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Motivation & Outline

Test gauge structure of the Standard Model

Check validity of Standard Model theory predictions

Probe new physics beyond the reach of the LHC in a model-independent way via
anomalous triple gauge couplings (aTGCs)

q

q

V

V ′

V ′′

aTGC?

Focus on:
WW @ 13 TeV (+0 jets),
@ 8 TeV (0 and 1 jet
associated production)

WZ @ 8 and 13 TeV

ZZ @ 8 and 13 TeV

aTGC limits

Angela Burger Dibosons @ ATLAS 06.04.17 2 / 26
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W+W− cross section measurements
@ 8 & 13TeV
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W+W− - Measurement strategy @ 8 TeV

W+W− → `ν`′ν′ (`, `′ = e, µ)

Jet veto (pjet
T >25 GeV) to suppress dominant top background (”0jet”)

Measure WW+1jet (”1jet”), decrease experimental uncertainty by combining
”0&1jet” measurement and compare to improved theory predictions

WW+1jet measurement only in eνµν channel (lowest background, highest signal
acceptance)

Event selection in ”0&1 jet” analyses very similar to facilitate combination (σ≤1jet
fid )

Selection cut eµ ee/µµ
”0jet” ”1jet” ”0jet”

Number of additional 0 0 0
leptons (pT > 7 GeV)

mll [GeV] > 10 > 10 > 15
|mZ −mll |[GeV] - - > 15

E miss
T ,Rel [GeV] > 20 > 20 > 45

pmiss
T [GeV] > 20 > 20 > 45

∆ΦE miss
T

,pmiss
T

< 0.6 < 2.0 < 0.3

Number of jets 0 1 0
(pT >25 GeV)

Jet multiplicity

0 1 2 3 4 5 6 7

E
ve

nt
s

500

1000

1500

2000

2500

3000 ATLAS
-1 = 8 TeV, 20.3 fbs

 channelsν-µ ν+µ + ν- eν+e

 Data

 Top Quark MC

 WW MC

 other diboson MC

 Drell-Yan MC

 W+jets MC

stat. unc.

Note: Color scheme of cuts on the table corresponds to color of affected background in the plot.
JHEP 09 (2016) 029, Phys. Lett.B763(2016)114
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W+W− - Cross section results @ 8 TeV

∆σ0jet
fid (eµ): ∆stat. = 1.8%, ∆sys. = 6.7%

Dominant uncertainties:

Experimental: Jet energy scale,
W+jets bkg and luminosity
Modeling: jet veto requirement

∆σ1jet
fid : ∆stat. = 4.5%, ∆sys. = 11%

Dominant uncertainties:

jet energy scale and top quark
background

∆σ≤1jet
fid : ∆stat. = 1.8%, ∆sys. = 5.1%

0+1 jet combination leads to reduced
uncertainties

fid, theo.
WWσ/fid, meas.

WWσRatio of measurement to prediction, 

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Data (stat+syst)

WWA×tot
NNLOσ

approx. NNLO

ATLAS  
-1 = 8 TeV, 20.3 fbs

(0-jet)WW
fidσ

(1-jet)WW
fidσ

1-jet) ≤(WW
fidσ

Measurements and ≈NNLO theory predictions in very good agreement
JHEP 09 (2016) 029, Phys. Lett.B763(2016)114
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W+W− @ 13 TeV - cross section measurement

Measurement performed in WW → eνµν decay channel, apply jet veto
(WW+0jets)

Event selection similar to WW+0jet @8TeV with minor differences

 [fb]
µ e→WW 

fidσ

300 400 500 600 700

Data 

 11 fb ± 50 ± 20 ±529 

stat.

stat.+syst.+lumi.

(fixed­order acceptance)
nNNLO+H calculation

(MC acceptance)
nNNLO+H calculation

ATLAS
­1 = 13 TeV, 3.16 fbs

ν

±

µ ν± e→WW 

Fiducial cross section

Cross­section ratio (13 TeV / 8 TeV)

0.8 1 1.2 1.4 1.6 1.8 2 2.2

Data

stat.

stat.+syst.

nNNLO+H Prediction

ν

±

µν± e→WW 

 (8 TeV)­1 (13 TeV) and 20.3 fb­13.16 fb

Total cross­section ratio
(13 TeV / 8 TeV)

Fiducial cross­section ratio
(13 TeV / 8 TeV)

ATLAS

Good agreement with theory predictions
Dominant uncertainty:

Jet selection and calibration (7.3%)

Total relative uncertainty on fiducial cross-section: 11% (∆stat. = 3.8%, ∆sys. = 9.5%)

arXiv:1702.04519
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W+W− @ 8 TeV: Differential cross sections
Use WW+0jet→ eνµν

Iterative Bayesian approach used to unfold differential distribution from detector to
particle level

Shapes well described by NLO, inclusive cross-section higher than prediction @NLO

plead
T used to extract aTGCs (discussed later in the talk)
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JHEP 09 (2016) 029
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WZ cross section measurements
@ 8 & 13TeV
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Inclusive WZ measurements: 8 and 13 TeV

Use WZ lepton decays to e, µ

Main background: misidentified leptons, ZZ

Dominant uncertainties from:

Lepton reconstruction & identification
Misidentified lepton background

8 TeV

theory
Z±W

σ / fid.
Z±W

σ
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

combined

µµµ

µµe

eeµ

eee ATLAS

Data

Powheg

-1 = 8 TeV, 20.3 fbs

Z±W

 0.10±1.27 

 0.08±1.21 

 0.08±1.19 

 0.06±1.11 

 0.05±1.17 

4% relative uncertainty

13 TeV

theory
Z±W

σ / fid.
Z±W

σ
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

combined

µµµ

µµe

eeµ

eee
ATLAS Preliminary

Data

Powheg+Pythia
CT10

-1 = 13 TeV, 13.3 fbs

Z±W

 0.21±1.16 

 0.14±1.11 

 0.18±1.18 

 0.10±1.29 

 0.09±1.24 

7% relative uncertainty

⇒ Measurements underestimated by NLO predictions
Phys.Rev.D93,092004(2016), Phys.Lett.B.752(2016) 1 & ATLAS-CONF-2016-043
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WZ total cross section results

NNLO predictions available now for WZ total cross section [Grazzini et al,
arXiv:1604.08576]

Good agreement between theory prediction @NNLO

NNLO/NLO was not covered by theory scale uncertainty

 [TeV]s
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b]
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to
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ll→Z

WZ (m→MATRIX NNLO, pp
)/2  Z+m

W
=(m

F
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R
µNNPDF3.0, 
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WZ (m→MCFM NLO, pp
/2  WZ=m

F
µ=

R
µCT14nlo, 

 60-120 GeV)
ll→Z

WZ (m→pMCFM NLO, p
/2  WZ=m

F
µ=

R
µCT14nlo, 

ll  νl→WZ
-1 66-116 GeV), 3.2 fb

ll→Z
=13 TeV (msATLAS 

 -1 66-116 GeV), 20.3 fb
ll→Z

=8 TeV  (msATLAS 

 -1 66-116 GeV), 4.6 fb
ll→Z

=7 TeV  (msATLAS 

 -1 60-120 GeV), 8.6 fb
ll→Z

=1.96 TeV (msD0   

 -1 60-120 GeV), 7.1 fb
ll→Z

=1.96 TeV (corr. to msCDF 

ATLAS

 [TeV]s
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Measurement with
3.2 fb−1 of data

Phys.Rev.D93,092004(2016), Phys.Lett.B.752(2016) 1, ATLAS-CONF-2016-043
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WZ differential cross sections

Sherpa better describes high jet multiplicities (up to 3 jets at LO in Sherpa)

mWZ
T used to probe aTGCs, data & SM compatible ⇒ set limits
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Phys.Lett.B.752(2016) 1, ATLAS-CONF-2016-043
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ZZ cross section measurements
@ 8 & 13TeV
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ZZ measurements: 8& 13 TeV

Subleading lepton pair mass [GeV]

0 50 100 150 200 250

Le
ad
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g 

le
pt

on
 p
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r 

m
as

s 
[G

eV
]

0

50

100

150

200

250

-1
 L dt = 20.3 fb∫

= 8 TeVs= 8 TeVs

ATLAS

+l-l+l- l→ZZ 

Data

 llll→ZZ 

On-shell ZZ -production measured (66< m`` < 116 GeV)

Two measured channels: ZZ → ```′`′ (8 &13 TeV),
ZZ → ``νν (8 TeV), `, `′ = e, µ

ZZ → 4`: very clean channel ( S
B
≈ 17), main bkg from

fake leptons

ZZ → ``νν: Background from:

Dominant uncertainties:

ZZ → 4`: lepton reconstruction, isolation, @13 TeV: statistics
ZZ → 2`2ν: jet modeling & veto, Emiss

T measurement
JHEP01(2017)099, Phys.Rev.Lett.116,101801(2016)
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ZZ inclusive cross section

Fiducial cross sections @ 8 TeV

theoryσ/dataσ
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Measurement
Tot. uncertainty
Stat. uncertainty
PowhegBox + gg2VV

σ 1±
σ 2±

4e
fidσ

µ2e2
fidσ

µ4
fidσ

ν2e2
fidσ

ν2µ2
fidσ

totalσ

ATLAS

 4l→ ZZ →pp 
ν 2l2→ ZZ →pp 

-1 = 8 TeV, 20.3 fbs

Total Combined Cross Section

Total cross section
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to

t
Z

Z
σ

0
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4
6
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14
16
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24

)pZZ (p

ZZ (pp)

=13 TeV)sLHC Data 2015 (

=8 TeV)sLHC Data 2012 (

=7 TeV)sLHC Data 2011 (

=1.96 TeV)sTevatron Data (

-1 66-116 GeV) 3.2 fb
ll

 llll (m→ATLAS ZZ

-1 66-116 GeV) 19.6 fb
ll

 llll (m→CMS ZZ

-1 66-116 GeV) 20.3 fb
ll

) (mνν ll(ll/→ATLAS ZZ

-1 66-116 GeV) 4.6 fb
ll

) (mνν ll(ll/→ATLAS ZZ
-1 60-120 GeV) 5.0 fb

ll
 llll (m→CMS ZZ

-1) (on-shell) 9.7 fbνν ll(ll/→CDF ZZ
-1 60-120 GeV) 8.6 fb

ll
) (mνν ll(ll/→D0 ZZ

  ATLAS

MATRIX CT14 NNLO

8% total uncertainty on measured cross section @ 8 TeV

Good description of data by NNLO theory

JHEP01(2017)099, Phys.Rev.Lett.116,101801(2016)
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ZZ - Differential cross section

2 channels unfolded separately

pZlead
T (ZZ → 4`) and pZ

T (ZZ → 2`2ν) used to obtain limits on aTGCs

ZZ → 4` @ 8 TeV
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ZZ → 2`2ν @ 8 TeV
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doi:10.1007/JHEP01(2017)099
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Diboson cross section measurement - Summary

– ZZ∗→4ℓ

– ZZ→ℓℓνν
– ZZ→4ℓ

– ZZ→4ℓ, (tot.)

ZZ

– WZ→ℓνℓℓ

WZ

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

– WW→eµ, [njet = 0]

WW

WV→ℓνqq
– Zγ→ννγ
– [njet = 0]

Zγ→ℓℓγ
– [njet = 0]

Wγ→ℓνγ
γγ

ratio to best theory
0.6 0.8 1.0 1.2 1.4 1.6

NNLO QCD

NLO QCD

LHC pp
√
s = 7 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 8 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 13 TeV

Data
stat
stat ⊕ syst

Diboson Cross Section Measurements Status: August 2016

ATLAS Preliminary

Run 1,2
√
s = 7, 8, 13 TeV

Angela Burger Dibosons @ ATLAS 06.04.17 16 / 26
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Limits on aTGCs
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Short introduction to aTGCs

Several theoretical approaches with different parameterisations:

Z

W±

W±

q

q̄′

aTGC?

Effective Lagrangian

L = igWWW [gV
1 (W +

µνW−ν −W +µW−µν)V ν + κV W +
µ W−ν Vµν + λV

m2
W

W +ν
µ W−ρν V−µρ ]

in SM, gV
1 = κV = 1 and λV =0,

parameterise deviations using ∆gV
1 = gV

1 − 1, ∆κV = κV − 1 and λV

Vertex function approach for neutral aTGCs:
Parameterise deviations from the SM using two CP violating parameters f V

4

(V = Z , γ) and two CP-conserving parameters f V
5 (0 in SM)

Z/γ
Z

Z

Effective field theory (EFT) approach:
Add linear combinations of higher dimension operators to SM:

L = LSM +
∑inf

d=5
1

Λd−4

∑
i ciO

(d)
i (”Λ”: scale of new physics)

OWWW = cWWW
Λ2 Tr [WµνW νρWµ

ρ ]

OW = cW
Λ2 (DµΦ)†Wµν(DνΦ)

OB = cB
Λ2 (DµΦ)Bµν(DνΦ)

Angela Burger Dibosons @ ATLAS 06.04.17 18 / 26
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Charged aTGCs - WW and WZ : Results

WZ @ 8& 13 TeV: mWZ
T

E
v
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n
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1

Z g∆

ℓ′ℓℓ
ℓ′, ℓ )µ(        = e or 

ATLAS Preliminary
­1 = 13 TeV, 13.3 fbs
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WW @ 8 TeV (0 jets): plead
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Data

Background

SM

 = 0.6Z

1
g∆

 = 0.2Zκ∆
 = 0.2Zλ

 = 0.2
γκ∆

 = 0.2
γλ

ATLAS
-1 = 8 TeV, 20.3 fbs

Dataset Coupling Expected Observed

[TeV−2] [TeV−2]

8 and cW /Λ2 [-3.4;6.9] [-3.6;7.3]

13 TeV cB/Λ2 [-221;166] [-253;136]

cWWW /Λ2 [-3.2;3.0] [-3.3;3.2]

Dataset Coupling Expected Observed

[TeV−2] [TeV−2]

cW /Λ2 [-12.58;14.32] [-5.87;10.54]

8 TeV cB/Λ2 [-35.8;38.4] [-20.9;26.3]

cWWW /Λ2 [-7.62;7.38] [-4.61;4.60]

WW more sensitive to cB as also sensitive to vertex involving γ

WZ measurement gives stricter limits on cW and cWWW but less sensitive to cB

JHEP 09 (2016) 029, Phys.Rev.D93,092004(2016), ATLAS-CONF-2016-043
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Neutral aTGCs - ZZ

ZZ → 4` @8 TeV: pZlead

T
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ZZ → 2`2ν @8 TeV: pZ
T
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fγ4 [−4.6, 4.8] [−3.8, 3.8]
fZ4 [−4.0, 4.1] [−3.3, 3.2]
fγ5 [−4.8, 4.8] [−3.8, 3.8]
fZ5 [−4.1, 4.1] [−3.3, 3.3]

No indications for neutral aTGCs

Limits were derived using last two bins of
pZlead

T -distributions (Z → 4`) and
pZ

T -distribution (Z → 2ν2`)

JHEP01(2017)099
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Summary & Conclusion

In past year, precise measurements on dibosons were published which pushed
theorists to improve their calculations

Several recent diboson results from ATLAS for WW , ZZ and WZ

All measurements show good agreement with NNLO theory predictions

No hints for aTGCs found yet

aTGC limits derived, more stringent than previous limits from ATLAS due to
higher center-of-mass energy and luminosity

Larger 13 TeV dataset will even further improve experimental precision
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Back-up
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Cross section measurement methodology

σVV ′

fid : Measurement in fiducial phase space defined by detector acceptance

σVV ′

fid =
Nobs−Nbkg

CVV ′×L

Nobs = Observed data event number after
applying selection cuts

Nbkg = Total number of estimated
background events

L = Luminosity

CVV ′ = Factor correcting for detector effects
(estimated using MC)

To compare with other experiments, extrapolate to total phase space:

AVV ′ = Acceptance factor to extrapolate
from fiducial PS to total PS (estimated
using MC)

Br = Branching fraction of measured final
state for σVV ′

fid

σVV ′

tot =
σVV ′

fid

AVV ′×Br
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W+W− cross section measurement

Title
√

s, lumi Measured Link
quantities

Measurement of total and 8 TeV, σfid (0jets), JHEP 09 (2016) 029
differential W +W− production cross 20.3 fb−1 σtot , aTGC limits, (Published 03/2016)

sections in proton-proton collisions (2012 data) Differential σ
at

√
s=8 TeV with the ATLAS detector

and limits on anomalous triple-gauge-
-boson couplings

Measurement of W +W− production 8 TeV, σfid (+1jets), Phys. Lett.B763(2016)114
in association with one jet in 20.3 fb−1 σtot , (Published 08/2016)

proton-proton collisions at
√

s = 8 TeV (2012 data) σ
≤1jet
fid

with the ATLAS detector
σ

1jet
fid

σ
0jet
fid

Measurement of W +W− production 13 TeV, σfid (0jets), arXiv:1702.04519

cross section in pp collisions at a 3.16 fb−1 σ13 TeV
fid
σ8 TeV

fid

(Published 02/2017)

centre-of-mass energy of
√

s=13 TeV (2015 data)
with the ATLAS experiment
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Inclusive WZ measurement at 8 and 13 TeV

Title
√

s, lumi Measured Link
quantities

Measurements of W±Z production 8 TeV, σfid , σtot , Phys.Rev.D93,092004(2016)

cross sectionsin pp collisions at 20.3fb−1 W +Z
W−Z

, (Published 03/2016)√
s =8 TeV with the ATLAS (2012 data) Differential σ,

detector and limits on anomalous limits on aTGCs,
gauge boson self-couplings (VBS & aQGC)

Measurement of the WZ boson 13 TeV, σfid , σtot , Phys.Lett.B.752(2016) 1

pair-production cross section in 3.2fb−1 W +Z
W−Z

,
WZ13 TeV
WZ8 TeV

, (Published 06/2016)

pp collisions at
√

s =13 TeV (2015 data) Differential σ
with the ATLAS Detector

Measurement of W±Z boson 13 TeV, Differential σ ATLAS-CONF-2016-043
pair-production in pp collisions at 13.3fb−1 aTGC limits (Published 07/2016)√
s=13 TeV with the ATLAS Detector (2015+part

and confidence intervals for anomalous of 2016 data)
triple gauge boson couplings
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Measurement of the ZZ production cross section at 8 and
13 TeV

Title
√

s, lumi Measured Link
quantities

Measurement of the ZZ production 8 TeV, σfid , σtot doi:10.1007/JHEP01(2017)099
cross section in proton-proton 20.3 fb−1 (ZZ → llll , (Published 10/2016)

collisions at
√

s=8 TeV using the (2012 data) & ZZ → llνν)
ZZ → llll and ZZ → llνν decay aTGC limits,

channels with the ATLAS detector Differential σ
Measurement of the ZZ production 13 TeV, σtot , σfid Phys.Rev.Lett.116,101801(2016)

cross section in pp collisions 3.2 fb−1 (ZZ → llll (Published 12/2015)
at

√
s = 13 TeV with the (2015 data) channel)
ATLAS detector
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