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Newsflash vom 16. Januar 2019
BMBF-Forschungsschwerpunkt

ATLAS-EXPERIMENT

Neue Ergebnisse bei der Suche nach Vectorlike Quarks mit 13 TeV-
Daten

Vectorlike Quarks (VLQ) sind neue, bisher unbeobachtete Teilchen, die in verschiedenen Theorien vorhergesagt
werden. Im Jahr 2018 hat die ATLAS-Kollaboration mehrere Suchen nach VLQs mit 13 TeV-Daten veröffentlicht und
dabei neue Massenregionen untersucht, die mit 8 TeV-Daten nicht zugänglich waren. Das VLQ-Suchprogramm war
dabei sehr umfassend, um möglichst alle Produktions- und Zerfallsmöglichkeiten der VLQs zu berücksichtigen.

Im Januar 2019

VLQs sind farbgeladene Fermionen, die in verschiede-
nen Theorien jenseits des Standardmodells (SM) vor-
hergesagt werden. Dort können sie die Rolle von Top-
Partnern übernehmen, die bevorzugt an die 3. Quark-
generation koppeln und so das elektroschwache Hier-
archieproblem lösen. VLQs werden insbesondere als
X-, T -, B- und Y -Quarks mit elektrischen Ladun-
gen von + 5

3 , + 2
3 , � 1

3 bzw. � 4
3 vorhergesagt, deren

Zerfallskanäle Kombinationen von W -, Z- und Higgs-
Boson mit Top- und Bottom-Quarks sind, also z.B.
T ! Wb/Zt/Ht.

Im Sommer 2018 wurden mehrere Suchen nach Paar-
produktion fertiggestellt, die ein alle Zerfallskanäle ab-
deckendes Suchprogramm mit 13 TeV-Daten vervoll-
ständigen. Dabei wurde in Endzuständen mit min-
destens zwei geladenen Leptonen nach den Zerfällen
T ! Zt und B ! Zb [1], in Endzuständen mit
mindestens zwei Leptonen gleicher Ladung u.a. nach
X ! Wt [2], und in allhadronischen Endzuständen
z.B. nach B ! Hb gesucht [3]. Durch eine Kombinati-
on [4] mit bereits veröffentlichten Suchen, die u.a. auf
die Zerfälle T ! Zt und Ht sensitiv sind [5,6], wur-
den die in den einzelnen Suchen erreichten Ausschluss-
grenzen weiter verbessert. T -Quarks (Abb. 1) und B-
Quarks mit Massen kleiner als 1,31 bzw. 1,03 TeV sind
damit für alle möglichen Zerfälle in SM-Teilchen mit
95% CL ausgeschlossen.

Der Wirkungsquerschnitt für Paarproduktion sinkt
mit steigender Masse. Die Suche nach elektroschwa-
cher Einzelproduktion hingegen erlaubt Sensitivität bis
zu großen Massen, wenn die Kopplung an SM-Teilchen
stark genug ist. Mehrere Suchen mit dem 13 TeV-
Datensatz wurden in den letzten Monaten fertiggestellt
und konzentrierten sich auf die Zerfälle T ! Zt in End-
zuständen mit leptonischen [1] und unsichtbaren Z-
Boson-Zerfällen [7], und auf die Zerfälle T/Y ! Wb [8]
und B ! Hb [9]. Dabei wurden obere Ausschlussgren-
zen auf die Kopplungsstärke als Funktion der Masse
gesetzt (wie in Abb. 2). Neu waren in diesen Suchen
die Verwendung bisher ungenutzter Zerfallskanäle [7,9],
sowie die Berücksichtigung von Interferenzeffekten [8].

Ein Großteil der VLQ-Suchen am ATLAS-
Experiment wurde mit starker Beteiligung der deut-
schen Institute durchgeführt. Beiträge lieferten die
Arbeitsgruppen in Berlin [8], in Bonn [8], am DE-
SY [2,4,5], in Dortmund [1,3,4,7-9], in Heidelberg [8]
und in Wuppertal [4,6].
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BMBF-Forschungsschwerpunkt

ATLAS-EXPERIMENT

Neue Ergebnisse bei der Suche nach Vectorlike Quarks mit 13 TeV-
Daten

Vectorlike Quarks (VLQ) sind neue, bisher unbeobachtete Teilchen, die in verschiedenen Theorien vorhergesagt
werden. Im Jahr 2018 hat die ATLAS-Kollaboration mehrere Suchen nach VLQs mit 13 TeV-Daten veröffentlicht und
dabei neue Massenregionen untersucht, die mit 8 TeV-Daten nicht zugänglich waren. Das VLQ-Suchprogramm war
dabei sehr umfassend, um möglichst alle Produktions- und Zerfallsmöglichkeiten der VLQs zu berücksichtigen.

Im Januar 2019

VLQs sind farbgeladene Fermionen, die in verschiede-
nen Theorien jenseits des Standardmodells (SM) vor-
hergesagt werden. Dort können sie die Rolle von Top-
Partnern übernehmen, die bevorzugt an die 3. Quark-
generation koppeln und so das elektroschwache Hier-
archieproblem lösen. VLQs werden insbesondere als
X-, T -, B- und Y -Quarks mit elektrischen Ladun-
gen von + 5

3 , + 2
3 , � 1

3 bzw. � 4
3 vorhergesagt, deren

Zerfallskanäle Kombinationen von W -, Z- und Higgs-
Boson mit Top- und Bottom-Quarks sind, also z.B.
T ! Wb/Zt/Ht.

Im Sommer 2018 wurden mehrere Suchen nach Paar-
produktion fertiggestellt, die ein alle Zerfallskanäle ab-
deckendes Suchprogramm mit 13 TeV-Daten vervoll-
ständigen. Dabei wurde in Endzuständen mit min-
destens zwei geladenen Leptonen nach den Zerfällen
T ! Zt und B ! Zb [1], in Endzuständen mit
mindestens zwei Leptonen gleicher Ladung u.a. nach
X ! Wt [2], und in allhadronischen Endzuständen
z.B. nach B ! Hb gesucht [3]. Durch eine Kombinati-
on [4] mit bereits veröffentlichten Suchen, die u.a. auf
die Zerfälle T ! Zt und Ht sensitiv sind [5,6], wur-
den die in den einzelnen Suchen erreichten Ausschluss-
grenzen weiter verbessert. T -Quarks (Abb. 1) und B-
Quarks mit Massen kleiner als 1,31 bzw. 1,03 TeV sind
damit für alle möglichen Zerfälle in SM-Teilchen mit
95% CL ausgeschlossen.

Der Wirkungsquerschnitt für Paarproduktion sinkt
mit steigender Masse. Die Suche nach elektroschwa-
cher Einzelproduktion hingegen erlaubt Sensitivität bis
zu großen Massen, wenn die Kopplung an SM-Teilchen
stark genug ist. Mehrere Suchen mit dem 13 TeV-
Datensatz wurden in den letzten Monaten fertiggestellt
und konzentrierten sich auf die Zerfälle T ! Zt in End-
zuständen mit leptonischen [1] und unsichtbaren Z-
Boson-Zerfällen [7], und auf die Zerfälle T/Y ! Wb [8]
und B ! Hb [9]. Dabei wurden obere Ausschlussgren-
zen auf die Kopplungsstärke als Funktion der Masse
gesetzt (wie in Abb. 2). Neu waren in diesen Suchen
die Verwendung bisher ungenutzter Zerfallskanäle [7,9],
sowie die Berücksichtigung von Interferenzeffekten [8].

Ein Großteil der VLQ-Suchen am ATLAS-
Experiment wurde mit starker Beteiligung der deut-
schen Institute durchgeführt. Beiträge lieferten die
Arbeitsgruppen in Berlin [8], in Bonn [8], am DE-
SY [2,4,5], in Dortmund [1,3,4,7-9], in Heidelberg [8]
und in Wuppertal [4,6].
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Analyses presented today

•Diboson – using 2015–2016 data (36.1 fb–1) 
• WW → e±νμ∓ν  1905.04242 
• WZ → ℓ’νℓℓ 1902.05759 
• ZZ → ℓℓνν  1905.07163 
• 4ℓ inclusive  JHEP 04 (2019) 048 

•Triboson – using 2015–2017 data (79.8 fb–1) 
• WWW → ℓνℓνℓν, ℓνℓνqq  1903.10415 
• WVZ → ℓνqqℓℓ, ℓνℓνℓℓ, qqℓℓℓℓ  1903.10415 

•
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(SUSY) scenarios [19, 20]. These specific models can be constrained by their contribution to dimension-six52

operators in an e�ective Lagrangian at tree level [17]. At lower centre-of-mass energies, WW production53

can also be used to provide complementary constraints on compressed EW SUSY scenarios with low stop54

masses [21].55

The WW signal is composed of two leading sub-processes: qq̄ ! WW production1 (in the t- and s-channels)56

and gluon–gluon fusion production (both non-resonant gg ! WW and resonant gg ! H ! WW). Figure 157

shows representative sub-processes. To allow for a proper treatment and inclusion of the interference,58

which is especially relevant in the tails of kinematic distributions, the resonant production is kept as part of59

the signal. The fiducial phase space is defined to be orthogonal to the H ! WW measurements by the60

ATLAS Collaboration [22, 23] using a requirement on the dilepton invariant mass. Therefore the Higgs61

boson contribution included in the signal definition is dominated by o�-shell production and interference62

e�ects. The production of two W bosons from the decay of top–antitop quark pairs is not considered part63

of the signal.64
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Figure 1: Feynman diagrams for SM WW production at tree level (from left to right): qq̄ initial-state t-channel,
qq̄ initial-state s-channel, gg initial-state non-resonant and gg initial-state resonant production [6]. The s-channel
production contains the WW Z and WW� triple-gauge-coupling vertices. The gluon–gluon fusion processes are
mediated either by a quark loop (gg ! WW) or the resonant production of a Higgs boson with subsequent decay
into WW (gg ! H ! WW).

The di�erent sub-processes for WW production are known theoretically at di�erent orders in the strong65

coupling constant ↵s. The qq̄ ! WW production cross-section is known to O(↵2
s ), next-to-next-to-leading66

order (NNLO) [11, 15]. The non-resonant gg ! WW production cross-section is known to O(↵3
s ), next-to-67

leading order (NLO) [24], and its interference with the resonant gg ! WW production cross-section is68

known to O(↵2
s ).69

This paper presents a measurement of the fiducial cross-section for WW production at
p

s = 13 TeV using70

data recorded in 2015 and 2016 by the ATLAS experiment, corresponding to an integrated luminosity71

of 36.1 fb�1. The WW ! e±⌫µ⌥⌫ decay channel is studied (denoted in the following by WW ! eµ).72

The measurement is performed in a phase space close to the geometric and kinematic acceptance of the73

experimental analysis. This includes a veto on the presence of jets with transverse momenta (pT) above a74

series of thresholds, with a pT = 35 GeV threshold used as a baseline. Measuring the fiducial cross-section75

as a function of the jet veto pT threshold provides an indirect measure of the jet pT spectrum in WW events,76

without removing the jet veto that is necessary for background suppression.77

Six di�erential distributions involving kinematic variables of the final-state charged leptons are measured in78

the baseline phase space. Three of them characterize the energy of the process: the transverse momentum79

of the leading lepton plead `
T , the invariant mass of the dilepton system m

eµ and the transverse momentum80

of the dilepton system peµT . Three further distributions probe angular correlations and the spin state of the81

1 The notation qq̄ ! WW is used to include both the qq̄ and qg initial states for WW production.
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Cross section
•Motivation 

• test of pQCD, EWK corrections, constrain aTGC/EFT  

•Measured in fiducial volume and extrapolated to total phase space 

• C corrects for detector inefficiency and resolution 
• A is the signal acceptance in the fiducial volume 

•Differential measurements 
• background subtracted kinematic distributions 
• corrected from detector effects  

2

�fid =
Ndata �Nbkg

L · C �tot =
Ndata �Nbkg

L · C ·A



Dibosons: WW

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

ATLAS DRAFT

(SUSY) scenarios [19, 20]. These specific models can be constrained by their contribution to dimension-six52

operators in an e�ective Lagrangian at tree level [17]. At lower centre-of-mass energies, WW production53

can also be used to provide complementary constraints on compressed EW SUSY scenarios with low stop54

masses [21].55

The WW signal is composed of two leading sub-processes: qq̄ ! WW production1 (in the t- and s-channels)56

and gluon–gluon fusion production (both non-resonant gg ! WW and resonant gg ! H ! WW). Figure 157

shows representative sub-processes. To allow for a proper treatment and inclusion of the interference,58

which is especially relevant in the tails of kinematic distributions, the resonant production is kept as part of59

the signal. The fiducial phase space is defined to be orthogonal to the H ! WW measurements by the60

ATLAS Collaboration [22, 23] using a requirement on the dilepton invariant mass. Therefore the Higgs61

boson contribution included in the signal definition is dominated by o�-shell production and interference62

e�ects. The production of two W bosons from the decay of top–antitop quark pairs is not considered part63

of the signal.64
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Figure 1: Feynman diagrams for SM WW production at tree level (from left to right): qq̄ initial-state t-channel,
qq̄ initial-state s-channel, gg initial-state non-resonant and gg initial-state resonant production [6]. The s-channel
production contains the WW Z and WW� triple-gauge-coupling vertices. The gluon–gluon fusion processes are
mediated either by a quark loop (gg ! WW) or the resonant production of a Higgs boson with subsequent decay
into WW (gg ! H ! WW).

The di�erent sub-processes for WW production are known theoretically at di�erent orders in the strong65

coupling constant ↵s. The qq̄ ! WW production cross-section is known to O(↵2
s ), next-to-next-to-leading66

order (NNLO) [11, 15]. The non-resonant gg ! WW production cross-section is known to O(↵3
s ), next-to-67

leading order (NLO) [24], and its interference with the resonant gg ! WW production cross-section is68

known to O(↵2
s ).69

This paper presents a measurement of the fiducial cross-section for WW production at
p

s = 13 TeV using70

data recorded in 2015 and 2016 by the ATLAS experiment, corresponding to an integrated luminosity71

of 36.1 fb�1. The WW ! e±⌫µ⌥⌫ decay channel is studied (denoted in the following by WW ! eµ).72

The measurement is performed in a phase space close to the geometric and kinematic acceptance of the73

experimental analysis. This includes a veto on the presence of jets with transverse momenta (pT) above a74

series of thresholds, with a pT = 35 GeV threshold used as a baseline. Measuring the fiducial cross-section75

as a function of the jet veto pT threshold provides an indirect measure of the jet pT spectrum in WW events,76

without removing the jet veto that is necessary for background suppression.77

Six di�erential distributions involving kinematic variables of the final-state charged leptons are measured in78

the baseline phase space. Three of them characterize the energy of the process: the transverse momentum79

of the leading lepton plead `
T , the invariant mass of the dilepton system m

eµ and the transverse momentum80

of the dilepton system peµT . Three further distributions probe angular correlations and the spin state of the81

1 The notation qq̄ ! WW is used to include both the qq̄ and qg initial states for WW production.
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(SUSY) scenarios [19, 20]. These specific models can be constrained by their contribution to dimension-six52

operators in an e�ective Lagrangian at tree level [17]. At lower centre-of-mass energies, WW production53

can also be used to provide complementary constraints on compressed EW SUSY scenarios with low stop54

masses [21].55

The WW signal is composed of two leading sub-processes: qq̄ ! WW production1 (in the t- and s-channels)56

and gluon–gluon fusion production (both non-resonant gg ! WW and resonant gg ! H ! WW). Figure 157

shows representative sub-processes. To allow for a proper treatment and inclusion of the interference,58

which is especially relevant in the tails of kinematic distributions, the resonant production is kept as part of59

the signal. The fiducial phase space is defined to be orthogonal to the H ! WW measurements by the60

ATLAS Collaboration [22, 23] using a requirement on the dilepton invariant mass. Therefore the Higgs61

boson contribution included in the signal definition is dominated by o�-shell production and interference62

e�ects. The production of two W bosons from the decay of top–antitop quark pairs is not considered part63

of the signal.64
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Figure 1: Feynman diagrams for SM WW production at tree level (from left to right): qq̄ initial-state t-channel,
qq̄ initial-state s-channel, gg initial-state non-resonant and gg initial-state resonant production [6]. The s-channel
production contains the WW Z and WW� triple-gauge-coupling vertices. The gluon–gluon fusion processes are
mediated either by a quark loop (gg ! WW) or the resonant production of a Higgs boson with subsequent decay
into WW (gg ! H ! WW).

The di�erent sub-processes for WW production are known theoretically at di�erent orders in the strong65

coupling constant ↵s. The qq̄ ! WW production cross-section is known to O(↵2
s ), next-to-next-to-leading66

order (NNLO) [11, 15]. The non-resonant gg ! WW production cross-section is known to O(↵3
s ), next-to-67

leading order (NLO) [24], and its interference with the resonant gg ! WW production cross-section is68

known to O(↵2
s ).69

This paper presents a measurement of the fiducial cross-section for WW production at
p

s = 13 TeV using70

data recorded in 2015 and 2016 by the ATLAS experiment, corresponding to an integrated luminosity71

of 36.1 fb�1. The WW ! e±⌫µ⌥⌫ decay channel is studied (denoted in the following by WW ! eµ).72

The measurement is performed in a phase space close to the geometric and kinematic acceptance of the73

experimental analysis. This includes a veto on the presence of jets with transverse momenta (pT) above a74

series of thresholds, with a pT = 35 GeV threshold used as a baseline. Measuring the fiducial cross-section75

as a function of the jet veto pT threshold provides an indirect measure of the jet pT spectrum in WW events,76

without removing the jet veto that is necessary for background suppression.77

Six di�erential distributions involving kinematic variables of the final-state charged leptons are measured in78

the baseline phase space. Three of them characterize the energy of the process: the transverse momentum79

of the leading lepton plead `
T , the invariant mass of the dilepton system m

eµ and the transverse momentum80

of the dilepton system peµT . Three further distributions probe angular correlations and the spin state of the81

1 The notation qq̄ ! WW is used to include both the qq̄ and qg initial states for WW production.
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WW→eμνν
•Highlights 

• investigation of long-standing discrepancies with predictions 
• first differential diboson measurement at 13 TeV 

•Analysis 
• eμ final state, veto jet (pT > 35 GeV) and b-jets 
• unfolded differential cross sections in: 
○ pT(ℓ1), pT(eμ), meμ 

○ ︎|yeμ|︎, ∆φeμ, |cosθ*| = ︎|︎tanh(Δηeμ/2)| ︎ 

• σ(fid.) also as function of veto jet pT 

• aTGC limits from unfolded pT(ℓ1) in EFT framework

3
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WW→eμνν
•Fiducial cross section 

• compared to MATRIX NNLO 

•Uncertainties 
• 1.3% stat.; 6.7% syst., 2.1% lumi.

4

200 250 300 350 400
Integrated fiducial cross-section [fb]

Data 2015+2016
 27 (syst.) fb± 5 (stat.) ±379 

 WW)→MATRIX NNLO (incl LO gg 
 20 (scale) fb± 4 (PDF) ±357 

 WW→MATRIX NNLO + NLO gg 
 20 (scale) fb± 4 (PDF) ±368 

 NLO EWK⊗(MATRIX NNLO + NLO gg) 
 19 (scale) fb± 4 (PDF) ±347 

 PreliminaryATLAS
ν

±
µν± e→pp  -1 = 13 TeV, 36.1 fbs
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Table 6: The expected and observed 95% CL intervals for the anomalous coupling parameters of the EFT model [106].
There is a change in convention relative to Ref. [6] that changes the sign on some of these parameters.

Parameter Observed 95% CL [TeV�2] Expected 95% CL [TeV�2]

c
WWW

/⇤2 [ �3.4 , 3.3 ] [ �3.0 , 3.0 ]
c
W
/⇤2 [ �7.4 , 4.1 ] [ �6.4 , 5.1 ]

c
B
/⇤2 [ �21 , 18 ] [ �18 , 17 ]

c
W̃WW

/⇤2 [ �1.6 , 1.6 ] [ �1.5 , 1.5 ]
c
W̃
/⇤2 [ �76 , 76 ] [ �91 , 91 ]

of a magnitude corresponding to the upper limits set by the Run 1 analysis [6]. The simulation is interfaced552

to H����� 6.5 [109] and passed through the ATLAS detector simulation. Neither the reconstruction553

e�ciency and the fiducial corrections nor the bin-to-bin migrations are significantly di�erent.554

The measured plead `
T cross-section and the M��G����5_aMC@NLO prediction, interfaced to P����� 8,555

as described above, are used to construct a likelihood function, in which systematic uncertainties in the556

theory prediction are considered as nuisance parameters, each constrained with a Gaussian distribution.557

Since electroweak radiative e�ects are already partially taken into account in the parton shower of the558

M��G����5_aMC@NLO prediction, the e�ect of applying NLO EW corrections to the plead `
T distribution559

in addition is considered as a further systematic uncertainty.560

Frequentist confidence intervals for the EFT coe�cients are computed from values of a profile likelihood561

ratio test statistic [110]. Observed and expected 95% CL intervals for the EFT coe�cients are summarized562

in Table 6. Due to the higher centre-of-mass energy, the limits reported here are more restrictive than those563

previously published by the ATLAS and CMS Collaborations in the WW final state [6, 8]. The sensitivity564

to dimension-six operators mostly stems from their direct e�ect on the WW cross-section, except for the c
W

565

coe�cient where both the direct contribution and the interference between the SM and terms containing566

EFT operators contribute equally.567

10 Conclusion568

The cross-section for the production of W+W� pairs in pp collisions at
p

s = 13 TeV (with subsequent569

decays into WW ! e⌫
e
µ⌫µ) is measured in a fiducial phase space that excludes the presence of jets with570

transverse momentum above 35 GeV. The measurement is performed with data recorded by the ATLAS571

experiment at the LHC in 2015 and 2016, which correspond to an integrated luminosity of 36.1 fb�1. The572

measured fiducial cross-section is �fid = (379.1 ± 5.0 (stat) ± 25.4 (syst) ± 8.0 (lumi)) fb, and is found to573

be consistent with theoretical predictions, including NNLO QCD and NLO EW corrections. The fiducial574

cross-section is measured as a function of the transverse momentum threshold for the jet veto, where575

the fiducial cross-section rises by about 30% when accepting events containing jets with a transverse576

momentum of up to 60 GeV, as compared with 30 GeV. Di�erential cross-sections are also measured as577

a function of kinematic and angular variables of the final-state charged leptons and are compared with578

several predictions from perturbative QCD calculations. Data and theory show fair agreement for all579
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Figure 8: Measured fiducial cross-sections of WW ! eµ production for two of the six observables: ��
eµ and

| cos ✓⇤ |. The measured cross-section values are shown as points with error bars giving the statistical uncertainty
and solid bands indicating the size of the total uncertainty. The results are compared with the NNLO prediction
with extra NLO EW corrections and NLO corrections for gg ! WW production, and with NLO+PS predictions
from P�����-B��+P����� 8, P�����-B��+H�����++ and S����� 2.2.2 for qq̄ initial states, combined with
S�����+O���L���� (LO+PS) for the gg initial states. All three qq̄ NLO+PS predictions are normalized to the NNLO
theoretical prediction for the total cross-section, with the gg LO+PS contribution normalized to NLO. Theoretical
predictions are indicated as markers with hatched bands denoting PDF+scale uncertainties.

processes at a high energy scale (⇤) that alter WW production can be described by operators with mass532

dimensions larger than four in an e�ective field theory (EFT) framework [106]. The higher-dimensional533

operators of the lowest order from purely EW processes have dimension six, and can generate anomalous534

triple-gauge-boson couplings (aTGC). A deviation from the SM in measured WW production rates or in535

certain kinematic distributions, as predicted by these theories, could provide evidence for physics beyond536

the SM. In the EFT framework employed, there are five dimension-six operators (O
i
) and the relevant537

EFT coe�cients (coupling constants) are: c
WWW

, c
W

, c
B

, c
W̃WW

and c
W̃

[106]. The dimensionless538

coe�cients (c
i
) parameterize the strength of the coupling between new physics and SM particles539

L = LSM +
’
i

c
i

⇤2 Oi
.540

Constraints on the EFT coe�cients are determined by considering only one operator at a time using the541

unfolded leading lepton pT (plead `
T ) fiducial cross-section, which was identified as the unfolded distribution542

most sensitive to the e�ect of the five operators.543

Templates of the plead `
T distribution representing the pure SM contribution, the aTGC contribution, and the544

interference between the SM and aTGC contributions at LO are prepared using M��G����5_aMC@NLO545

version 2.6.3.2 [107], interfaced to P����� 8.212 with the A14 tune for parton showering and hadronization.546

The relative size of the SM cross-section modification increases with plead `
T so that the last measured bin is547

most sensitive to the aTGC e�ects. To ensure a good agreement of the M��G����5_aMC@NLO prediction548
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Figure 7: Measured fiducial cross-sections of WW ! eµ production for four of the six observables (from left to right
and top to bottom): plead `

T , m
eµ, peµT , and |y

eµ |. The measured cross-section values are shown as points with error bars
giving the statistical uncertainty and solid bands indicating the size of the total uncertainty. The results are compared
with the NNLO prediction with extra NLO EW corrections and NLO corrections for gg ! WW production, and
with NLO+PS predictions from P�����-B��+P����� 8, P�����-B��+H�����++ and S����� 2.2.2 for qq̄ initial
states, combined with S�����+O���L���� (LO+PS) for the gg initial states. All three qq̄ NLO+PS predictions
are normalized to the NNLO theoretical prediction for the total cross-section, with the gg LO+PS contribution
normalized to NLO. Theoretical predictions are indicated as markers with hatched bands denoting PDF+scale
uncertainties.
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•Differential cross section 

Limits on EFT from 
pT(ℓ1) distribution

Table 4: Relative uncertainties in the WW fiducial cross-section measurement.

Uncertainty source Uncertainty [%]

Electron 0.7
Muon 0.9
Jets 3.0
b-tagging 3.4
Emiss,track

T 0.4
Pile-up 1.6
W+jets background modelling 3.1
Top-quark background modelling 2.6
Other background modelling 1.3
Unfolding, incl. signal MC stat. uncertainty 1.4
PDF+scale 0.1
Systematic uncertainty 6.7
Statistical uncertainty 1.3
Luminosity uncertainty 2.1
Total uncertainty 7.1

corrections compensates for this di�erence at least partially. It is observed that the NLO corrections to
the gg ! WW sub-process increase the fiducial cross-section by 3%, whereas the NLO EW corrections,
applied to the sum of qq̄- and gg-initiated production, decrease it by 6%.

NLO predictions for qq̄ ! WW production, which are matched to a parton shower (qq̄ NLO+PS), are
determined using either P�����-B�� interfaced to P����� 8 or H�����++, or S����� 2.2.2. They are
combined with the S�����+O���L���� calculation for the gluon-induced non-resonant and resonant WW
production (gg LO+PS). These predictions are described in detail in Section 3. The NLO+PS predictions
also include photon final-state radiation and thus already part of the EW e�ects. Therefore no additional
EW correction is applied.

A summary of fiducial cross-section predictions for WW production is given in Table 5. Predictions from
the di�erent generators matched to parton showers agree well among each other and with the fixed-order
predictions. For the S����� 2.2.2 prediction, scale uncertainties are larger than for the P�����-B��
predictions because the S����� calculation includes matrix elements with higher jet multiplicities, which
results in a larger uncertainty estimate when varying the renormalization and factorization scales in the
matrix element calculation. For fixed-order predictions, scale uncertainties are large because they are
evaluated according to Ref. [105].

9 Results

9.1 Cross-section measurements and comparisons with theoretical predictions

The measured fiducial cross-section for WW ! eµ production at
p

s = 13 TeV is:

�fid = (379.1 ± 5.0 (stat) ± 25.4 (syst) ± 8.0 (lumi)) fb .

18



Dibosons: WZ

Measurements in the W
±

Z diboson channel

• The measurement of W
±

Z diboson production gives an insight

into electro-weak physics of the SM:

) Gauge boson self-interactions

) (non-abelian structure of the EW SM)

) Possibility to look for new physics effects in this sector

• The measurement of polarisation fractions serves as a handle on

the electro-weak symmtry breaking in the SM

• ATLAS publication with Run-2 data: ATLAS-CONF-2018-034

(2015+2016,
p

s = 13 TeV, 36.1 fb
-1

)

Stefanie Todt - TU Dresden - W
±

Z measurements at ATLAS 2 / 10
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WZ→ℓνℓ’ℓ’
•Selection 

• one OSSF 2ℓ compatible with mZ 
• mTW > 30 GeV 

•Backgrounds 
• misid. leptons, ZZ, tt+̄X 

•Fiducial cross section 
• compared with models 
• differential in 
○ pT(Z), pT(W), pT(ν), mT(WZ)  
○ Δφ(W,Z) 
○ njets, mjj  (anti-kT; R=0.4; pT > 25 GeV) 

○ |yZ - yℓ,W|
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WZ production – polarisation

• Measurement 
○ extract polarisation from fit of qℓ·cosθ(ℓ,W) and cosθ(ℓ,Z) 
○ f0 (longitudinal) and fL − fR (transverse)

6

Z

W

q

production 
axis of the

q

11 Polarisation measurement

11.1 Formalism and analysis principle

The polarisation of a gauge boson can be determined from the angular distribution of its decay products.
At the Born level, the expected angular distribution for massless fermions in the rest frame of the parent W

boson is given in terms of the diagonal elements f0, fL and fR of the spin density matrix [97–100] by

1
�W±Z

d�W±Z

d cos ✓`,W
=

3
8

fL[(1 ⌥ cos ✓`,W )2] + 3
8

fR[(1 ± cos ✓`,W )2] + 3
4

f0 sin2 ✓`,W , (1)

where ✓`,W is defined using the helicity frame, as the decay angle of the charged lepton in the W rest frame
relative to the W direction in the W Z centre-of-mass frame, as shown in Figure 7. The terms f0, fL and fR
refer to the longitudinal, transverse left-handed and transverse right-handed helicity fractions, respectively,
and the normalisation is chosen such that f0 + fL + fR = 1. In the equation, the upper and lower signs
correspond to W

+ and W
� bosons, respectively. All dependencies on the azimuthal angle are integrated

over.

The expected angular distribution of the lepton decay products of the Z boson is described by the
generalisation of Equation (1) [97–99]:

1
�W±Z

d�W±Z

d cos ✓`,Z
=

3
8

fL(1 + 2↵ cos ✓`,Z + cos2 ✓`,Z )

+
3
8

fR(1 + cos2 ✓`,Z � 2↵ cos ✓`,Z )

+
3
4

f0 sin2 ✓`,Z , (2)

where ✓`,Z is defined using the helicity frame, as the decay angle of the negatively charged lepton in the Z

rest frame relative to the Z direction in the W Z centre-of-mass frame. The parameter ↵ = (2cvca)/(c2
v + c

2
a)

is expressed in terms of the vector cv = � 1
2 + 2 sin2 ✓e�

W and axial-vector ca = �1
2 couplings of the Z boson

to leptons, respectively, where the e�ective value of the Weinberg angle sin2 ✓e�
W = 0.23152 [37] is used.

Equation (2) also holds for the contribution from �⇤ and its interference with the Z boson, with appropriate
cv and ca coe�cients. The tight invariant mass window of ±10 GeV around the nominal Z boson mass
minimises the contribution from �⇤, although all the helicity fractions presented here are e�ective fractions,
containing the small contribution from �⇤.

Equations (1) and (2) are valid only when the full phase space of the leptonic decays of the gauge bosons is
accessible. Restrictions on the pT and ⌘ values of the charged decay lepton or of the neutrino suppress
events at

��cos ✓`,W (Z)
�� ⇠ 1, as shown in Figure 8, and the analytic expressions of Equations (1) and (2)

cannot be used to extract the helicity fractions. Simulated templates therefore must be used.

Another major di�culty arises for the W boson from incomplete knowledge of the neutrino momentum. The
large angular coverage of the ATLAS detector enables measurement of the missing transverse momentum,
which can be identified as the transverse momentum of the neutrino. The neutrino longitudinal momentum
p
⌫
z is obtained using the W mass constraint. Solving the corresponding equation leads to a twofold ambiguity

which is resolved by choosing the solution with the smaller |p⌫z |. If the measured transverse mass is larger

21

f0 Measured SM (NLO QCD) Significance Expected

W 0.26 ± 0.06 0.238 ± 0.003 4.2σ 3.8σ

Z 0.24 ± 0.24 0.230 ± 0.003 6.5σ 6.1σ
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Figure 1: Representative Feynman diagrams for Z Z production at the LHC: (a) lowest-order t-channel qqZ Z
production; (b) production of Z Z plus one parton through the qq̄ initial state; (c) production of Z Z plus one parton
through the qg initial state; (d) ggZ Z production with a fermion loop; (e) ggZ Z production involving an exchange of
a virtual Higgs boson; (f) s-channel production with aTGCs.

SM, due to the correction with a fermion loop [5]. The observation of aTGCs with larger values would hint49

at the existence of new physics.50

Measurements of Z Z production at the LHC have been carried out in two decay final states, one with51

four charged leptons (4`) and the other with two charged leptons and two neutrinos (``⌫⌫). Using LHC52

Run-1 and Run-2 data, multiple results [6–12] have been reported by the ATLAS and CMS experiments.53

The most precise results to date have been obtained from the 4` channel using 13 TeV data [8, 12], where54

the integrated production cross-section has been measured to a precision of 5% and the upper bound on55

neutral aTGC parameters has been decreased to 10�3. The improved experimental precision has stimulated56

theoretical calculations with a greater accuracy, and the next-to-next-to-leading-order (NNLO) QCD [4,57

13, 14] and next-to-leading-order (NLO) EW [15, 16] predictions have become available for the qqZ Z58

process.59

This paper presents a measurement of Z Z production using 36.1 fb�1 of data collected with the ATLAS60

detector in pp collisions at
p

s = 13 TeV. This analysis is performed in the ``⌫⌫ (` = e or µ) final state,61

which has a larger branching fraction but su�ers from higher background contamination in comparison62

with the 4` channel. To ensure a good signal-to-background ratio, the experimental selection requires one63

Z boson boosted against the other in the transverse plane, which results in a pair of high-pT isolated leptons64

9th May 2019 – 16:39 3
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ZZ → ℓℓνν
•Larger BF, larger background than 4ℓ 

• high-pT Z bosons, good sensitivity to TGC 

•Selection 
• no extra leptons or b-tagged jets 
• ETmiss > 110 GeV, VT / ST 1> 0.65 + angular req. 

•Backgrounds to control 
• WZ, Z+jets, other ZZ, VVV, ttV̄ 

•Differential cross section in  
○ pT of leading lepton and leading jet 
○ ℓℓ system: pT, |y|, Δφ 

○ ΖΖ system: pT, mT 

○ number of jets 

• 7

1ST = scalar sum, VT  = vector sum of pT of leptons and jets
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ZZ → ℓℓνν
•Total cross section 

• fit to ETmiss  distribution

8
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Lumi. Electron Muon Jet
Total Data stat. Total syst. 2.2% 1.2% 1.1% 2.1%
7.0% 5.5% 4.3% W Z Non-resonant-`` Z + jets Sim. stat.

1.6% 1.6% 0.4% 0.7%

Table 7: Relative contributions to the measured combined fiducial cross-section from the main sources of uncertainty
after the fit procedure. The total uncertainty includes the data statistical and systematic components. For the
systematic uncertainty, the individual sources of a similar nature are grouped together for simplicity. “Sim. stat.”
indicates the uncertainty source corresponding to the limited size of the simulation samples for the signal and
background processes.

Measured Predicted

�fid
ZZ!``⌫⌫ [fb]

ee 12.2 ± 1.0 (stat) ± 0.5 (syst) ± 0.3 (lumi) 11.2 ± 0.6

µµ 13.3 ± 1.0 (stat) ± 0.5 (syst) ± 0.3 (lumi) 11.2 ± 0.6

ee + µµ 25.4 ± 1.4 (stat) ± 0.9 (syst) ± 0.5 (lumi) 22.4 ± 1.3

�tot
ZZ [pb] Total 17.8 ± 1.0 (stat) ± 0.7 (syst) ± 0.4 (lumi) 15.7 ± 0.7

Table 8: Measured and predicted integrated cross-sections in the fiducial and total phase spaces, together with
the breakdown of their uncertainties. The luminosity uncertainty is quoted separately from the other systematic
uncertainties. The measurements are also shown separately for the ee and µµ channels in the case of the fiducial
cross-section.

L(�, Æ✓) =
÷
i

÷
j

Pois(N i j
obs |N

i j
exp(�, Æ✓)) ⇥

÷
k

Gaus(✓k),

where N i j
obs is the observed data yield in each bin.446

Table 7 summarises the main sources of uncertainty in the measured combined fiducial cross-section, where447

individual sources of a similar nature are grouped together. The statistical and total systematic uncertainties448

in the measurement are of similar sizes. Table 8 shows the measured fiducial cross-sections, separately for449

each channel and for their combination, together with the breakdown of their uncertainties. The ee and450

µµ channel cross-sections are compatible within their respective statistical uncertainties. The measured451

combined fiducial cross-section has a total uncertainty of 7%, which is significantly better than the previous452

measurement [7], and comparable in size to that obtained in the Z Z ! 4` channel [8, 12]. Table 8 also453

shows the combined measured total cross-section, as well as the predictions for the cross-sections, as taken454

from Table 4. The combined measurement is about 13% higher than the prediction, which is not significant455

given the size of the measurement and prediction uncertainties.456
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Figure 8: Unfolded measured distribution of p``T for the bins with p``T > 150 GeV. The data are compared with the
SM prediction from P�����+��2�� with higher-order K-factors to which are added possible aTGC contributions
for di�erent values of the strength of the coupling parameters defined in the text. The results are shown separately for
f Z4 (top left), f �4 (top right), f Z5 (bottom left), and f �5 (bottom right). The uncertainty band represents the theoretical
uncertainties in the SM predictions.
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Figure 9: Expected and observed regions excluded at 95% confidence level as a function of two aTGC parameters.
Confidence intervals for each pair of coupling parameters are derived with the other two parameters set to zero.
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•Interpretation 
• from fit to pT(ℓℓ) 
• limit to f4,5Z,γ varying one or two at the time 

                                                                   CP violating                        CP conserving
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p``T range [GeV] 50–110 110–130 130–150 150–170 170–200 200–250 250–350 350–1000
Measured � (fb) 9.3 6.6 3.6 2.1 2.5 2.0 1.1 0.4
Total unc. 17.7 % 13.6 % 15.2 % 18.6 % 18.6 % 17.6 % 24.9 % 40.5 %
Stat. unc. 14.7 % 11.1 % 14.0 % 17.7 % 16.0 % 16.9 % 23.4 % 39.4 %
Syst. unc. 7.0 % 4.5 % 5.0 % 4.3 % 3.9 % 4.6 % 4.6 % 5.5 %
Bkg. unc. 6.9 % 6.4 % 3.2 % 3.7 % 8.6 % 2.1 % 7.1 % 7.6 %
Sim. stat. 1.2 % 0.7 % 0.7 % 0.8 % 0.9 % 0.9 % 1.1 % 2.0 %
Electron 0.7 % 0.8 % 0.9 % 1.7 % 1.3 % 1.6 % 2.1 % 3.2 %
Muon 1.0 % 1.3 % 1.0 % 1.1 % 1.2 % 1.4 % 2.0 % 1.7 %
Jet 5.4 % 2.9 % 3.8 % 3.0 % 2.3 % 2.1 % 2.7 % 2.5 %
Soft 3.6 % 2.2 % 2.0 % 0.8 % 1.3 % 2.7 % 0.3 % 1.7 %
Luminosity 2.1 % 2.1 % 2.1 % 2.1 % 2.1 % 2.1 % 2.1 % 2.1 %

Table 9: Measured cross-sections and breakdown of uncertainties (%) for the unfolded p``T distribution in the fiducial
region. The top part of the table gives separately the three main contributions to the total uncertainty, arising
respectively from data statistics (labelled Stat.), background subtraction (labelled Bkg.), and other systematic
uncertainties (labelled Syst.). The bottom part of the table shows a more detailed breakdown of the third contribution
(Syst.). The “Soft” term includes the Emiss

T soft-term and the pile-up uncertainties.

f �4 f Z
4 f �5 f Z

5

Expected [⇥10�3] [≠1.3, 1.3] [≠1.1, 1.1] [≠1.3, 1.3] [≠1.1, 1.1]

Observed [⇥10�3] [≠1.2, 1.2] [≠1.0, 1.0] [≠1.2, 1.2] [≠1.0, 1.0]

Table 10: One-dimensional 95% confidence intervals for the aTGC parameters described in the text. The limits on
each parameter are derived with the other parameters set to zero.

k i ⇥ k j , respectively.520

The 95% CIs are derived by scanning the parameter space and using a frequentist method with the CLs521

formalism [72]. In the first step, the one-dimensional CI for each aTGC parameter is derived with all other522

parameters set to zero, and the results are shown in Table 10. These intervals are found to be more stringent523

than those obtained from the Z Z ! 4` channel based on the same ATLAS data sample [8]. In the second524

step, two-dimensional CIs for each pair of coupling parameters are derived with the other two parameters525

set to zero. Figure 9 presents the two-dimensional CI contours for the six possible pairs of aTGC coupling526

parameters. Finally, in the context of e�ective field theories, a one-dimensional 95% CI can be placed527

on the CP-even dimension-eight operator CB̄W/⇤4 [70]. This is obtained by extrapolating the results of528

Table 10 following the conversion formula in Ref. [70]. A 95% CI of [�4.0, 4.0] in units of TeV�4 is set for529

CB̄W/⇤4, which is improved by 30% with respect to the ATLAS results in Z Z ! 4` channel [8].530
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Four leptons
•Inclusive final state of 4ℓ  

• behaviour of full m(4ℓ) spectrum 

•Irreducible background 
• continuum beneath the Higgs peak 
• peak at Z mass from (c)

9

The box diagram gg ! 4` and gg ! H
(⇤) ! 4` processes interfere destructively in the SM. While

interference is maximal around m4` = 220 GeV [3], the relative e�ect of the gg ! H
(⇤) ! 4` contribution

to the overall gg ! 4` lineshape is most pronounced above 350 GeV, as is visible in Figure 2.

The o�-shell Higgs production rate may be a�ected by beyond-the-SM (BSM) processes involving
additional heavy particles, or modifications of the Higgs couplings, even if there is no e�ect on on-shell
Higgs boson production [4].

Previous measurements in this final state were carried out at
p

s = 13 TeV by the ATLAS [5] and CMS [6]
collaborations with a focus on Z Z production. The CMS result additionally includes a determination of the
Z ! 4` branching ratio using a dedicated detector-level analysis. The ATLAS Collaboration performed a
measurement of inclusive four-lepton production at

p
s = 8 TeV [7] and set constraints on the contribution

from gg ! 4`. An analysis using
p

s = 7 TeV and 8 TeV data [8] to determine the Z ! 4` branching
fraction has also been published by ATLAS. Constraints on o�-shell Higgs boson production have recently
been set by ATLAS [9] using the 4` and 2`2⌫ final states in a dedicated detector-level analysis.
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Figure 1: Main contributions to the pp ! 4` (` = e, µ) process: (a) t-channel qq̄ ! 4` production, (b) gluon-induced
gg ! 4` production via a quark loop, (c) internal conversion in Z boson decays and (d) Higgs-boson-mediated
s-channel production (here: gluon–gluon fusion). The notation Z

(⇤) refers to a Z boson which may be either on-shell
or o�-shell.

This measurement is carried out in a fiducial phase space based on the kinematic acceptance of the detector
to ensure a high selection e�ciency. The fiducial phase space and all observables are defined using stable
final-state particles to minimise model dependence. The observation at detector level is corrected for
experimental e�ects such as the detector and trigger system e�ciencies and the detector resolution to
provide results which may be used and reinterpreted without requiring a full simulation of the ATLAS
detector. Electrons or muons originating from leptonic decays of the ⌧-lepton are not considered to be part
of the signal and their contribution to the observation at detector level is subtracted.

Cross-sections are measured di�erentially in the invariant four-lepton mass m4` , and double-di�erentially
with respect to both m4` and the following kinematic variables: the transverse momentum of the four-lepton
system p

4`
T , the rapidity of the four-lepton system y4` , and a matrix-element discriminant (introduced

in Ref. [3] and denoted by DME in this paper) designed to distinguish the s-channel Higgs-mediated
production process from all other processes. The m4` measurement is also made separately for each
flavour combination of leptons in the event; 4e, 4µ and 2e2µ. The double-di�erential cross-sections can
provide additional sensitivity to the various subprocesses contributing to the measured final state; for
example, the p

4`
T is expected to discriminate gg ! Z Z from qq̄ ! Z Z . They are also of interest for

future interpretation; for example, some BSM contributions can have an impact which depends upon the
final-state lepton flavours [10]. The measurements are compared with SM predictions. To explore the
potential of reinterpreting di�erential cross-section measurements, they are also used to constrain the

3

 [GeV]4lm
80 100 200 300 400 1000

 [f
b/

G
eV

]
4l

/d
m

σd

3−10

2−10

1−10

1
 4l→qq
 4l (inclusive)→gg

 4l→ H →gg
 4l→ ZZ →gg

 4l→H/VBF H tVH/t

 SimulationATLAS
=13 TeVs
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Four leptons
• Unfolded distributions, double differential in pT(4ℓ), |y4ℓ|, and ℓ flavour 
• Extracted Z→4ℓ total cross section

10
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• Possible BSM Higgs couplings to top or gluons 
• Measured at m4ℓ > 180 GeV, where ct and cg decouple1

1A. Azatov et al., JETP 147 (2015) 3
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Evidence for massive triboson production
•Inclusive analysis on 2015–2017 data 

• targeting WWW (2ℓ, 3ℓ) and WVV with Z boson(s) (3ℓ, 4ℓ) 
• off-shell production via V/H treated as part of the signal definition 

•WWW selection 
• ℓνℓνqq: same-sign dilepton, split according to flavour (ee, eμ, μe, μμ) 
• ℓνℓνℓν: trilepton selection, one channel 

•WWZ and WZZ selection: require one Z candidate 
• 3ℓ: split in 1, 2, ≥ 3 jets 
• 4ℓ: split in DF, SF-on-shell, SF-off shell

11
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•Misreconstructed j → ℓ  
• dominated by tt ̄ 

•Data-driven estimation 
• introduce “fake” lepton definition 
• apply correction factors to N+(N)+F events determined in region as 2ℓ and 3ℓ signal 

regions, but: 1 b-tag (tt-̄enriched)

12

•Misreconstructed γ → e 
• Vγjj (mostly V=W) important in 2ℓ 

•Data-driven estimation 
• introduce “photon-like” electrons eγ 
• correction factors from μμe and μμeγ

WWW – “fake” lepton  background
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WWW – validation regions
•WZ validation region 

• 3ℓ, one SFOS lepton pair 
• no b-tag, ETmiss> 55 GeV  
• mℓℓℓ  > 110 GeV

13
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•W-sideband region 
• 2ℓ region with |mjj – 85 GeV| > 20 GeV
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WWW – Pre-fit inputs
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WVZ – analysis strategy
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• Backgrounds mostly prompt 

• Mainly diboson 
○ WZ in 3ℓ and ZZ in 4ℓ   

• All backgrounds from MC 

• Build a BDT for each of the 
six signal regions 
○ trained against diboson 

• Input variables 
○ invariant mass, pT, … 
○ 12–15 variables in 3ℓ regions 
○ 6 variables in 4ℓ regions
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WVZ – background modelling
•WZ and Z+jets validation 

• validation region as 3ℓ-1j SR 
• but: no HT cut; mℓℓℓ < 150 GeV 
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•ttZ̄ control region 
• defined as region as 3ℓ-3j SR 
• but: no HT cut; ≥ 4jets; ≥ 2 b-tags 
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WVZ – Prefit inputs
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WVV – signal extraction
•Binned profile likelihood 

• simultaneous fit to 11 SRs + 1 CR 
• one μWVV assumed for WWW and WVZ 
• 186 bins in total 

•Correlated systematics 
• experimental 
• irreducible background (theory) 
○ signal shape (scale variations) 
○ diboson normalisation (constrained to ~5%) 
○ diboson shape (Sherpa vs Powheg; scale variations) 

• other backgrounds have small impact 

•Uncorrelated systematics 
• data-driven in WWW vs MC in WVZ
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WVV – fit results
•Expected 

• μWVV = 1.00 ± 0.24 (stat.)  +0.27 (syst.) 

•Measured 
• μWVV = 1.38 +0.25 (stat.)  +0.30 (syst.) 

•Evidence for 3 massive bosons 
• exclusion of bckgnd-only hypothesis
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Visualising the evidence
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Conclusions
•Dibosons 

• several 13 TeV results 
• fiducial & differential 
• extracted aTGC/EFT limits 

and polarisation 

•Tribosons 
• first evidence (4σ) for 

three massive bosons 
• window to QGC 

• poster at this conference
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