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Vector boson scattering (massive bosons)

Test of Standard Model (SM) gauge structure
“QGC becomes accessible (i.e. WWWW)

‘Better understanding of the nature of EWSB
mechanism since involves Higgs boson

‘BSM anomalous QGC limits

VBS as Goldstone boson scattering
(Goldstone Boson Equivalence Theorem)

‘W+ and Z bosons acquire mass spending three
Goldstone bosons (angular fields)

-Parametrisation of weak isodoublet (a = 1,2,3) 10— B2
i 0 | Effect of D8 operators for QGC |
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o g
Effective field theory 3 107 ' -;.**"&!:g,,,;’ """""" B g
» . e S .
-Addition of higher order operators to SM B ****+~.,*""a"---...;__
. oS 1072k Bl SRS A, LU ot U ' 7Y YRR R
‘SM as the limit case of the new model SR 107 e e "‘“"---s..... :
i r r r s el L M ta)
‘Scales beyond the reach of the LHC [0 Foms0Tov| e g
(d) O 4 Fam s Tovot o T, T
a; d |« Fap=30Tev?| ‘ ‘ ‘
Dgeﬂ‘ - gShI —|_ Z Z WO'IF ) 747 i |SM I T | ] \ r |
d24 1 10 200 400 600 800 1000 1200 1400 1600 1800 2000
M(ZZ)[GeV]

Aug 29, 2019 Ondrej Penc, Acad. of Sciences of the Czech Rep. 2


https://arxiv.org/abs/1408.6207

Vector Boson Scattering Dlagrams
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Object Selection

Leptonic

signatures
‘WWijj
‘WZjj

YA
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Object Selection

Leptonic

signatures
‘WWijj
‘WZjj

YA

roton ;

-Semi-leptonic p
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Object Selection

‘Transverse momentum - MIsSing ET

‘Detector limit in
pseudorapidity (n)

‘mpact parameter
«Cosmic rejection
‘Secondary vertex

‘Overlap removal
‘Electrons, Muons, Jets

Lepton quality and

isolation

-Jet reconstruction
‘Anti-KT
Standard jet (AR = 0.4)
|Large jet (AR =1.0)
‘Track jet (AR = 0.2) max lepton n

parameters

proton

jet pseudo-

‘Pileup jet tagging >2.47 (electrons) ff'g'ty
’ >2.7 (muons) '
/
/ pileup jet
treatment

N
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Object Selection

missing Er

Transverse momentum

‘Detector limit in
y it .
pseudorapidity (n) negative sum
of all visible

‘mpact parameter
«Cosmic rejection
‘Secondary vertex

‘Overlap removal
‘Electrons, Muons, Jets

Lepton quality and

isolation ‘
Jet reconstruction proton
Anti-kT | W S
‘Standard jet (AR = 0.4)
‘Large jet (AR = 1.0)
Track jet (AR =0.2)
‘Pileup jet tagging
‘Missing transverse
momentum

‘Negative global vector
sum of all identified
objects and unclassified
tracks and calorimeter

clusters
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| eptonic W boson

High quality lepton plus

missing transverse
momentum

-Additional lepton veto
DJet veto
| eptonic Z boson

‘Same flavour opposite

charge di-lepton (SFOC)
Di-lepton mass window

‘Hadronic boson

-Two small jets

One large jet and jet
substructure

Di-jet mass window
J{nvisible boson

| arge missing
transverse energy
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Event Selection
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| eptonic W boson

High quality lepton plus
missing transverse
momentum

‘Additional lepton veto
bJet veto
| eptonic Z boson

-Same flavour opposite
charge di-lepton (SFOC)

Di-lepton mass window
‘Hadronic boson

-Two standard jets

One large jet and jet
substructure

Di-jet mass window
Jnvisible boson

{arge missing

transverse energy
-Tagging di-jet selection

Hardest jet from

opposite side of detector

Di-jet separation in

rapidity

High di-jet mass

requirement
Jet-lepton centrality
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Events /1

Event Selection

hardest jet from
each side of detector
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W*W?* - VBS “Discovery” Channel

VBS final state: ve:ve: + jj f!

‘Dataset: 36.1 fb-1, 13 TeV q —>—»V\V,VV\<
f

‘Expected significance: 6.5 o (Powheg-

Box) and 4.4 ¢ (Sherpa) \
_ 1!
-Same sign requirement supress qqg —<—WV\,<
production 4 W
f
c - | | | | | =
E - ATLAS - Elgﬁtuemﬂtrﬂwx\?ﬂk .
Prompt background (MC modeled) 2 250 Vs =13TeV,36.1 b’ WAW stong £
: : : o) - Control regions Non-prampt .
‘WZ+jets (dominant), WW+jets (QCD), kT ¥ s oy conversions E
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Non-prompt background (data driven) 50 g T fomlungerany :
- : : . 40 =
- tt, WW+jets (QCD), Vy+jets, W+jets, .jg*j : -
t+jets 100 30 ¢ E
-Lepton misidentification (photon o0 | =
misidentified as electron) 50 105 .
‘Charge misidentification (same sign :
leptons) ° FE ee” e'e’ e e ppt p
WZ CR low m; CRs
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MC simulations for W*W=* VBS

Extensive MC studies for VBS first evidence  *Comparison settings

channel -Generators: MadGraph5_aMC@NLO,

Predicted cross-section and kinematic Powheg-Box 2, Sherpa 2

distribution comparison studies -Parton showering: Pythia 8, Herwig 7,

‘Low di-jet mass disagreement Sherpa 2 o

‘Factorization and renormalization scales

. effects
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WW-= - Results

Run: 303560

Signal strength (compared to Sherpa) ATLAS 2016-07-0e ois 4930 om0t

EXPERIMENT mj; = 3.1 TeV

1.4479% (stat. ) %2 (syst. )

‘Background only hypothesis rejected with
significance 6.5 o (expected 4.4/6.5 o)

‘EWK Fiducial cross-section
+0.51 +0.29
2.89%%° (stat.)*%% (syst. ) fb

‘No deviation from SM observed in W=W+zjj EWK
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W:Z — VBS “Mix” Channel

‘VBS final state: veet + | ‘Fourth lepton veto
‘Dataset: 36.1 fb-1, 13 TeV ‘Prompt background
-Expected significance: 3.2 o ‘WZ+tjets (QCD), ZZ+jets, ttV, VVV, tZ+]ets
‘MVA: TMVA BDT, 15 variables ‘Non-Prompt background
| : - N N N
W and Z reconstruction using Resonant Z+jets, Zy+jets, tt, Witjets, WWjets
Shape algorithm ‘Misidentified leptons (data driven)
Example of BDT Input BDT Score
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‘EWK Signal strength

W*Z — Results

1.77*%% (stat . )

+0.26
—-0.21

(syst. )

‘Background only hypothesis rejected with significance 5.3 o (expected 3.2 0)

EWK fiducial cross-section

‘WZjj EWK production observed
‘Distributions sensitive to anomalous QGC
‘Inclusive fiducial phase space (EWK + QCD)
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VV Semi-leptonic — VBS “Jet” Channel

‘VBS final states: £¢jj + jj, &vjj + jj, Wjj + ]
(2-, 1-, and O-lepton channel)

‘Dataset: 35.5 fb-1, 13 TeV

‘Expected significance: 2.5 ¢

‘MVA: TMVA BDT, 4 — 16 variables

O signal regions, 12 control regions

‘Working points: resolved, high/low purity
merged jets

‘Dominant background
2-lepton channel

-eo- Dat
10’z ATLAS o VI7+?ets

{s=13TeV, 35.5 b Z+jets
I Top Quarks
Mis-id. lepton

Events

Diboson
5 - m EWVVjj (1 = 1.05)
10 Uncertainty
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o
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Z+]ets %

-1-lepton channel %

W+jets, tt o

0-lepton channel =

V+jets, tt a

‘Minor background (all channels) g _

AVjj (QCD), t+jets, multijet T GEPESE GRPEREESE GHHELS
St
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VV Semi-leptonic — Results

T I T T T l

‘EWK signal strength |_ATLAS (s=13 TeV, 35.5 f!, Observed _
+0.20 +0.37 wE L Tot. (Stat. Syst.)
1.057 ;5 (stat. ) 55, Syst. — Stat
: : : 2-lepton {— o 1.974 552 (fo50 4 0 02)
‘Background only hypothesis rejected with : -
significance 2.7 o (expected 2.5 o
g (exp ) 1-lepton [--e+~4 ;33028 (w025 0409
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+8.6 +15.9 0-lepton |— ——a—i— 247133 (40g0 +105)
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ZZ —\V/BS “Golden” Channel

‘Background

‘VBS final states: £0¢¢ + jj, vl + j
‘Dataset: 139 fb-1, 13 TeV

‘First VBS analysis of full Run 2 of LHC
‘Expected significance: 4.3 o
‘MVA: TMVA Gradient BDT, 14 variables

-Leee

‘Dominant: ZZ+jets (QCD)

‘W

‘Otherwise very clean channel (3%):
misidentified leptons, Z+jets, tt, WZ+jets

‘Dominant: ZZ+jets (QCD), WZ+jets,

-2 signal regions, 1 control region (only £60) WW+jets
tt, Z+jets
% 40_IIII|IIII|\\IIIIIII|IIII|||II|IIII|IIII_ % |||||I|IIII]IIII|IIII|I_ % 40["l']"l.l|Daltall|-|ZIZ(lEv\I/)l[||
o - ¢ Data B ZZ(EW) S 6 ¢ Data W ZZ(EW) 4O ma Others 8 22(QCD)
T 351 B Zz(QCD) [ggzZ S BEZZ(QCD) [ggzZz S 3s5f Wz @ NonRes
£ B Others 7~ Uncertainty > [ Others 77 Uncertainty P Em99ZZ /. Uncertainty
o r = 2
@ 30F ATLAS Preliminary — ,_%J ATLAS Preliminary B :>J’ 301 ¢ ATLAS Preliminary
- /s =13 TeV, 139 fb™ Vs=13TeV, 139 fb™ Vs =13 TeV, 139 fo''
o5l ceeej ] CCCEj = CEvvjj
N QCD Control Region Signal Region Signal Region
20
15
101
0
100 200 300 400 500 600 700 800 500 1000 1500 2000 2500 500 1000 1500 2000 2500
my [GeV] m [GeV] ATLAS-CONF-2019-033 ™%V
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/7 — Results

‘EWK signal strength  1.35+0.21

‘Background only hypothesis rejected with significance 5.5 o (expected 4.3 o)
‘EWK fiducial cross-section 0.82+0.341fb

/Zjj EWK production observed
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BDT Output

BDT Output
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-033/

Summary

-ATLAS Vector Boson Scattering  -Beyond the Standard Model

‘Observation in all leptonic ‘No obvious disagreement with

channels WW, WZ, ZZ standard model observed

“Waiting for evidence in -Limit settings of the anomalous

VV semi-leptonic channel Quartic Gauge Couplings are
ongoing

-Latest observation in the ZZ
channel in full Run 2 (139 fb-)

-Outlook

‘Full Run 2 still offers the
further studies and
measurements of the VBS
phenomena

-Semi-leptonic channel Q

‘Channels including gamma @ Q

‘Polarization studies

Aug 29, 2019 Ondrej Penc, Acad. of Sciences of the Czech Rep. 15
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Resonant Shape Algorithm

‘Used for WZ VBS channel
-arXiv:1603.02151

-Based on value of the following estimator
2

1
P = X

1

2
2 _ (...PDG . ~PDG ., PDG 2 _
Mps - (mZ ) + 1 FZ m., Mg (m

Input

PDG
W

2
. "PDG
)+1FW m

‘Mass of all possible di-lepton and neutrino-lepton pairs

‘PDG mass and width of W and Z bosons
‘The best evaluated triplet is the WZ candidate

‘Highest P value
‘Monte Carlo independent method
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