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Introduction

I Cross sections of electroweak processes at
the LHC span eight orders of magnitude

I High precision measurements using events
with single W and Z bosons

I Precise measurement of diboson processes
I First measurements of rare processes

∫
L dt

[fb−1] Reference

WZjj EWK 20.3 PRD 93, 092004 (2016)
W±W±jj EWK 20.3 arXiv: 1611.02428 [hep-ex]
Zγjj EWK 20.3 arXiv: 1705.01966 [hep-ex]
WWγ 20.2 CERN-EP-2017-096
Wγγ 20.3 PRL 115, 031802 (2015)
Zγγ 20.3 PRD 93, 112002 (2016)

Zjj EWK 20.3 JHEP 04, 031 (2014)
3.2 CERN-EP-2017-115

Wjj EWK 4.7 arXiv:1703.04362 [hep-ex]
20.2 arXiv:1703.04362 [hep-ex]

t̄tγ 4.6 PRD 91, 072007 (2015)

t̄tZ 20.3 JHEP 11, 172 (2015)
3.2 EPJC 77 (2017) 40

t̄tW 20.3 JHEP 11, 172 (2015)
3.2 EPJC 77 (2017) 40

tZj 36.1 TOPQ-2016-14

WV 4.6 JHEP 01, 049 (2015)
20.2 arXiv: 1706.01702 [hep-ex]

Zγ 4.6 PRD 87, 112003 (2013)
20.3 PRD 93, 112002 (2016)

Wγ 4.6 PRD 87, 112003 (2013)
ts−chan 20.3 PLB 756, 228-246 (2016)

ZZ
4.6 JHEP 03, 128 (2013)

20.3 JHEP 01, 099 (2017)
36.1 ATLAS-CONF-2017-031

WZ
4.6 EPJC 72, 2173 (2012)

20.3 PRD 93, 092004 (2016)
3.2 PLB 762 (2016) 1

Wt
2.0 PLB 716, 142-159 (2012)

20.3 JHEP 01, 064 (2016)
3.2 arXiv:1612.07231 [hep-ex]

γγ
4.9 JHEP 01, 086 (2013)E

γ
T>25 (22) GeV

20.2 PRD 95 (2017) 112005E
γ
T>40 (30) GeV

WW
4.6 PRD 87, 112001 (2013)

20.3 PLB 763, 114 (2016)
3.2 arXiv: 1702.04519 [hep-ex]

tt−chan
4.6 PRD 90, 112006 (2014)

20.3 arXiv:1702.02859 [hep-ex]
3.2 JHEP 04 (2017) 086

t̄t
4.6 EPJC 74: 3109 (2014)

20.2 EPJC 74: 3109 (2014)
3.2 PLB 761 (2016) 136

Z
4.6 JHEP 02 (2017) 117

20.2 JHEP 02 (2017) 117
3.2 JHEP 02 (2017) 117

W 4.6 EPJC 77 (2017) 367
0.081 PLB 759 (2016) 601

γ
4.6 PRD 89, 052004 (2014)pT > 100 GeV

20.2 JHEP 06 (2016) 005pT > 25 GeV
3.2 PLB 2017 04 072pT > 125 GeV

Dijets R=0.4 4.5 JHEP 05, 059 (2014)
3.2 ATLAS-CONF-2016-092

Jets R=0.4
4.5 JHEP 02, 153 (2015)

20.2 arXiv: 1706.03192 [hep-ex]
3.2 ATLAS-CONF-2016-092

pp
8×10−8 Nucl. Phys. B, 486-548 (2014)

50×10−8 PLB 761 (2016) 158
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Standard Model Production Cross Section Measurements Status: July 2017

ATLAS Preliminary

Run 1,2
√
s = 7, 8, 13 TeV
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I Summary of recent results in the electroweak sector from ATLAS, CMS and LHCb
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Measurement of mW arXiv:1701.07240

I First measurement of mW at the LHC
I Performed in 2011 data at

√
s = 7 TeV,

using 7.8M W → µν and 5.9M W → eν events

I Extensive re-weighting approach to describe all relevant
kinematic distributions ( y × pT × Ai )

I The largest sources of uncertainties are theoretical!
I QCD modelling (parton-shower and angular coefficients)
I PDF uncertainty from CT10 ( + CT14 and MMHT2014)

Combined Value Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total χ2/dof
categories [MeV] Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. of Comb.

mT, W+, e-µ 80370.0 12.3 8.3 6.7 14.5 9.7 9.4 3.4 16.9 30.9 2/6
mT, W−, e-µ 80381.1 13.9 8.8 6.6 11.8 10.2 9.7 3.4 16.2 30.5 7/6
mT, W±, e-µ 80375.7 9.6 7.8 5.5 13.0 8.3 9.6 3.4 10.2 25.1 11/13

p`T, W+, e-µ 80352.0 9.6 6.5 8.4 2.5 5.2 8.3 5.7 14.5 23.5 5/6
p`T, W−, e-µ 80383.4 10.8 7.0 8.1 2.5 6.1 8.1 5.7 13.5 23.6 10/6
p`T, W±, e-µ 80369.4 7.2 6.3 6.7 2.5 4.6 8.3 5.7 9.0 18.7 19/13

mT-p`T, W±, e-µ 80369.5 6.8 6.6 6.4 2.9 4.5 8.3 5.5 9.2 18.5 29/27
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Measurement of mW arXiv:1701.07240
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CMS-PAS-SMP-14-007

I The measurement of mW is compatible with previous
measurements and as precise as CDF and D0 individually:

mW = 80370 ± 7(stat.) ± 11(exp. syst.) ± 14(mod. syst.) MeV

I It is compatible with the global electroweak fit

m2
W =

m2
Z

2

1 +

√√
1 −

√
8πα

GFm2
Z

(1 + ∆r)


I W-like measurement of mZ from CMS hints at a more precise recoil

calibration with larger uncertainties on the lepton calibration
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Prospects for low-µ run ATL-PHYS-PUB-2017-021

W -boson charge W+ W− Combined
Kinematic distribution p`T mT p`T mT p`T mT

δmW [MeV]
Fixed-order PDF uncertainty 13.1 14.9 12.0 14.2 8.0 8.7
AZ tune 3.0 3.4 3.0 3.4 3.0 3.4
Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5
Parton shower µF with heavy-flavour decorrelation 5.0 6.9 5.0 6.9 5.0 6.9
Parton shower PDF uncertainty 3.6 4.0 2.6 2.4 1.0 1.6
Angular coefficients 5.8 5.3 5.8 5.3 5.8 5.3

Total 15.9 18.1 14.8 17.2 11.6 12.9

I Further improvements in QCD modelling needed
I measurements of angular coefficients Ai

(or using higher order predictions)
I using PDFs that include LHC data
I improve knowledge of pWT

I aim to replace the extrapolation from pZT with direct
measurement
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I low-µ data at 13 TeV could allow for a measurement of pWT with 1% precision

I the LHC delivered 160 fb−1 of 〈µ〉 ∼ 2 data in the end of 2016
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Measurement of sin2 θeff CMS-PAS-SMP-16-007

I Measurement of sin2 θ
lep
eff from the forward-backward asymmetry AFB using 2012 data

at
√
s = 8 TeV

AFB =
σ (cos θ∗ > 0) − σ (cos θ∗ < 0)

σ (cos θ∗ > 0) + σ (cos θ∗ < 0)
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NNPDF3.0 uncertainty

I Ambiguity in quark direction dilutes AFB and causes a large sensitivity to PDFs

I Variations of sin2 θ
lep
eff and variations of PDF

uncertainties show different shape dependence

→ PDF uncertainties are constrained by the fit

Channel without constraining PDFs with constraining PDFs
Muon 0.23125 ± 0.00054 0.23125 ± 0.00032
Electron 0.23054 ± 0.00064 0.23056 ± 0.00045
Combined 0.23102 ± 0.00057 0.23101 ± 0.00030
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Measurement of sin2 θeff CMS-PAS-SMP-16-007

I The measured value of sin2 θeff is:

sin2 θeff = 0.23101 ± 0.00036(stat) ± 0.00018(syst)

± 0.00016(theory) ± 0.00030(pdf)

I In agreement with previous measurements
at LEP, SLC, Tevatron and LHC

I Most precise measurement at the LHC
lept
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I LHCb can probe larger values of y``
but statistically limited

I Recent measurement of AFB by ATLAS
without a measurement of sin2 θeff
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Diboson Measurements

– ZZ∗→4ℓ

– ZZ→ℓℓνν

– ZZ→4ℓ

ZZ

– WZ→ℓνℓℓ

WZ

– WW→eµ, [njet = 1]
– WW→eµ, [njet ≥ 0]

– WW→eµ, [njet = 0]

WW

– WV→ℓνJ
WV→ℓνjj

– Zγ→ννγ
– [njet = 0]

Zγ→ℓℓγ
– [njet = 0]

Wγ→ℓνγ
γγ

ratio to best theory
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Diboson Cross Section Measurements Status: July 2017

ATLAS Preliminary

Run 1,2
√
s = 7, 8, 13 TeV

theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminarySeptember 2017

All results at:
http://cern.ch/go/pNj7

γγ  0.12± 0.01 ±1.06 -15.0 fb
(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb

(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
WW  0.09± 0.04 ±1.07 -14.9 fb
WW  0.08± 0.02 ±1.00 -119.4 fb
WW  0.08± 0.05 ±0.96 -12.3 fb
WZ  0.06± 0.07 ±1.05 -14.9 fb
WZ  0.07± 0.04 ±1.02 -119.6 fb
WZ  0.07± 0.06 ±0.80 -12.3 fb
ZZ  0.07± 0.13 ±0.97 -14.9 fb
ZZ  0.08± 0.06 ±0.97 -119.6 fb
ZZ  0.05± 0.04 ±1.14 -135.9 fb

7 TeV CMS measurement (stat,stat+sys) 

8 TeV CMS measurement (stat,stat+sys) 

13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NLO)vs. NNLO 

Recent diboson measurements reach a precision of 10% or better
I Many of them are already systematically limited
I Agreement with theory improves substantially using NNLO calculations
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ZZ → 4` production arXiv:1709.08601 and arXiv:1709.07703

I Updated results on pp→ ZZ → 4` cross sections from ATLAS and CMS, and pp→ Z → 4` from CMS
I Fiducial cross section measurement systematically limited for the first time
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I Large dataset and clean final state allows for an increasing number of differential measurements
I Limits on anomalous neutral TGCs improved by ∼ 2

18 9 Limits on anomalous triple gauge couplings

planes. Expected signal values are interpolated between the 2D grid points using a second-
degree polynomial, since the cross section for the signal depends quadratically on the coupling
parameters. A binned profile likelihood method, Wald Gaussian approximation, and Wilk’s
theorem are used to derive one-dimensional limits at a 95% confidence level (CL) on each of the
four aTGC parameters, and two-dimensional limits at a 95% CL on the pairs ( f Z

4 , f γ
4 ) and ( f Z

5 ,
f γ
5 ) [45, 53, 54]. When the limits are calculated for each parameter or pair, all other parameters

are set to their SM values. The systematic uncertainties described in Section 7 are treated as
nuisance parameters with log-normal distributions. No form factor is used when deriving
the limits so that the results do not depend on any assumed energy scale characterizing new
physics. The constraints on anomalous couplings are displayed in Fig. 11. The curves indicate
68 and 95% confidence levels, and the solid dot shows the coordinates where the likelihood
reaches its maximum. Coupling values outside the contours are excluded at the corresponding
confidence levels. The limits are dominated by statistical uncertainties.
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Figure 11: Two-dimensional observed 95% CL limits (solid contour) and expected 68 and 95%
CL limits (dashed contour) on the ZZZ and ZZγ aTGCs. The left (right) plot shows the exclu-
sion contour in the f Z

4(5), f γ
4(5) parameter planes. The values of couplings outside of contours

are excluded at the corresponding confidence level. The solid dot is the point at which the
likelihood is at its maximum. The solid lines at the center show the observed one-dimensional
95% CL limits for f γ

4,5 (horizontal) and f Z
4,5 (vertical). No form factor is used.

The observed one-dimensional 95% CL limits for the f Z,γ
4 and f Z,γ

5 anomalous coupling param-
eters are:

−0.0012 < f Z
4 < 0.0010, −0.0010 < f Z

5 < 0.0013,

−0.0012 < f γ
4 < 0.0013, −0.0012 < f γ

5 < 0.0013.
(9)

These are the most stringent limits to date on anomalous ZZZ and ZZγ trilinear gauge boson
couplings, improving on the previous strictest results [5] by factors of two or more.

One way to impose unitarity on the aTGC models is to restrict the range of four-lepton invariant
mass used in the limit calculation. The limits will then depend on the “cutoff” value used. The
computation of the one-dimensional limits is repeated for different maximum allowed values
of m4`, and the results are presented in Fig. 12 as a function of this cutoff.
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Vector Boson Scattering / Vector Boson Fusion

Δy

W+

W−

γ/Z

γ/Z

W+

W−

W+

W−

theoσ / expσProduction Cross Section Ratio:   
0 1 2 3 4 5

CMS PreliminaryJanuary 2018

All results at:
http://cern.ch/go/pNj7

qqW  0.18± 0.08 ±0.84 -119.3 fb

qqZ  0.32± 0.14 ±0.93 -15.0 fb

qqZ  0.19± 0.07 ±0.84 -119.7 fb

qqZ  0.10± 0.03 ±1.02 -135.9 fb

WW→γγ  0.74± 0.00 ±1.74 -119.7 fb

γqqW  0.56± 0.67 ±1.77 -119.7 fb

ss WW  0.18± 0.38 ±0.69 -119.4 fb

ss WW  0.08± 0.16 ±0.90 -135.9 fb

γqqZ  0.48± 0.65 ±1.48 -119.7 fb

qqZZ  0.38± 0.64 ±1.38 -135.9 fb

7 TeV CMS measurement (stat,stat+sys) 

8 TeV CMS measurement (stat,stat+sys) 

13 TeV CMS measurement (stat,stat+sys) 

CMS EWK measurements vs.
Theory

I LHC dataset allows studies of the EW prod. of single (O(α4
EW)) and diboson (O(α6

EW)) final states
I Access to quartic EW couplings in VV → VV signatures with sensitivity to EWSB
I VBS and VBF topology is:

I two forward jets with high invariant mass
I and a large rapidity gap
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Electroweak Zjj production arXiv:1712.09814 and arXiv:1709.10264

I Electroweak Zjj production measured by ATLAS and
CMS

I ATLAS highlights:
analysis in EW- and
QCD-enriched regions,
data-driven correction
factors to QCD
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I CMS highlights:
full 2015+2016 dataset, higher precision,
studies on had. activity, limits on aTGCs

I Comparison of ATLAS and CMS results:

σEW(ATLAS) = 119 ± 16 ± 20 fb for mjj > 250 GeV

σEW(CMS) = 552 ± 19 ± 55 fb for mjj > 120 GeV
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Electroweak ZZjj production arXiv:1708.02812

BDT output
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I First study of electroweak ZZjj production
I A fit to a BDT discriminant is used to separate the EW signal

(5%) from the QCD induced production (83%)

I The significance of the signal is 2.7σ (1.6σ expected)

I The fiducial cross section is measured to be:

σfid. = 0.40+0.21
−0.16 (stat)+0.13

−0.09 (syst) fb

compared to the theoretical prediction at LO of σfid. = 0.29+0.02
−0.03 fb
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Observation of Vector Boson Scattering arXiv:1709.05822

I Electroweak W±W±jj production is an ideal probe for vector
boson scattering

I QCD production suppressed using leptons with same charge
I First observation with 5.5σ (5.7σ expected)
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I The fiducial cross section is measured to be:

σfid. = 3.83 ± 0.66(stat) ± 0.35(syst) fb

in agreement with the theoretical prediction at LO of σfid. = 4.25 ± 0.27 fb
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BSM Limits on Quartic Couplings

I Measurements of VBS are used to set model independent limits on BSM physics
I Here shown are limits on EFT dim-8 transverse parameters

I New limits from W±W±jj and ZZjj constrain the transverse parameters to O(100)/TeV4

(fT ,0 , fT ,1 , fT ,2 from SUL(2), fT ,9 , fT ,9 from UY (1))

I Limits on mixed longitudinal and transverse parameters set to O(101)/TeV4 -O(100)/TeV4
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Conclusions

I The electroweak precision measurements at the LHC become increasingly precise
I for the measurements of mW and sin2 θeff the precision of Tevatron is in reach
I improvements in the theoretical description of the W and Z DY processes are needed

I Measurements of diboson production reach the precision era
I with uncertainties of typically a few percent they are sensitive to NNLO effects
I limits on anomalous triple gauge couplings improve on those derived at LEP

I The large datasets recorded by the experiments render rare processes accessible
I access to quartic gauge couplings in triboson and VBS signatures
I first observation of a VBS process
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