism without looking at the Higgs 

Experimentally:  
Signature: 2 jets, large rapidity gap, high mjj 

5

to modify the quartic couplings. In this case, the m`` distributions in both the signal and WZ
regions are used to perform the statistical analysis. The EW production is treated as a back-
ground consistent with the SM expectation and can vary within the estimated uncertainties.
The observed and expected 95% confidence level (CL) limits for the nine coefficients, shown
in Table 2, are obtained by varying the effective operators one by one. The effect of possible
aQGCs on the WZ process in the signal region is negligible because the background is normal-
ized using data. The table also shows the most stringent 95% CL limits reported by the CMS
Collaboration previously.

Table 2: Observed and expected 95% CL limits on the coefficients for higher-order (dimension-
eight) operators in the effective field theory Lagrangian. The last column summarizes the pre-
viously observed limits obtained by the CMS Collaboration together with the appropriate ref-
erence.

Observed limits Expected limits Previously observed limits
( TeV �4) ( TeV �4) ( TeV �4)

fS0/L4 [�7.7, 7.7] [�7.0, 7.2] [�38, 40] , [11]
fS1/L4 [�21.6, 21.8] [�19.9, 20.2] [�118, 120] , [11]
fM0/L4 [�6.0, 5.9] [�5.6, 5.5] [�4.6, 4.6] , [36]
fM1/L4 [�8.7, 9.1] [�7.9, 8.5] [�17, 17] , [36]
fM6/L4 [�11.9, 11.8] [�11.1, 11.0] [�65, 63] , [11]
fM7/L4 [�13.3, 12.9] [�12.4, 11.8] [�70, 66] , [11]
fT0/L4 [�0.62, 0.65] [�0.58, 0.61] [�0.46, 0.44] , [37]
fT1/L4 [�0.28, 0.31] [�0.26, 0.29] [�0.61, 0.61] , [37]
fT2/L4 [�0.89, 1.02] [�0.80, 0.95] [�1.2, 1.2] , [37]

Doubly charged Higgs bosons are predicted in models that contain a Higgs triplet field. Some
of these scenarios predict same-sign lepton events from W±W± decays with a VBF topology.
The Georgi–Machacek model of Higgs triplets [38] is considered. The couplings depend on
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Figure 2: Distributions of mjj (left) and m`` (right) in the signal region. The normalization
of the EW W±W± and background distributions corresponds to the result of the fit. The
hatched bands include statistical and systematic uncertainties from the predicted yields. The
histograms for other backgrounds include the contributions from QCD WW, Wg, wrong-sign
events, double parton scattering, and triboson processes. The overflow is included in the last
bin.
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Same-sign WW + 2 jets: the lowest hanging fruit

6.5(4.4)σ obs(exp) 5.5(5.7)σ obs(exp)

Z,γ,H

https://arxiv.org/abs/1709.05822
https://arxiv.org/abs/1906.03203
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Figure 3: Post-fit mjj distribution and number of events in same-flavor (ee and µµ combined)
SRs for Z`` < 1 (left) and Z`` > 1 (right) categories. The first two bins contain the number
of events in the selected region (as reported in the plots themselves). The third bin contains
the number of events in the 300 < mjj[GeV] < 500 and Dhjj > 3.5 regions and, for display
purposes, is included in the mjj distribution, shown in the last five bins. The contributions
from background and signal (red line) processes are shown as stacked histograms; systematic
uncertainties are plotted as dashed gray bands. Data points are displayed with asymmetric
Poisson vertical bars to ensure a correct statistical coverage all over the spectrum.
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Poisson vertical bars to ensure a correct statistical coverage all over the spectrum.
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Includes s-channel Higgs contribution 
Recent calculation at NLO A.Denner et al 
Experimentally, large bg from top and Drell-Yan         
Measured cross section: 10.2 ± 2.0 fb 
Predicted: 9.1 ± 0.6 fb

Opposite-sign W±W∓ + 2 jets

arXiv:2205.05711

W±W±: s-channel diagram

5.6(5.2)σ obs(exp)

Vector Boson Scattering (VBS)

https://arxiv.org/pdf/2202.10844.pdf
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/
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Wγ + 2 Jets

Measured EW cross section: 19 ± 4 fb 
First differential cross sections

CMS-SMP-21-011

9. Fiducial cross section measurement 9
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Figure 3: The 2D distributions used in the fit for the inclusive EW Wg cross section measure-
ment. The hatched bands represent the systematic uncertainties on the predicted yields. The
predicted yields are shown with their best-fit normalizations.

to be in the asymptotic regime where there is a simple relationship between its value and the
significance of the result [52]. The observed (expected) significance is 6.03 (6.79) SD.

9 Fiducial cross section measurement

The fiducial cross section measurement for the EW Wg production at 13 TeV is extracted using
the same 2D mjj–m`g binning mentioned as used for the signal significance. The fiducial region
is defined based on MC generator quantities: one lepton with p

`
T > 35 GeV and |h` | < 2.4,

p
miss
T > 30 GeV, p

g
T > 25 GeV, |hg | < 1.444 or 1.566 < |hg | < 2.5, DR`g > 0.5, m

W
T > 30 GeV,

and two jets with p
j1(2)
T > 50 GeV, |hj| < 4.7, mjj > 500 GeV, DRjj > 0.5, DRj` > 0.5, DRjg > 0.5,

and |Dhjj| > 2.5. The leptons are reconstructed at the particle level with fully recovered final-
state radiation. The acceptance is defined as the fraction of the signal events passing the fiducial
region selection, and is estimated using MG5. The theoretical uncertainty in the extrapolation
between the fiducial and SR is negligible (< 1%). We define the cross section as sfid = sg µ̂ agf,
where the cross section for the signal events is sg = 0.776 pb, the observed signal strength
parameter µ̂ = 0.88+0.19

�0.18, and the acceptance agf = 0.028. The measured fiducial cross section is
sfid

EW = 19.2+2.3
�2.3 (stat)+1.6

�1.4 (theo)+2.9
�2.8 (syst) fb = 19.2+4.0

�3.9 fb.

The cross section for the sum of the EW and QCD-induced contribution, EW+QCD Wgjj pro-
duction is also measured. The fiducial region definition is identical to that used for the EW Wgjj
fiducial cross section measurement and the formula for the cross section is sfid = µ(sEW

g aEW
gf +

sQCD
g aQCD

gf ). As the QCD-induced Wgjj production is here part of the signal, the CR is no longer
included in the calculated signal strength. The inputs used for the fit are similar to the ones for
EW Wgjj, with the difference that EW and QCD-induced Wgjj contributions are combined as
signal. The cross section for QCD-induced Wgjj production is 178.6 pb, and aQCD

gf is calculated
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the jets are required to have a high dijet mass mjj and a large separation in pseudorapidity |Dhjj|.
This selection effectively suppresses the contamination from the QCD-induced production of
Wgjj, as well as the non-VBS EW contribution (Fig. 1 left).
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Figure 1: Representative Feynman diagrams for the Wgjj production at the LHC: EW (left),
EW through triple (middle left) and quartic (middle right) gauge boson couplings, and QCD-
induced (right).

2 The CMS detector

The central feature of the CMS [15] apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate
crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter
(HCAL), each composed of a barrel and two endcap sections reside within the volume of the
solenoid. Forward calorimeters extend the coverage provided by the barrel and endcap de-
tectors up to a pseudorapidity of |h| = 5. Muons are detected in gas-ionization chambers
embedded in the steel flux-return yoke outside the solenoid. Events of interest are selected
using a two-tiered trigger system [16]. The first level (L1), composed of specialized hardware
processors, uses information from the calorimeters and muon detectors to select events at a
rate of around 100 kHz with a latency of 4 µs. The second level consists of a farm of processors
running a version of the full event reconstruction software optimized for fast processing that
reduces the event rate to around 1 kHz before data storage. A more detailed description of the
CMS detector, together with a definition of the coordinate system and kinematic variables, can
be found in Ref. [15].

3 Signal and background simulation

The signal and background processes are simulated using the MADGRAPH5 aMC@NLO (MG5)
Monte Carlo (MC) generator [17]. The EW Wgjj signal is simulated at leading order (LO) using
MG5 version 2.6.0. The dominant background from the QCD-induced production of Wgjj is
simulated with up to one jet in the matrix element calculation at next-to-leading order (NLO)
with MG5 version 2.4.2, using the FxFx scheme [18] to merge jets from matrix elements and
from parton showering. The interference between the EW and QCD-induced Wgjj processes
is 1–3% in the signal region (defined in Section 5). Other background contributions include
diboson VV processes (WW, WZ, ZZ), which are simulated at LO with PYTHIA 8.212 [19],
single-top quark processes simulated with POWHEG 2.0 [20–24], and ttg production simulated
at NLO with MG5 using the FxFx jet merging scheme. Cross sections calculated at NLO in the
QCD coupling strength (aS) are used to normalize simulated events.

The PYTHIA 8 package with the CUETP8M1 [25, 26] tune is used for parton showering, hadron-
ization, and underlying-event simulation. The NNPDF 3.0 (3.1) set [27] is used for the parton
distribution functions (PDFs) for the simulated samples of the 2016 (2017 and 2018) data taking

EWK                     TGC                     QGC                            QCD

Mjj[GeV]

mjj[GeV]mjj[GeV]

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-011/
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Z(→νν)γ significance: 6.3(6.6)σ

32

Zγ Production
Differential measurements in Z→ℓℓ and first observation in Z→νν + 2 jets

arXiv:2106.11082  arXiv:2109.00925  ATLAS-CONF-2021-038

Z

q

q

n

n

g

g

q

q

g

(a) Strong diagram

Z

q

q

n

n

q

q

W

W

g

(b) VBF electroweak diagram

Z

q

q

n

`

q

q

W

W

g

(c) Triboson diagram

Figure 1: Representative Feynman diagrams for the dominant SM processes contributing to the considered signature:
(a) is an example of the order U2

sU
3 diagrams referred to as “strong”; (b) and (c) are examples of the order U5

diagrams, which are collectively referred to as “electroweak” (EW).

interactions. In this paper, the connection of DM with SM particles is explored by introducing a coupling
with the 125 GeV Higgs boson. A class of BSM scenarios, referred to as Higgs-portal models [12], feature
a DM candidate behaving as a singlet under the SM gauge symmetries, with the Higgs boson playing the
role of a mediator between the DM candidate and SM particles.

Two main benchmark models are chosen when searching for new phenomena in the considered final-state
signature, probing the invisible decay of the Higgs boson or its semi-visible decay into one invisible
particle and one photon. The decay of the Higgs boson into invisible particles (� ! inv.) when produced
through the SM-predicted VBF process in association with an emitted photon [13, 14] is probed in this
paper for the first time. The Feynman diagram for this signature is shown in Figure 2(a). Compared to a
similar signature without the photon, this one benefits from better background rejection and a higher signal
reconstruction e�ciency; however, it has a lower production cross-section.

No direct constraints on the � ! inv. decays in this experimental signature currently exist. Constraints
on the invisible Higgs boson branching ratio (Binv) were set by the ATLAS Collaboration using the full
Run 1 dataset at 7 and 8 TeV [15–17] and the full Run 2 dataset at 13 TeV [18, 19]. Similar searches were
carried out by the CMS Collaboration [20–22] using both the Run 1 and Run 2 datasets. The most stringent
limits are from the statistical combination of the search results, for which ATLAS reports an observed
(expected) upper limit on Binv of 0.26 (0.17) and CMS reports an upper limit of 0.19 (0.15), all at 95%
confidence level (CL). In these combinations, the VBF production channel is the single channel with the
highest expected sensitivity, for which ATLAS and CMS reported observed (expected) 95% CL limits on
Binv of 0.37 (0.28) and 0.33 (0.25), respectively, using 36 fb�1of Run 2 data.

In addition to the � ! inv. benchmark, this analysis probes a dark-photon model [23–25] which predicts a
light or massless2 dark photon (Wd) coupled with the Higgs boson through a U(1) unbroken dark sector.
The Feynman diagram for this signature is shown in Figure 2(b), and BSM extensions to other resonance
masses are possible [26]. In this model, a Higgs boson decays into a photon and an invisible dark photon
with a branching ratio B(� ! WWd). CMS has probed this benchmark model by considering associated
/� production and VBF Higgs boson production [27, 28], and reported observed (expected) 95% CL
upper limits of 0.046 (0.036) and 0.035 (0.028) on B(� ! WWd) in their respective signatures. These two
results were combined to yield an observed (expected) 95% CL upper limit of 0.029 (0.021).

2 For the results in this paper, the signal acceptance changes by less than 1% for dark-photon masses up to 10 GeV.
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▪ Measured plenty of observables:
▪ 1D variables for QCD study and analyses like ZH(→inv): 

𝑁𝑗𝑒𝑡𝑠, 𝑝𝑇
𝑗 , 𝑚𝑗𝑗, 𝐻𝑇, ΔΦ 𝑗𝑒𝑡, 𝛾 , Δ𝑅 𝑙, 𝑙 , 𝑝𝑇

𝑍𝛾, ...

▪ 2D variables sensitive for QCD: eg. 𝑝𝑇
𝑍𝛾/𝑚𝑍𝛾 in 𝑚𝑍𝛾 slices

▪ 2D variables for polarization study: cos𝜽𝑪𝑺 and 𝝓𝑪𝑺 in 𝒑𝑻𝒁 slices
▪ First time to measure the lepton angular coefficient in DY events 

with γ
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V0V0 →V0V0 beyond reach for now 

Recent theory calculations,                        
NLO QCD A.Denner, G.Pelliccioli and                         
NLO QCD+EW D. Ninh Le, J.Baglio 

Helicity fractions extracted from template fits 
to cosθ*ℓW and cosθ*ℓZ
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WZ Polarization
Single-boson polarization

  
arXiv: 2110.11231 
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Figure 9: Distribution of the cosine of the polarization angle in the helicity frame at the genera-
tor level for the nominal signal sample: from left to right, W and Z bosons; from top to bottom,
total (inclusive) final state, negatively charged final state, and positively charged final state. For
the W boson, the cosine of the polarization angle is multiplied by the W boson charge (qW). The
blue points are the MC predictions in the total phase space, with vertical bars representing the
overall MC statistical uncertainty. The solid red line shows the best quadratic fit to the MC pre-
diction, and the different dashed lines each of the polarization components obtained in the fit.
The solid black line shows the distribution of the same variable restricted to the fiducial phase
space, showing how kinematic requirements break the quadratic dependence of the differential
cross section. The p-value, obtained from a c2 test, is included in the legend.
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CMS results
 Measurement in the Helicity frame: 

 Central values not comparable to ATLAS

 f0
W and f0

Z measured in W±Z events and with charge separation (W+Z events, W-Z events) 

 Similar precision to ATLAS, no tension with theory
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CMS results
 Measurement in the Helicity frame: 

 Central values not comparable to ATLAS

 f0
W and f0

Z measured in W±Z events and with charge separation (W+Z events, W-Z events) 

 Similar precision to ATLAS, no tension with theory

ATLAS: “modified helicity” frame 
CMS: lab frame

f0 significance over transverse-only hypothesis:  
     W: 5.6(4.3)σ                                 Z: ≫5σ
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WZ Polarization

Measure polarisation of both bosons 
simultaneously. 
DNN score to maximize sensitivity 

Joint polarization measurement

16

Binned Maximum Likelihood Template Fit

Fit parameters of interest are  f
00

, f
0T

, f
TT

 and 

N
tot

 the number of signal event

 Decouple overall normalisation from 
polarisation fraction shape eFects

 f
T0

 = 1 – f
00

 – f
0T

 – f
TT 

Statistical uncertainties at the same level 
as systematic uncertainties, mainly

– Template modelling uncertainties
– QCD scale

– E
T

miss/jets object reconstruction

Higher order QCD shape eFects on 
polarisation templates

18

All joint-polarisation states 
observed 

– SigniGcance on f
00 

at 7.1σ

– SigniGcance on f
TT

 and f
T0

 >5σ

 1.4 σ global SM agreement  

Analysing the results

Consistency check of 
the joint-polarisation /t 

and the two 
single boson polarisation /ts

Evidence for correlation 
between bosons polarisation

(independence: Rc = 1)

Four linear combinations of spin density ME:             
fTT, fT0, f0T and f00 

Significance on f00 7.1σ 
Significance on fTT and fT0  >5σ 

arXiv:2211.09435

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-01/
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Exclusive Production γγ→VV

1st observation WW→eµ(vv) 
Elastic + p-dissociative 

Main signal requirement:                                                                       
no additional tracks near eµ vertex 

Main background: qq→WW 

Elastic VV→jj (boosted) using Proton Spectrometer (PPS) 
Main background: QCD multijet pileup with protons

Photon-photon fusion at the LHC

arXiv:2010.04019 

The signal process

4

● Process can only proceed via electroweak boson couplings at leading order                    
⇒ ideal probe for anomalous couplings (see e.g. [1])

       SIGNAL: opposite-sign, different-flavour dilepton: e±μ∓ (+νν)

● Signal includes both elastic and dissociative contributions:

Elastic: photon radiation off the whole proton without disintegration

Dissociative: at least one of the photons can be considered as being radiated off a parton 
in the proton, causing the proton to break apart (dissociate)

Savannah Clawson (on behalf of ATLAS) savannah.ellen.clawson@cern.ch|          MBI 2021 - Exclusive γγ→WW at ATLAS          |

 

[1] Phys. Rev. D 81 (2010) 074003
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Result

CR1   CR2                  CR3   SR             

Simultaneous profile likelihood fit performed to yields in signal and control regions:

● Background hypothesis rejected with a significance of 8.4σ
● Measured fiducial cross-section of 3.13 ± 0.31 (stat.) ± 0.28 (syst.) fb

Theory predictions consistent with measurement when accounting for proton survival factors 

In Run 3 ⇒ possibility to tag the outgoing protons with dedicated forward detectors like the 
ATLAS Forward Proton (AFP) spectrometer, allowing full reconstruction of the WW system

Savannah Clawson (on behalf of ATLAS) savannah.ellen.clawson@cern.ch|          MBI 2021 - Exclusive γγ→WW at ATLAS          |

σfid = 3.13 ± 0.31 ± 0.28 fb

CMS-SMP-21-014

6

m(pp) =
p

s ⇥
q

xp1 ⇥ xp2,

y(pp) = �1
2

⇥ ln

 
xp1

xp2

!
.

Two signal regions are defined by comparing the invariant mass and rapidity of the WW or
ZZ system obtained from the jets with the same quantities inferred from the two protons. A
diamond-shaped area in y(pp) � y(VV) vs. 1 � m(VV)/m(pp) plane, centered around zero,
contains the bulk of the signal when both protons are correctly associated to the jets (“region
d”). In case one of the signal protons is missed and a pileup proton is used instead, the events
tend to fall in one of the two diagonal bands of Fig. 4. A second signal region (“region o”) is
therefore defined based on these bands. The area with |1 � m(VV)/m(pp)| < 1.0 and |y(pp) �
y(VV)| < 0.5, encompassing both signal regions, remained blinded and was not examined
until the selection criteria and background estimation methods were fixed.
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Figure 4: Matching between the jets and protons, in invariant mass and rapidity, for simulated
signal events in the WW region of pruned masses. The diamond-shaped area near 0,0 (signal
region d) corresponds to the case where both protons are correctly matched to the jets. The di-
agonal bands (signal region “o”) correspond to the case where one proton is correctly matched,
and the second proton originates from a pileup interaction.

6 Background estimation
The background is mainly due to jets coming from one interaction, combined with unrelated
protons from pileup interactions in the same bunch crossing. The largest source of jets is QCD
multijet production, with smaller contributions from W or Z bosons in association with jets, and

6. Background estimation 7

tt̄ production. The protons predominantly arise from diffractive pileup interactions, which are
not expected to be well-modelled by simulations. For this reason, we rely mainly on the data
to estimate the background.

The nominal background estimate is derived by inverting the dijet acoplanarity requirements,
and/or the dijet-proton matching requirements, to define 3 independent sideband regions. The
first is defined by a > 0.01, with the signal region selection applied in |1 � mWW/mpp| and
|ypp � yWW |. The second region has a < 0.01, and |1 � mWW/mpp| > 1.0 or |ypp � yWW | > 0.5.
The third is defined by a > 0.01, and |1 � mWW/mpp| > 1.0 or |ypp � yWW | > 0.5. If the number
of events in each of these regions are NB, NC, and ND, respectively, the number of events in the
signal region is then NA = NB ⇥ NC/ND.

The distribution of the data in these regions is illustrated for the 2018 sample with the WW
selection in Fig. 5. The data selected with the acoplanarity requirement a > 0.01 (referred to as
anti-acoplanarityregion/method in the following) are compared to the predicted background
from simulation in Fig. 6, for each of the years and in both the WW and ZZ mass regions. In
general the data is well reproduced by the simulation, apart from a small excess at low masses
in the 2016 WW sample. Since the final background estimate is obtained entirely from the data,
such minor discrepancies do not impact the results.
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Figure 54: Illustration of sideband method for 2016 (top), 2017 (middle), and 2018 (bottom)
data. Left: Distribution of events passing all selection criteria in the normalization region
(not matching in mass and rapidity). Middle-left: Background shape obtained from the anti-
acoplanarity sideband sample, scaled to the normalization region. Middle-right: Background
shape obtained from the anti-t21 sideband sample, scaled to the normalization region. Left:
Background shape obtained from the anti-pruned mass sideband sample, scaled to the nor-
malization region. The matching in mass (1 � m(WjWj)/m(pp)) is plotted on the x-axis and
the matching in rapidity (y(pp) � y(WjWj)) is plotted on the y-axis. The solid box near 0,0
corresponds to signal region A (both protons correctly matched), and the solid diagonal lines
correspond to signal region B (one of the 2 protons correctly matched.

The resulting distributions in the matching variables 1 � m(WjWj)/m(pp) and y(pp)� y(WjWj)453

are shown in Fig. 54 for the anti-acoplanarity, anti-t21, and anti-pruned mass sideband samples454

in 2016, 2017, and 2018 data. Fig. 55 shows the equivalent plots for the ZZ channel.455

With the shape of the background from the anti-acoplanarity, anti-t21, and anti-pruned mass456

samples we obtain the normalization using a sample of events passing the acoplanarity and t21457

and pruned mass signal region cuts, but failing the proton-jet mass and rapidity matching cuts.458

The blinded region in 1 � m(jj)/m(pp) and y(pp) � y(jj) (�1 < 1 � m(jj)/m(pp) < 1 AND459

�0.5 < y(pp) � y(jj) < 0.5) is much larger than the eventual signal region, in order to contain460

any potential contamination from misreconstructed signal events. The remaining unblinded461

region is for the used to obtain the background normalization.462

In order to check for any bias in the shapes created by inverting the acoplanarity, t21, or pruned463

mass cuts, we also compare the shapes of the distributions in the non-blinded normalization464

region. The 1-D projections for the anti-acoplanarity sample, anti-t21 sample, anti-pruned mass465

sample, and data passing all central cuts are shown in Fig. 56 and 57. In general the cut inverted466

samples agree reasonably with the nominal sample in both the mass matching (K-S probabili-467

ties � 13% in all years, channels, and matching distributions) projections.468
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Figure 54: Illustration of sideband method for 2016 (top), 2017 (middle), and 2018 (bottom)
data. Left: Distribution of events passing all selection criteria in the normalization region
(not matching in mass and rapidity). Middle-left: Background shape obtained from the anti-
acoplanarity sideband sample, scaled to the normalization region. Middle-right: Background
shape obtained from the anti-t21 sideband sample, scaled to the normalization region. Left:
Background shape obtained from the anti-pruned mass sideband sample, scaled to the nor-
malization region. The matching in mass (1 � m(WjWj)/m(pp)) is plotted on the x-axis and
the matching in rapidity (y(pp) � y(WjWj)) is plotted on the y-axis. The solid box near 0,0
corresponds to signal region A (both protons correctly matched), and the solid diagonal lines
correspond to signal region B (one of the 2 protons correctly matched.

The resulting distributions in the matching variables 1 � m(WjWj)/m(pp) and y(pp)� y(WjWj)453

are shown in Fig. 54 for the anti-acoplanarity, anti-t21, and anti-pruned mass sideband samples454

in 2016, 2017, and 2018 data. Fig. 55 shows the equivalent plots for the ZZ channel.455

With the shape of the background from the anti-acoplanarity, anti-t21, and anti-pruned mass456

samples we obtain the normalization using a sample of events passing the acoplanarity and t21457

and pruned mass signal region cuts, but failing the proton-jet mass and rapidity matching cuts.458

The blinded region in 1 � m(jj)/m(pp) and y(pp) � y(jj) (�1 < 1 � m(jj)/m(pp) < 1 AND459

�0.5 < y(pp) � y(jj) < 0.5) is much larger than the eventual signal region, in order to contain460

any potential contamination from misreconstructed signal events. The remaining unblinded461

region is for the used to obtain the background normalization.462

In order to check for any bias in the shapes created by inverting the acoplanarity, t21, or pruned463

mass cuts, we also compare the shapes of the distributions in the non-blinded normalization464

region. The 1-D projections for the anti-acoplanarity sample, anti-t21 sample, anti-pruned mass465

sample, and data passing all central cuts are shown in Fig. 56 and 57. In general the cut inverted466

samples agree reasonably with the nominal sample in both the mass matching (K-S probabili-467

ties � 13% in all years, channels, and matching distributions) projections.468

Figure 5: Distribution of the 2018 data in the y(pp) � y(VV) vs. 1 � m(VV)/m(pp) plane in
the WW mass region. On the left, the normalization sample is shown, where all selections
are applied, except that the region inside the dashed lines remains blinded. On the right, the
anti-acoplanarity region is shown, where the acoplanarity requirement is inverted to select a
background-dominated sample. The solid lines indicate the same signal regions as shown in
Fig. 4. In the right plot the area inside the solid lines corresponds to “Region B”, while the area
outside the dashed lines corresponds to “Region C”.

As an alternative background model, we perform the same procedure, except inverting the
selection on the pruned masses (m < 60 GeV or m > 107 GeV) of both jets, rather than the
acoplanarity.

Finally, as a cross check we also estimate the background using an event-mixing approach,
in which the simulated background events for the central detectors are mixed with protons
from real data, randomly drawn from the jet-triggered data sample. This procedure is repeated
1000 times, and the mean and RMS of the resulting distribution of toy experiments are taken
as the background estimate and uncertainty. This procedure has the drawback of relying on
simulation for the central jet samples, and explicitly assumes that the protons always originate
from different interactions than the jets. For these reasons, it is not used in the final background
estimate, but only as an independent cross check.

8. Signal extraction and results 11
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Figure 7: Observed data and expected number of background events in each signal region. A
hypothetical AQGC signal is also shown. The histogram with solid lines indicates the number
expected for only background, with uncertainties shown by the shaded band. The dashed-line
histogram shows the number for background plus an assumed signal with aW

0 /L2 = 5 ⇥ 10�6

GeV�2.

Coupling Observed (expected) 95% CL upper limit Clipping
|aW

0 /L2| 4.3 (3.9) ⇥ 10�6 GeV�2 -
|aW

C /L2| 1.6 (1.4) ⇥ 10�5 GeV�2 -
|aZ

0 /L2| 0.9 (1.0) ⇥ 10�5 GeV�2 -
|aZ

C/L2| 4.0 (4.5) ⇥ 10�5 GeV�2 -
|aW

0 /L2| 5.2 (5.1) ⇥ 10�6 GeV�2 1.4 TeV
|aW

C /L2| 2.0 (2.0) ⇥ 10�5 GeV�2 1.4 TeV

Table 3: Limits on LEP-like dimension-6 Anomalous Quartic Gauge Coupling parameters, with
and without unitarization via a clipping procedure.

expected limits [14], and then apply a “clipping” procedure [21] to remove the simulated signal
above that value. The background estimate and the data are left unchanged in this procedure.
In Ref. [21] the SM contribution to the signal was retained above the clipping threshold; in the
current analysis the SM signal is negligible, and is not included. We then re-derive the limits
with the clipping applied.

In the WW channel, unitarity violation occurs at approximately 1.4 TeV for both of the cou-
plings. By clipping the signal model at that value, we obtain new expected limits that are
approximately 40% higher than the unitarity violating limits. In the ZZ channel, where the
expected limits are higher, unitarity violation occurs at approximately 1.1 TeV for both of the
couplings. In this case, because of the invariant mass threshold imposed by the jet triggers,
there is no value of clipping for which unitarity is preserved. The full list of 95% CL upper
limits with and without clipping is shown in Table 3.

We also obtain limits in the two-dimensional plane of aW
0 /L2 vs. aW

C /L2 and aZ
0 /L2 vs. aZ

C/L2,

MC data

1-m(VV)/m(pp)

y(
pp

)-
y(

W
W

) Upper limits @95CL     
on σfid(pp→pVVp) 

WW: < 67 fb  
ZZ:   < 43 fb

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-21/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-21-014/index.html
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Triple Boson Production
Quartic Gauge Coupling

arXiv:2201.13045 

5.7(5.9)σ

arXiv:2006.11191

Inclusive WWW cross section: 
820 ± 100 (stat.) ± 80 (syst.) fb

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2019-09/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-014/
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Outlook: Run3 and HL-LHC
We are ahead of recent projections for Run-3 and HL-LHC 
Systematic uncertainties will be limiting factor                                                 
for more and more measurements 
V0V0 remains hard, but still room for 2-3 orders in SMEFT coefficients   
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Fig. 28 Comparison of the 95% CL intervals for the EFT coefficients between three related analyses: the VBS-only and a the combined dibo-
son+VBS fits based on current data, and the VBS-only fit based on the HL-LHC projections listed in Table 10

Figure 28 displays the comparison of the obtained 95%
CL intervals for the 16 EFT coefficients considered here
between three related analyses. In particular, EFT fits based
on the current measurements, both for a VBS-only and
for a combined diboson+VBS dataset, are compared with
the corresponding results from the VBS-only fit based
on the HL-LHC projections listed in Table 10. Here we
find that the HL-LHC measurements lead to a signifi-
cant impact at the level of the VBS-only fit, where the
current best bounds are improved by up to three orders
of magnitude depending on the specific coefficient. It is
also interesting to note that a VBS-only fit from HL-
LHC measurements would even have a superior sensi-

tivity compared to the combined diboson+VBS analysis,
especially for the purely bosonic operators where at least
a factor of 10 improvement over the current bounds is
expected.

The results presented here further highlight the capa-
bility of VBS measurements for dimension-six EFT stud-
ies and the relevance of their integration in the global
EFT fit, especially as more luminosity is accumulated.
While our projections are based on optimistic assumptions
such as a clean separation between the EW- and QCD-
induced components of the measurement, the outstand-
ing performance of the LHC experiments so far is rather
encouraging.

123

Fig. 75: Differential charge ratios Ot/Ot̄ at 14 (left panels) and 27 (right panels) TeV for the top quark
and charged lepton rapidities, in t-channel single-top production.

cross sections �t/�t̄ exhibits a dependence upon the PDF set [613, 614], slightly more pronounced
sensitivity might be obtained by looking at differential distributions, such as (d�/dyt)/(d�/dyt̄) and
(d�/dy

`
+)/(d�/dy

`
�), which also allow one to constrain the u/d ratio in the proton. In Fig. 75 such

a comparison among different PDF sets is shown, for LHC collisions at 14 and 27 TeV: differences
among different PDF sets can be observed, especially at large rapidities. It is clear that a HL upgrade
will allow one to reduce the statistical uncertainty at large rapidities, giving the chance to discriminate
among different PDF sets. As the available phase space opens up, further sensitivity might be expected
at 27 TeV.

Single-top processes offer also several opportunities to probe some new-physics scenarios36. In
order to systematically interpret potential deviations from the SM, it is particularly convenient to work
in the SM Effective Field Theory (SMEFT) [615, 616], where the SM is augmented by a set of higher-
dimension operators. If the discussion is limited to dimension-6 operators, the SMEFT Lagrangian has
the form

LSMEFT = LSM +
X

i

Ci

⇤2Oi + O(⇤�4). (40)

where the sum runs over all the dimension-6 operators that maintain the SM symmetries. The remarkable
virtue of t-channel single-top production is that its cross section only depends upon a limited number of
dimension-6 operators, thereby allowing to set bounds on them relatively easily. At LO and in the 5FNS
only three operators contribute:

OtW = i
�
Q̄�µ⌫ ⌧I t

�
�̃W I

µ⌫ + h.c. , (41)

O(3)
�q = i

�
�†$Dµ ⌧I�

��
q̄i �

µ ⌧ Iqi
�

+ h.c. , (42)

O(3,1)
Qq =

�
q̄i �µ ⌧Iqi

��
Q̄ �µ ⌧ IQ

�
, (43)

36In the following the discussion is limited to the t-channel case, and the production in association with a Z boson.

STANDARD MODEL PHYSICS AT THE HL-LHC AND HE-LHC
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CMS-FTR-18-031

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-16-006/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-005/index.html
https://arxiv.org/abs/2101.03180
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-031/index.html
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Summary
Top quarks 

Ever increasing precision: multidifferential cross sections, mass and properties 

First observations and differential measurements for t(t)X  
Top as a tool: FCNC, flavour-violation, … 

Electroweak multiboson production 
Unpolarized VBS and VVV established in many channels 

Not-so-low-hanging fruit being harvested in VBS 
First polarisation results, for inclusive VV 

Run-3 and beyond 
First results coming out 

More data, better detectors, further improved analyses 

Continued interplay between experiment and theory 

Push for discovery through precision



Backup
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Flavour Violations
Lepton Flavour 
Flavour Changing Neutral Currents

LHCTopWGSummaryPlots
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    CMS: arXiv:2111.02219: tH(H→γγ)  
    CMS: arXiv:2112.09734: tH(H→bb) 
ATLAS: arXiv:2208.11415: tH(H→ττ) 
ATLAS: ATLAS-CONF-2021-049: tZ 
ATLAS: arXiv:2205.02537: tγ 
ATLAS: arXiv:2112.01302: tg
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Figure 1: Feynman diagrams for single top quark production (left and middle) and top quark
decays in SM tt events (right) via CLFV interactions. The CLFV vertex is marked as a filled
circle.

interactions plays a leading role in the sensitivity of the search compared to the decay mode.
The result is interpreted in terms of limits on vector, scalar, and tensor four-fermion interactions
originating from dimension-six operators within the framework of effective field theory.

The paper is organized as follows. Section 2 describes the main features of the CMS detector.
Section 3 provides the details of the Monte Carlo (MC) simulations of signal and background.
The event reconstruction is outlined in Section 4. In Section 5, we discuss the distinctive fea-
tures of signal relative to background, followed by a description of the signal extraction. Sys-
tematic uncertainties are discussed in Section 6. Section 7 presents the results, and Section 8
provides a summary of the paper.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter, each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke out-
side the solenoid. A more detailed description of the CMS detector, together with a definition
of the coordinate system used and the relevant kinematic variables, can be found in Ref. [23].

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [24]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage [25].

3 Simulation of background and signal
Monte Carlo events are used to estimate the SM backgrounds and samples are simulated
through independent events generated for the years 2016, 2017, and 2018 so as to match the
different data-taking conditions. The SM tt, single top quark production in association with
a W boson (tW), and diboson events (including WW, WZ, and ZZ) are simulated at next-
to-leading order (NLO) using the POWHEG v2 event generator [26–29]. All other background
processes, including Drell–Yan processes produced with additional jets, a W boson with addi-

arXiv:2201.07859: t → eµq

13

the branching fractions to CLFV final states, the relative contributions of the tensor and scalar
operators to the decay translate into more stringent limits on the scalar operators [39].

Table 4: Expected and observed 95% CL upper limits on the CLFV Wilson coefficients and top
quark CLFV branching fractions.

Vertex Int. Ceµtq/L2 [TeV �2] B(10�6)
type Exp Obs Exp Obs

eµtu
Vector 0.12 0.12 0.14 0.13
Scalar 0.23 0.24 0.06 0.07
Tensor 0.07 0.06 0.27 0.25

eµtc
Vector 0.39 0.37 1.49 1.31
Scalar 0.87 0.86 0.91 0.89
Tensor 0.24 0.21 3.16 2.59
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Figure 5: The observed 95% CL exclusion limits on the eµtc; of the eµtu Wilson coefficient (left)
and B(t ! eµc) as a function of B(t ! eµu) (right) for the vector-, scalar-, and tensor-like
CLFV interactions. The hatched bands indicate the regions containing 68% of the distribution
of limits expected under the background-only hypothesis.

8 Summary
A search is reported for charged-lepton flavor violation in top quark production and decay.
The analysis is based on pp collisions collected by the CMS detector at the LHC at a center-
of-mass energy of 13 TeV, corresponding to an integrated luminosity of 138 fb�1. Events are
selected if they contain an oppositely charged electron-muon pair and at least one b tagged
jet. An effective field theory approach is used for parametrizing top quark lepton flavor vio-
lating interactions. The production and decay modes of the top quark through these effective
interactions are included in this analysis.

A boosted decision tree is used to distinguish signal from background. No significant excess is
observed over the expectations from the standard model. Upper limits are set on the strength
of the individual vector-, scalar-, and tensor-like four-fermion effective operators. These are
converted to limits on the branching fractions of the top quark B(t ! eµq), q = u (c) quark,
<0.13 ⇥ 10�6 (1.31 ⇥ 10�6), 0.07 ⇥ 10�6 (0.89 ⇥ 10�6), and 0.25 ⇥ 10�6 (2.59 ⇥ 10�6) for vector,
scalar, and tensor CLFV interactions, respectively. The resulting limits are the most restrictive
bounds to date.
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Figure 4: Summary of ATLAS and LEP results The new ATLAS measurement of '(g/`) and the previous LEP
result [3] of the same quantity. The new measurement from ATLAS is shown by the black circular marker and the
LEP result by a red square marker. For the ATLAS result the statistical (yellow box) and systematic (blue box) errors
are shown separately along with the total error of the measurement (black bars). The total uncertainty on the LEP
result is indicated by the red bars. The vertical dashed line indicates the Standard Model’s prediction lepton-flavour
universality, with equal , boson branching ratios to di�erent lepton flavours.
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