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Introduction

»> SM is a relativistic renormalizable quantum theory of 12 fermions with
3 forces mediated by spin-1 gauge bosons

> SU(2) x U(1) gauge symmetry is spontaneously broken by the
Brout-Englert-Higgs mechanism <> massive W¥ and Z bosons

» All SM parameters are measured
experimentally (except for some of
neutrino parameters):

- aQcp b i
— fermion masses and mixing ¥ By Yo P e
— my, mz, Gg, fine structure constant
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» SM predictions ~agree with data

» SM is self-consistent but not complete

Image by Flip Tanedo
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Electroweak properties are determined by SU(2) x U(1) gauge symmetry
» Test EW predictions at the LHC with di-boson processes

Charged gauge boson self-couplings are present at tree level in SM:
» Triple couplings: WWZ, WW~
» Quartic couplings: WWZzZZ, WWWW, WWZ~, WW~~y

Neutral gauge boson self-couplings are absent at tree level in SM:
> ZZ7v, ZZZ, ZZ~vy, ZZZZ ...
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Outline

Introduction to LHC and ATLAS

Vector Boson Scattering

» Sensitive to gauge boson quartic coupling

> Results at 13 TeV: electroweak production of WZ and same sign WW

Di-boson production measurements

» Probe gauge structure of SM with high precision
> Sensitive to gauge boson triple coupling

» Results at 13 TeV: WZ cross sections

Z boson differential cross sections
> Effective leptonic weak mixing angle sinf.; with 8 TeV data
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Large Hadron Collider

P 4 input accelerators inject 450 GeV proton beams
P 9593 magnets — 1232 superconducting dipoles
P 8 RF cavities accelerate protons up to 6.5 TeV
P $3.6 billion USD construction costs
P $1.1 billion USD operational costs for 2009-2012
» 3 quadrupole magnets focus beams at collision points
P> Transverse proton beam size in:
— the bending dipoles: ~ 0.2 mm
— the focusing magnets: ~ 1.6 mm
— ATLAS and CMS: ~ 0.016 mm

Interaction
Point

LHC Warming up of sectors_2019
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Instantaneous luminosity is a measure of how many particles
are squeezed through a given space in a given time

inferaction region

— D /Ry —

N, s e

area A

Linst = 7N1'N2A"b"c’ev, area A=4m-[-¢

» Ni - number of protons per bunch per beam 1 and 2: ~ 1.2 x 1011

> np, - number of bunches: up to 2808
» frey - number of bunch turns per second: 11245

— Proton bunches are separated by 25 ns — 40 MHz
— Beam crossings per second: np - fo, = 2808 x 11245 = 31575960

— Empty bunches for kicker magnet to dump beams
» 3 - amplitude function determined by interaction region focusing magnets
» ¢ - emmitance determined by quality of injected proton beams

> Peak LHC luminosity in 2018: L, = 2.2 x 10%*cm~25~! (twice the design)
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» Integrated luminosity £ = f[l,-,,st dt is measured in inverse femtobarns:

®
o
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» Peak LHC luminosity of £ﬁ1’;’f =2.2 x 10%*cm—2s71 results in:

-

~ 32 x 108 beam crossings per second

~ 60 hadronic pp interactions per beam crossing

~ 2 x 109 hadronic pp interactions per second

~ 2000 events per second recorded by the ATLAS trigger system
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» Cross section is probability for two particles to interact:
o(i=X—=1f)=0;xBf

— Narrow width approximation: resonance total width 'y < mass Mx
— o; depends on interaction type: electromagnetic, strong or weak
» Number of predicted events for a given process:
Npredicted(e) =L-0;-Bf-A- €exp

— L is integrated LHC luminosity
— o and By are predicted by the SM
— A is detector geometrical acceptance

— €exp is detector reconstruction efficiency

— @ encodes systematic uncertainty for the above parameters

» Maximise likelihood function to measured signal strength p:

= =

L(/.L, 5) = H POiSSO”(Ndata|M . Nsignal ( ) + Nbackground( ))

predicted estimated
bins

— SM corresponds to u =1
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pp collision simulated by Sherpa event generator
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Monte Carlo event generators to
model a broad range of physics
processes — produce lists of
hadrons, leptons and photons

LHC collides protons made of
partons - quarks and gluons

Typical “hard” process involves
scattering of 2 partons

Huge theory effort to model
“hard” pp scattering:

Parton distribution functions
Perturbation theory
Hadronisation of quarks/gluons

Underlying event

Next to Leading Order (NLO) in
QCD for most LHC processes
with MCFM, Sherpa, POWHEG,
MG5_aMC@NLO, etc

Rustem Ospanov 9



Parton distribution functions (PDFs)

MSTW 2008 NLO PDFs
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Q2 =10 GeV2.
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Parton distribution functions (PDFs):

'S

>

>

Probability for a given parton to carry
momentum fraction x of the proton

Measured from fits to collider and
fixed target data

pp cross section for final state f:

o(pp — f) =
a(ab — f) ® fi(x1, Q%) @ fir(x2, Q2)

a,b=q,g

>

>

LHC collides partons with momentum
distributed between 0 and 6.5 TeV

Longitudinal parton momenta in any
given collision are unknown —

only transverse momentum is
conserved: > pr =0

Scattering of gluons with low x
dominates LHC collisions

Many global PDF fits: CT,
MMHT,NNPDF, etc
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N(experimental observables) >> N(SM parameters)
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ATLAS (A Toroidal LHC ApparatuS) detector

Built and operated by more than 3000 scientists from 181 institutes in 38 countries

EXPERIMENT
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Jet reconstruction

P “Jet algorithm is set of rules... to combine particles into jets - Gavin Salam

P Anti-k; algorithm to reconstruct jets from calorimeter clusters - typically with AR = 0.4
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Detector geometry

» GEANT4 to simulate particle interactions with the detector material

P Rapidity is invariant under boosts along the beam axis: y = %Ioggt—’:;

P Pseudorapidity is defined using azimuthal angle: = In tan(6/2)) - equal to y for m =0
— Tracking coverage extends to |n| = 2.5 or 6 & 10°

— Jet and electron measurements extend to |n| = 4.5 or 6 ~ 1°

— Angular difference is measured as AR = \/An?2 + A¢?
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Entries / 0.60 GeV

Data/MC

Event reconstruction

P Use calorimeter clusters and hits in the tracking detectors to reconstruct particle candidates

for muons, electrons, taus and photons

— Simulated events and data events are reconstructed using same algorithms

P> Missing transverse energy: ES’J"SS =—SEr— ¥ pr— X Er—- X ET

Jets

leptons

photons clusters

» Data driven calibrations rely on well understood processes: Z, J/1, tt, etc

— Muon and electron reconstruction efficiency is calibrated at < 1% level

— Jet energy scale uncertainty is typically around 5%

Z — pp invariant mass

ATLA‘S

=13Tev, 2.7 b

=++MC (uncor)
Syst. uncert.

08|

00
my, [Ge'
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Efficiency

Data / MC

Muon reconstruction efficiency
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Electroweak production of same sign WW with 13 TeV data
from 2015 and 2016
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Electroweak production of W*Z and same sign W= W= bosons
> Vector Boson Scattering: two quarks interact by emitting virtual W/Z bosons
» Sensitive to self-interactions of gauge bosons

> Unitarity at high energies requires presence of the SM Higgs boson

a2
Vector Boson Scattering experimental signature:

> 2 jets with rapidity gap and large di-jet invariant mass
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VVjj Vector Boson Scattering
» Example diagrams for w* Wijj from 1708.00268
P Gauge invariance requires presence of strong production processes
P VVjj processes are canonically divided into two classes at Born level (Leading Order):
P Electroweak production (EW) with weak interactions of order aﬁEW

> Strong production (QCD) with weak and strong interactions of order a2ak,

> Electroweak and strong interference of order asayy,

EW triple coupling EW quartic coupling EW Higgs boson
u d
T+
\\[‘f’ \V Ve
] et
H vy
w+ it
wt !

EW WWW production
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U ——— W
W+ ot
MWW T d

wW— i
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https://arxiv.org/abs/1708.00268

o

do/djay

Phenomenology highlights for W* W jj VBS

> wt Wijj electroweak production at LO includes couplings of order OLGEW
— 2 jets with rapidity gap and large invariant mass
| S V\/ijj strong production at LO includes couplings of order a/gy, u;
— Main background process
> wt Wijj has the largest electroweak to strong production cross section ratio
P Interference between VBS and QCD processes includes couplings of order ai—was

— Few percent contribution in the VBS signal region

Di-jet rapidity difference 1803.07943 Di-jet invariant mass 1803.07943
Inclusive study at LO: do / djA yu | (fb) Inclusive study at LO: do / dm]J (fb/GeV)

e

— a®+ a,a° +aZat

0.8

0.6

0.4

T[T

0.2

|

0001yl b L b L Ly

100 200 300 400 500 600 700 800

m; (GeV)

Studying electroweak sector with the ATLAS detector Rustem Ospanov 19


https://arxiv.org/abs/1803.07943
https://arxiv.org/abs/1803.07943

W+ W= jj experimental selection

> Isolated well reconstructed same-sign dilepton pairs: eTe®, pfpu®, etp®

— Target WW — [vlv decays where [ is electron or muon
— Same sign requirement suppresses high rate SM background processes

— Well reconstructed <+ thousands of hours of work
» Require E7'Z’i55 > 30 GeV to tag neutrinos
> Veto third e/u to suppress WZ — 1T It 1~ process with one lost lepton
— Looser criteria for veto lepton for higher efficiency
> Veto b-jets to suppress tt — WTbW b
— Leptons produced in semi-leptonic B hadron decays: b-quark — jet — lepton
> Apply VBS jet selections re-optimised for 13 TeV:
— Two leading jets with pr > 65,35 GeV
— Dijet invariant mass mj; > 500 GeV
— Rapidity gap |Ay;;| > 2
» Separate ++ and —— channels
- o(WrW'jj)/a(W™ W™ jj) ~ 2.5

Studying electroweak sector with the ATLAS detector Rustem Ospanov
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W= W= jj background processes

» WZ background is normalised from trilepton control region with 8% uncertainty
» Fake lepton background measured from control regions with 50-90% uncertainty
— Jets mis-reconstructed as electrons
— Electron and muons from semi-leptonic B hadron decays
— Dominant experimental uncertainty
» Electron charge misidentification and v — e backgrounds are measured from data
— Electron interactions with material distort trajectory in magnetic field
» Other (irreducible) backgrounds are from Monte-Carlo simulation
Event yields before the fit
etet e e et e u whpt wop combined
wz 17 £ 06 1.2 + 04 13 + 4 81 + 25 50+ 1.6 33+ 11 32 £9
Non-prompt 4.1 + 24 23 £ 18 9 + 6 6 + 4 0.57+ 0.16 0.67+ 026 23 +12
e/~ conversions 1.744+ 0.31 1.8 £ 04 6.1 £ 24 3.7 £ 1.0 - - 134 + 3.5
Other prompt 0.174+ 0.06 0.144 0.05 090+ 0.24 060+ 025 036+ 0.12 0.19+ 0.07 24 £ 0.5
WEWEjj strong 0.38+ 0.13  0.164 0.06 3.0 £ 1.0 12 £ 04 1.8 + 06 076+ 026 7.3 + 25
Expected background 8.1 + 2.4 56 + 1.9 32 = 7 20 £ 5 7T £ 1.7 49 £ 1.1 78 +15
W'iW'ijj electroweak  3.80+ 0.30 149+ 0.13 16.5 + 1.2 6.5 £ 0.5 9.1 + 0.7 350+ 0.29 409 £ 29
Data 10 4 44 28 25 11 122
Rustem Ospanov 21
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W*W=jj electroweak production

Signal modelling:

> Model WE Wijj electroweak and strong
production with SHERPA 2.2.2 with up to
one additional parton at LO in QCD

P NLO electroweak corrections (—16%) and
interference effects (+6%) are assigned as
shape systematic uncertainty of mj;
distribution

P Alternative electroweak signal sample with
POWHEG +PYTHIA8 at NLO in QCD

Likelihood fit:

> 6 channels: efe®, e*p®

et pE, pE gt
> Signal region: 4 my; bins for m; > 500GeV

> Control region: 200 < mj; < 500GeV
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Events

Dijet invariant mass for m; > 500 GeV

T e s e e L ISR A
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44444 Total uncertainty
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o [fb]

W* Wjj electroweak production cross section

P Observed (expected with SHERPA) significance is 6.90 (4.60)

>

IN

N

- w* Wijj strong production with exactly four EW vertices subtracted as background

— Includes W* Wi_jj electroweak production plus ~ 4% interference with strong production

Predicted fiducial cross sections:

POwHEG:
ohd = 3.087% % (syst.+stat.) fb

SHERPA:
ofd o =2.01%%3 (sys.+stat.) fb

Measured fiducial cross section: ofid, = 2.95 +0.49 (stat.) + 0.23 (sys.) fb
T !
— ATLAS Preliminary Experimental uncertainties
r (s=13TeV,36.1fb™ ——— Theoretical uncertainties
=

Z

Interference with strong production and NLO EW
- corrections are not included in theoretical predictions
1 1

Sherpav2.2.2 Powheg+Pythia8 Data
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SHERPA electroweak samples suffer from a
non-optimal setting of colour flow for the
parton shower — excess of central
emissions

Rustem Ospanov 23



W*W=jj production at NLO

» Complete QCD and electroweak NLO corrections computed for W® Wijj 1708.00268
— Complete NLO correction: -17.1%
— Electroweak only NLO correction of order o, : —13.2%
— Scale variation uncertainty is ~ 2% - reduced by a factor of 5

— Substantial LO/NLO variations for kinematic shapes

> LHC starts to become sensitive to W= Wijj NLO effects with full Run 2 datasets
P Generators do not yet include EWK NLO calculations for w* Wijj

P NLO calculations are not yet available for other di-boson VBS processes

Distinctions between EW and QCD production blur at NLO

LO 0(a®) O(asa®) O(afa‘*)
EW EW EW
QCD QCD QCD
NLO O(a7) O(asab) O(aZa®) O(a2at)
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Electroweak production of WZ with 13 TeV data from 2015 and 2016
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W= Zjj electroweak production

qI/I qIII
" "
q
Wi g W:l:
z z
q q
q q
qlll q//l
" "
q
wt q w

Q
>}m‘:
N

Q
LN

» Probe WWZ and WWZZ couplings

> Smaller electroweak production/strong production ratio compared to W= W= jj
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W=*Z production

Require m¥ > 30 GeV

> 1600
[0

-

T T
® Data
1 W*Z (corr. to NNLO)
Misid. leptons
b4
t+V
I Others
&= Tot. unc.

et
(¢,¢=eorp)

N FW N RREE REEE R S e

f

!

4
i+

it

=

}__

I
3

EATLAS
O 4400F s=13Tev.36.1 10"
. . _ = C
Select inclusive W*Z — [fu171~ events = 1200F-
» 3 isolated well reconstructed electron or muon *UE) s
51000
P Veto fourth lepton to suppress ZZ — 4/ o 800:
> Select Z — et e /u® ¥ decays 6005
- |m”—mz| < 10 GeV E
400F
> Select W — eiu@/,uil/H decays 200F
— Transverse mass my¥ > 30 GeV o F }
= 1.5
P Reconstruct jets with pr > 25 GeV and |n| < 4.5 = C
8 1t
0

1
50
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Events / 0.33

Data/MC

W= Zjj selections

» Next, require two or more jets with pr > 40 GeV and mj; > 500 GeV

> Boosted Decision Tree algorithm to further select EWK W Zjj signal

— Classification tree that learns by splitting variables into subsets

» 15 input variables describing event kinematic properties:

— Variables computed using 2 tagging jets, W and Z bosons, jets and leptons

— Optimised to increase sensitivity with N — 1 iterations

— 3 most sensitive variables are shown below

WZ rapidity difference

WZ centrality

WZ transverse event balance

35

ATLAS

T 3 < [ T T | w 3
4F ATLAS o oo 3 3 PF atLas oo ] S 80 o bue 3
5= 18TeV,36.1 o' Swzen E 2 of R : s = 18TV, 6.1 1" Swzen E
354 5 E 27 2 2 70 z E
= Misid. loptons E S ..F c . isid. leptons E
30 i 3 Q 25p 3 60f v El
£ - and VWY E o F o E -0 v E
25k 5 ot o 3 b 5 % ot e 3
20F WZji SR 3 s E 40 Wzj SR E
15 E £ 30 3
£ E 10 E
10F = E 20 L E|
sk E 5E e gy 3
n . f o F o F 7
21 # E = 15F = of —4
£ 1 s F s F 1
Bt RS | i < R S ]
H4 ? t E g4 Ay + i 4
prebr %@ ook + F ! 1
E 5E E ]
ok | 1 1 | £ . | ok | .l . k|
T 2 3 7 5 =4 = 0 2 2 0i 0z o8 04 0

Y27, C\sp. Ro.
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W= Zjj backgrounds

> QCD W= Zjj background is normalised from mj; < 500 GeV control region
— Scaled by a factor of 0.56 4 0.16

» ttW and ttZ measured from dedicated control region

» 7ZZ measured from dedicated 4| control region

v

Mis-reconstructed lepton background measured from data with 40% uncertainty

Event yields per region before the fit with systematic and statistical uncertainty

SR WZjj—QCD CR b-CR ZZ-CR
Data 161 213 141 52
Total predicted 200 +£41 290 + 61 160 +14 452 + 7.5
WZjj—EW (signal) 249 £ 14 8.45 £ 0.37 1.36 + 0.10 0.21+ 0.12
WZjj—QCD 144  +41 231 £+ 60 244 + 1.7 1.43+ 0.22
Misid. leptons 9.8 + 3.9 177 £ 7.1 30 +12 0.47+ 0.21
ZZjj—QCD 8.1 + 22 15.0 £ 3.9 1.96 + 0.49 35 +11
tZj 6.5 + 1.2 6.6 = 1.1 36.2 + 5.7 0.18+ 0.04
tt+V 4.21 £ 0.76 9.11 £ 1.40 65.4 +10.3 2.8 £ 0.61
77Zj5—EW 1.80 + 0.45 0.53 £ 0.14 0.12 £ 0.09 4.1 + 14
VvV 0.59 + 0.15 093+ 0.23 0.13 £ 0.03  1.05+ 0.30
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EWK W*Zjj observation

QCD control region

"] T T T
o [ ATLAS ® Data ]
~ 120~ s-13Tev,36.1 10" CIwzew 4
2] L W'Z-QCD 7
€ C WZjj-QCD CR 2z ]
© 100~ W Misid. leptons -
> r [ B
w r I 1Zj and VVV 1
80F #4#44 Tot. un. 1
60 3
40f 3
1) } .
= ]
e =
b ]
o 7

L
0.5

1

BDT Score

Observed (expected) significance is 5.60 (3.30)

Modelling uncertainty from difference between:

— EWK W Zjj: SuERPA2.2.2 and Madgraph LO

Events /0.2

Data/ MC

Signal region

ATLAS '
Vs=13TeV, 36.1 fb"

T
® Data
CIwWZEW
W‘Z-QCD

7z
I Misid. leptons
[

. 1Zj and VWV
#4 Tot. unc.

- QCD Wiij: POWHEG + HERWIG and POWHEG + PYTHIAS
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0.‘5 1
BDT Score
Simultaneous fit for signal BDT template and normalisation of background processes
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EWK W*Zjj observation

QCD control region

o T T T
o [ ATLAS ® Daa ]
~ 120~ -13Tev, 361 1" CIwzEew 3
2] L W'Z-QCD 1
< o WZjj-QCD CR 7z 1
© 100~ I Misid. leptons -
> o eV ]
w N 17 and VWV 1
80F #4444 Tot. unc. 1
60 3
40 3
o t .
= E
s E
] .
a ]

L
0.5

BDT Score

> ofid EW — 0.577%1° fb (includes 10% interference contribution)

meas. —

Events /0.2

Data / MC

Signal region

45 T T T
ATLAS ® Data
40F Vs=13TeV,36.11b" CIwzew
WZj SR 7o
35 g I Misid. leptons
tt+V
30 . 1Z] and VWV

#44 Tot. unc.

o, BN . = 0.321 % (stat.) + 0.005 (PDF)*% %% (scale) fb

SHERPA2.2.

ofid EWth _ 0 366 fb

MADGRAP

—0.023

05 1
BDT Score

— Theory predictions do not include electroweak and QCD interference process

— Similar data excess with respect to SHERPA as wE Wijj
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WZ cross section with 13 TeV data from 2015 and 2016
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W=*Z cross section and gauge boson polarisation

QCD production process

Precise measurements of differential and total cross sections
Probe gauge structure of Standard Model

Sensitive to anomalous triple gauge boson couplings

vVVvyVYyVvyy

Polarisation of W and Z bosons

Studying electroweak sector with the ATLAS detector Rustem Ospanov
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W*Z experimental summary

Select inclusive WEZ — [fu/71~ events:

P 2.4% uncertainty in integrated luminosity
P Fake lepton background measured from data with 30-40% uncertainty

> e/ efficiency mismodelling

— 1.9% uncertainty on cross section measurement - largest detector source

P ZZ background normalised from data with 12% uncertainty

P Uncertainties for ttV, tZ and VVV backgrounds vary 15% to 30%

Event yields per channel with only statistical uncertainty

Channel eee uee epup UL All
Data 1279 1281 1671 1929 6160
Total Expected ~ 1221+7  1281+6 1653 +8 18307 5986+ 14
wZ 922+5 10776 12566  1523+7 4778+12
Misid. leptons 138+£5 342 1935 71+£2 436+ 8
zZZ 86+ 1 89x1 117 +1 135+ 1 426+ 3
t+V 50.0+0.7 54+0.7 56.1+0.7 63.8+0.8 225+ 1
tZ 23.1+04 248+04 288+04 335x05 110+ 1
vvv 25+0.1 28=+0.1 32+0.1 3.6+0.1 12.0+0.2
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> [pb]

fo.
wz

0,

Ratio to NLO

W=Z cross section

fid.
wEz—e vee

> MATRIX: ofd |
WEZ—e vee

» Measured: o

fid.

fid.
(o2
wtz—e uu/

» Measured charge ratio: o

Precise tests of NNLO QCD calculations
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= 61.5"% fb (NNLO in QCD)

=63.7 £ 1.0(stat.) & 2.3(sys.) £ 0.3 (modelling) 4 1.5 (lumi.) fb.

= 1.47 £ 0.05 (stat.) £ 0.02 (sys.).

eup

Hip
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wrz/w-z
L L L L L L O B
164+013 ———+
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147 £0.10 (s=13TeV, 36.1 fb™
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1.43£0.10 = MATRIX, NNPDF3.0
or CT14
----- MATRIX, MMHT2014
1.41+0.08 i
PDF uncertainty
147 £0.05

vl Lo B
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W= Z single differential cross sections

P Unfolded single differential cross sections for p7Z— and Njets, and other variables

P Response matrix obtained with POWHEG+PYTHIA8

V4
PT Nj ets
= F ) g 1°F
8 ATLAS 1 = E ATLAS
> Vs =13TeV, 36.1 o “e k1 \s=13TeV,36.1fb"
= < z r
N | ® Data 10 < g0 e
< ] g E
= ] s F
2 [ - Powheg+Pythia x1.18] < r
g o s ® Data
~~~~~ b E  — Sherpa222
1071 4 F Powheg+Pythia x1.18
F 4 b -e- Sherpa2.1
[ wez ] 10 WZ - £vEer
7 — E
C C 1 1 1 1
x ©
E 4 s
E o
< b f
s FE:
o 1 2 [
) % 05
= [
o 08 & F
L L 0 C 1 1
0 100 200 2220 0 1
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W and Z polarisation measurement

P Measure W /Z polarisation using lepton angular distributions

» fy, fi, and fr define the longitudinal, transverse-left handed and transverse-right handed
helicity fractions at Born level (my constraint to solve for missing pJ at detector level)

1 d(TWxZ

3 , 3 , 3,
AIWEZ 2 (17 cosOaw)? + 2 fr(l £ cos Opw)? + = fosin 6
Twey d0os 8fL( Fcosbrw) 8fR( cos fe,w) 4foSlH oW

& decay angle in W rest frame
with respect to WZ centre-of-mass frame

production

. = L S s S S B S B B R
axis of the Iv "™ £, 5E ATLAS Simulation E
© "“E W boson - Total phase space x 0.5 E
E W'Zevents Fiducial phase space -
iducial longitudinal polarisation
3.5F + Fiducial transverse L polarisation
E « Fiducial transverse R polarisation
_ 3F
q q £
2.5F
2F
l z E
1.5
el,z, 4 - 1E
p l £
s 0.5
’ E
1

=]
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Events /0.1

Data / MC

W and Z polarisation measurement

P Template fit of g, - cos 0, and of cos @, 7 distributions
P Observed (expected) significance of 4.2¢0 (3.80) for longitudinally polarised W bosons

P Sensitive to new broad resonances not seen by direct searches

-
N
T

- . -
[ ATLAS ® Daa ] T
= ;:;Tev'am " S e e 06F ATLAS ]
r et . 7z ] r £l J
F (¢, r=eorp) -'&Xers ] 05F Vs=13TeV, 36.1fb e Data 3

00:— = Tot. unc 3 F A Powheg+Pythia 1
2 + ot .+ ] 04k B MATRIX B
e E T % — 68% CL of fand f-fp 1
K H F % - 95% CL of fand f -fz {
c - 0.3 -
E 3 F = ]
E E 0.2 ' .
I ——— r ]

3 oi- ]
14+ ,++#_'L +-¢- + + ++; F | | w* po‘larisatio‘n in Wi‘Z ]

0.8 E 02 -01 0 0l 02 03 04

08 05 0 05 1 f-fq

q,.cos By
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Effective leptonic weak mixing angle sinf.; with 8 TeV data
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Effective leptonic weak mixing angle

> Measure sinzegﬁ via fermion spin correlations in q§ — Z/~v* — 71~ process

- sinzegf, = kf X sin*Oy, where k¢ includes EW corrections

P Experiments measure Forward-Backward asymmetry: Arpg =

op—opg
A4 T ofp—op

forward and backward hemispheres defined in Collins-Soper frame of the dilepton system

: . do
At LO for given my value: Tost™)

y o 1+ cos?0* + Ascosd*

» Different u/d quark PDF contributions and couplings to EW bosons generate Arg

Strong dependence of Arg on my is due
to axial and vector interference

-

s A B
ATLAS Simulation Preliminary
Vs=8Tev o ®

0.

=)

=3
>

® Z/y* (NLO QCD)
z

RN

Sl P

100 110 120 130 140

085
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m' [GeV]
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Effective leptonic mixing angle: results

» Perform measurements using two dimensional bins of dilepton rapidity and invariant mass

— Fit constrains systematic uncertainty due to Parton Density Functions

— ATLAS includes forward electrons with 2.5 < |n| < 4.9 that enhance sensitivity

P> PDF is dominant systematic uncertainty - comparable to statistical uncertainty

> Using ~20 fb~! recorded at 8 TeV - factor of ~7 more data recorded at 13 TeV

CMS 18.8 fb' (8 TeV)
R PSRRI BN AA RERIRY RERBAYAREAA
< [
02—
[ /JI /ﬁ
F Sl Jj jrr
L F
—~ Data
O —Fit
T FETET T ST S
T oo + E
: . ottt | e AL T
< == | et e M
T oosf + 4
a
7090 Ti0| 70" 90 10| 70" 90 110[ 70 50 110[ 70 80 110[ 70 80 110
m,, (GeV)

LEP-1 and SLD: Z-pole
LEP-1and SLD: A%y
SLD: A,

Tevatron

LHCb: 7+8 TeV

CMS: 8 TeV

ATLAS: 7 TeV

ATLAS: eec Hib
ATLAS: ee..

ATLAS: 8 TeV

A

TLAS Preliminary
' ' L 2

—e—

—re—

——

0.231

20
Sin“By

0.23

ATLAS: 6/ = 0.23140 4 0.00021 (stat.) & 0.00024 (PDF) + 0.00016 (syst.)

CMS:
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0.232

6l = 0.23101 + 0.00036 (stat.) + 0.00031 (PDF) =+ 0.00018 (syst.) & 0.00016 (theo.)

0.23152 + 0.00016

| 0.23221+ 0.00020

0.23098 + 0.00026

"] 023148 + 0.00033

0.23142 + 0.00106

"] 023101 0.00053

0.23080 + 0.00120

0.23119 + 0.00049

0.23166 + 0.00043

"] 0.23140 + 0.00036
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Summary and conclusions

> Presented recent ATLAS results probing EW sector of the SM
— Measurements of electroweak production of same-sign WW

— Measurements of electroweak production of WZ bosons

— W*Z cross section and gauge boson polarisation measurements

— Measurements of effective leptonic mixing angle
» So far, measurements agree with SM predictions up to NNLO
» These and other measurements will be improved with full Run 2 dataset

» Thank you and stay tuned for more results!
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Ac'™ /A pf [fo/GeV]

Ratio to MATRIX

W= Zjj variables

P Unfolded single differential cross sections

P> Response matrix obtained with POWHEG+PYTHIAS model

F g
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L s=13TeV,36.1 fo” N
. 3
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® Data 4 10
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Powheg+Pythia x1.18 1
) E
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Ratio to MATRIX
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Ac'™ /A py [fo/GeV]

Ratio to MATRIX

W= Z single differential cross sections

P Unfolded single differential cross sections

P> Response matrix obtained with POWHEG+PYTHIAS model

F =) >
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W= Z single differential cross sections

P Unfolded single differential cross sections

P> Response matrix obtained with POWHEG+PYTHIAS model

ATLAS Preliminary

ES Vs =13TeV, 36.1 fo"
kN
N
> ®Data
< — MATRIX
s Sherpa 222
g 10 -=x Powheg+Pythia x1.18

WZ— v

Ratio to MATRIX
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W=Z cross section

» Measured: o ,
wtze'vee

. fid. _ 1.4
> MATRIX: ofil =6157% b

ofid.

> _wizodvee — 147 4+ 0.05 (stat.) + 0.02 (sys.).

SHd. ;
w—z—¢ vee

Measured/Theory

eee 1.07 £ 0.08
ATLAS Preliminary

Vs=13TeV, 36.1 10"
wz

Hee | 099005

® Data
== MATRIX, NNPDF
MATRIX, MMHT
—— Sherpa 2.2.2,
NNPI

EHH | 101007

HHR | 1.06 £ 0.06

,,,,,,, il NNPDF
combined 1.03+0.05
P SR b b Lo 1o
0.8 13
fid. theory
O-W’Z/ O-W‘Z
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eup

M

combined

fid. =63.7 + 1.0(stat.) £ 2.3(sys.) & 0.3(mod.) = 1.5 (lumi.) fb.
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164013 —t
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W and Z polarisation measurement

production
axis of Il .
» Measure polarisation of W and Z gauge bosons
using lepton angular distributions
» fy, f. and fg define the longitudinal, transverse-left q q
handed and transverse-right handed helicity fractions
at Born level . 7
elz 4 -
‘\’lﬂ\\kl
’
s
» W polarisation:
do,, 4+ .
awliz dco%e,ﬁ/ = %fL(l F cos aevw)z + %fR(l + cos GevW)Z + %fo sin® Oe,w

» Z polarisation:
1 dowtg
Tty d0s0g.7

= %ﬁ_(l +2acosby 7 + cos? 00,7)+ ng(l + cos? 00,7 —2cccos ;. 7) + %fo sin? 00,7
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Events

Events

Observation of W* W= jj electroweak production

T T T
ATLAS Preliminary —— baia
=13TeV,36.1 1"
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Events / bin

=
o
o

Observation of W* W= jj electroweak production

P> Both experiments reported observation of w+ Wijj electroweak production

— Enhancement of data events at high mj; values - classical VBS signature

— Measurement uncertainty is dominated by statistical data uncertainty

— Mis-identified leptons are important experimental background

Observed significance 5.50

CMS 35.9 fb (13 TeV)
LA U

-e-Data
EW WW
mwz
[/ Nonprompt
Others
N Bkg. unc.

150

SN

50 SOV

0 L L L
500 1000 1500 2000
m; (GeV)
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Events

Observed significance 6.90
Presented yesterday by Liging Zhang

— T T T T
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Events / bin

Data / Pred.

Measurements of W= Zjj electroweak production

» CMS performs 2d fit using m;; and An)j; variables

- Wiij QCD background process normalised from data: p

Qcp
wt zj

~1

P> ATLAS performs multi-variate analysis - 15 kinematic variables to select WiZJj VBS signal
- WiZJj QCD background process normalised from data: MQCD =0.60 £ 0.25

Obs. (exp.) significance 1.90 (2.70)

35.9 fb (13 TeV)

CMS
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a0

An 0[25,4]

An, D[4, 5]
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i
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'
'
'
'
'
'
'
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'
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—— Data

© 2 EW-WZji
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[ VvV

[ QCD-wzjj
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Obs. (exp.) significance 5.60 (3.30)
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w30 .17 and VWV
444 Tt unc.
25
20
15
10
5 A
o Eee -
s 2
g
8 % T 0 W s D W, et A
W 7720 s ariggy v v V L 17
s s L
-1 -0.5 0 0.5 1
BDT Score
Rustem Ospanov 51



W=Z cross section and gauge boson polarisation

> Probe gauge structure of Standard Model

> Sensitive to anomalous triple gauge boson couplings
> Precise measurements of differential and total cross sections

» Polarisation of W and Z bosons
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W=*Z production

Trilepton fiducial region:

: w
P> Select Z — ej:e¥/,uj:/_t¥ decays Require my > 30 GeV
> poH 15 GeV and |n®* 2.5 - 3
P > eV and [n%"] < %1600: ATLAS IIDreIiminary ' ° nmaI ]
> |my — mz| < 10 GeV (051400:_ s=13TeV,36.1 b E W2 feom 1o NNLO)
~— o | __ P4 i
> Select W — etv./utv, decays 5 1200 + = Orers B
2 r &= Tot. unc. ]
> pSt > 15 GeV and [n®#| < 2.5 5 1000F o -
> o ]
> w M oo F et E
Transverse mass my > 30 GeV 800: (¢, f=eorw
> Anti-kt 0.4 jets with pr > 25 GeV and |n| < 4.5 600F 3
. . 400~ -
Signal modelling: F ]
200 =
» Model W*Z with PowHEG at NLO in QCD . ]
» Shower with PyTHIA8 8.210 and CTEQ6L1PDF g 1.5 ! ' ! -]
P> Shower with HERWIG to estimate uncertainty % 1: - . -0-++_L'+' - .L l ]
o B S S U
Theory predictions: o T3
0.5 1 1 1

> NNLO QCD W™ Z cross sections with MATRIX 0 50 100 150W 200

P Apply particle-to-parton level corrections my’ [GeV]
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W*Z experimental summary

Experimental selections:
P 3 isolated well reconstructed e and p, veto fourth lepton to suppress ZZ

>

Separate and combined measurements for 4 lepton flavour channels

Backgrounds and experimental uncertainty:

>

vV vyy

Fake lepton background measured from data with 30-40% uncertainty
» 1.9% uncertainty on cross section measurement

ZZ background normalised from data with 12% uncertainty

Uncertainties for ttV, tZ and VVV backgrounds vary 15% to 30%

e/ efficiency mismodelling - up to 1.5% uncertainty on cross section measurement
Integrated luminosity - 2.4% uncertainty on cross section measurement

Event yields per channel with only statistical uncertainty

Channel eee uee eup i All
Data 1279 1281 1671 1929 6160
Total Expected ~ 1221+7 12816  1653+8 18307 5986+ 14
wzZ 922+5 10776  1256+6  1523+7 4778+12
Misid. leptons 138+ 5 34+2 193 +5 T1+2 436 + 8
zZZ 86+ 1 891 117 +1 135+1 426 +3
ti+V 50.0+0.7 54+0.7 56.1+0.7 63.8+0.8 225+1
tZ 23.1+04 248+04 288+04 33.5x05 110+ 1
vvv 25+0.1 28+01 32+0.1 36+01 120+0.2
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» Measured: o

W=Z cross section
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wEz—e vee

> MATRIX: ofd = 61.571% b
WEZ—e vee .
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Precise tests of NNLO QCD calculations

w=z—¢ vee

T T T T T T
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WZ- il
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.

© 40> o m >
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[ I I I I I
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=63.7 £ 1.0(stat.) & 2.3(sys.) £ 0.3 (modelling) 4 1.5 (lumi.) fb.

= 1.47 £ 0.05 (stat.) £ 0.02 (sys.).
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[fo/GeV]

z
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Ac"™ /A p

Ratio to MATRIX

W= Z single differential cross sections

> Unfolded single differential cross sections for p%, M¥Z,

P Response matrix obtained with POWHEG+PYTHIAS
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production
axis of I )

W and Z polarisation measurement

Measure W /Z polarisation using lepton angular distributions

> fy, fi. and fr define the longitudinal, transverse-left handed
_ and transverse-right handed helicity fractions at Born level
q
/ > Template fit of q¢ - cos 0, w and of cos 0, 7 distributions
1 . ..
Z P my constraint to solve for missing pJ at detector level
6,,\>
.7} 7
’ 1
p
7’ At T T T
o ATLAS Preliminary ® Data
= : : : ] B Soof BT’ Sz e e
=, ATLAS Simulation Preliminary E S . m—
[ W b E > (7 =eory I Others
0SON  eeeees Total phase space x 0.5 3 w400 == Tot. unc.
W'Z events — Fiducial phase space 3
—— Fiducial longitudinal polarisation ~ J +
3.5 —— Fiducial transverse L polarisation —J
E —— Fiducial transverse R polarisation 3
3E =
25F
2 3
158 E
0'5;_ _; % 1: o4 1++J+L++|++|+n++
ot A B 3 o F
= -0.5 0 0.5 1 0.8
cos 6, o6t ) ) ) 3
| -0.5 0 0.5 1
q,- cos 6,y
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W and Z polarisation measurement

P Observed (expected) significance of 4.20 (3.80) for longitudinally polarised W bosons

P Sensitive to new broad resonances not seen by direct searches

L s L B B o 06—
 ATLAS Preliminary 1  ATLAS Preliminary ]
056 \s=13TeV, 36.1 fb”' ® Data B 050 \s =13 TeV, 36.1 fb' ® Data B
T 4 Powheg+Pythia ~r A Powheg+Pythia
F = MATRIX ] F = MATRIX ]
041 — 1o uncertainty — 04 — 1o uncertainty
r -+ 2 o uncertainty 4 r - 2 o uncertainty -
03F ] 03F J
b 4 1 E ]
0.1~ - 0.1~ =
5 W* polarisation in W*Z 1 5 Z polarisation in W*Z ]
0. Cov v b v v b v b v v by o 1 Lo b b b by by v by w107
0.2 0.1 0 0.1 0.2 0.3 -1 08 06 04 02 0 02 04
- fq - fq
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Charged gauge boson self-couplings are present at tree level in SM:
» Quartic couplings: WWZZ, WWWW, WWZ~, WW~~y

» Triple couplings: WWZ, WW~

q w=

W= Z cross section and gauge boson polarisation

» Sensitive to anomalous triple gauge boson couplings

» Select leptonic decays for clean experimental detection: Wtz - Furti-
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W=Z cross section

» W=Z total cross section measured by CMS:

1. .44 2. .
> Measured: o = 4840910_0906(stat)too_w(theo)tz':%(syst) + 1.39(lumi) pb

wtz

> MATRIX: o = 49.98t11‘_1 pb (NNLO in perturbative QCD)

wtz 0
P Also measure precise fiducial and differential cross sections

> Experimental uncertainty is reduced for W Z /W ™ Z ratio - comparable to NNLO accuracy

Differential pz cross section Measure W*Z /W™ Z ratio
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-002/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-034
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W= Z: limits on anomalous couplings

P CMS set limits on anomalous couplings using Effective Field Theory approach:
SLAC = cwww X Tr[Wo, WYPWH] + cw x (D, H)TWH (D, H) + ¢, x (D, H)TB** (D, H)

» Test my, distribution for deviations from SM predictions
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-002/index.html

W and Z polarisation measurement

production

axis of II P> Measure W /Z polarisation using lepton angular distributions

fo, fi, and fr define the longitudinal, transverse-left handed
and transverse-right handed helicity fractions at Born level

Q|
a
v

Observed (expected) significance of 4.20 (3.8¢0) for
longitudinally polarised W bosons

‘%\‘ P Sensitive to new broad resonances not seen by direct searches
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Electroweak production of same-sign WW and WZ bosons

» Measure self-interactions of heavy gauge bosons

» Unitarity at high energies requires presence of the SM Higgs boson
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W*W=jj electroweak production

Same-sign dilepton fiducial region:

P Same-sign dilepton events with m; > 20 GeV
P> e or p with pr > 27 GeV and |n| < 2.5

P Neutrinos with p¥” > 30 GeV

P Anti-kit 0.4 jets with || < 4.5

P Optimised VBS jet selections:
P> Two leading jets with pr > 65,35 GeV
> Dijet invariant mass mj; > 500 GeV
> Rapidity gap |Ay;i| > 2

Signal modelling:

> Model WE Wijj electroweak and strong
production with SHERPA 2.2.2

P Alternative NLO in QCD sample with with
PowHEG +PYTHIA88 for electroweak signal

> w* Wijj strong production with exactly four
EW vertices subtracted as background

Studying electroweak sector with the ATLAS detector

Events

Dijet invariant mass for m; > 500 GeV

r ATLAS Preliminary —¢— Daa ]

WHAWHj EW
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Likelihood fit:
tet ot ,E

> Signal region: 4 mj; bins for mj; > 500GeV

P 6 channels: e

> Control region: 200 < mj; < 500GeV
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W=+ W= jj experimental summary

Experimental selection:
P Isolated well reconstructed same-sign dilepton events (e or p)

P Veto third lepton to suppress WZ and veto b-jets to suppress tt

> Require EF > 30 GeV and VBS jet selections

Backgrounds and experimental uncertainty:

»  WZ background is normalised from trilepton control region with 8% uncertainty

P Fake lepton background measured from control regions with 50-90% uncertainty

» Dominant experimental uncertainty

P Electron charge misidentification and v — e backgrounds are measured from data

P Other irreducible backgrounds are from Monte-Carlo simulation

Event yields before the fit

etet e e et e it wop combined
wz 1.7 £ 0.6 1.2 £ 04 13 = 4 8.1 £ 25 50 £ 1.6 33 £ 1.1 32 £9
Non-prompt 41 + 24 23 £ 1.8 9 £ 6 6 £ 4 057+ 0.16 0.67£ 026 23 =£12
e/~ conversions 1.74+ 0.31 1.8 + 04 6.1 + 24 3.7 £ 1.0 - - 134 £ 3.5
Other prompt 017+ 0.06 0.144 0.05 090+ 024 0.60£ 0.25 0.36+ 0.12 0.19+ 0.07 24 £ 05
WEWEjj strong 038+ 0.13 0.16% 0.06 3.0 = 1.0 1.2 + 04 1.8 £ 0.6 076+ 026 7.3 £ 25
Expected background 8.1 + 24 56 £ 1.9 32 £ 7 20 £ 5 7T+ LT 49 £ 1.1 s £15
WEW*Ejj electroweak  3.80+ 0.30 149+ 0.13 165 + 1.2 6.5 £ 0.5 91 £+ 0.7 350+ 029 409 £ 29
Data 10 4 44 28 25 11 122
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o™ [fb]

W* Wjj electroweak production cross section

P Observed (expected with SHERPA) significance is 6.90 (4.60)

> Measured fiducial cross section: ofd =~ =2.95+ 0.49 (stat.) & 0.23 (sys.) fb
> agita includes W+ Wijj electroweak plus interference with w* Wijj strong
> wE Wijj strong production with exactly four EW vertices subtracted as background

T T
4 — ATLAS Preliminary Experimental uncertainties
r (s=13TeV,36.1fb™" = Theoretical uncertainties
r Predicted fiducial cross sections:
L » POWHEG:
3 ohd = 3.08t%f‘456 (syst.+stat.) fb
r > SHERPA:
= ofid = 2.017%3 (sys.+stat.) fb
22
2] P NLO electroweak corrections (—16% for
Z SHERPA) and interference (4+6%) are not
Interference with strong production and NLO EW included
= corrections are not included in theoretical predictions
1

Sherpa v2.2.2 Powheg+Pythia8 Data
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