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Motivation

Vector Boson Scattering (VBS) Is a scattering of massive
Intermediate vector bosons.

‘EWSB mechanism
iInvolving the Higgs

‘Test of the
Standard Model

\ < RSl boson
" . - ,JJJJ\"’\x

‘Quartic Gauge -Limit settings on
Coupling (QGC) effects of BSM
becomes accessible physics
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Test of Standard Model

WW interaction, a special case of VBS in the evolution of
the Standard Model.

Asymptotic behavior of the scattering in
the context of theory evolution

‘The Standard Model ‘Draws attention already since
: establishing of W
‘Respects short distance of the beta- ‘Intermediate Vector Boson (IVB) theory
decay ‘Electromagnetic interaction of W boson
‘Requires the W boson to be massive ‘Residual ME = O(E?)
-Gives W boson a longitudinal ‘Persists as a difficulty also after the EW
polarization unification

Z boson and QGC interaction

‘Residual ME = O(E)
‘Demands implementation of a scalar field
for compensation of residual asymptotic
divergences

‘Higgs interaction of W bosons

‘Outcome of EWSB

‘Residual ME = O(1)
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Electroweak symmetry breaking

The right parametrization and choice of gauge generates three
vector and one scalar massive bosons in electroweakly unified SM.

® (1) = exp(( 7 )" ( ) )

Parametrization | H Wi H
‘Parametrization utilizes | | |

Pauli matrices 1 and
introduces Goldstone /\ M M
bosons 1t (a =1,2,3) f f W W 7 Z

‘Weak isodublet introduces ) . ) |H
a massless scalar H™ S H  H> T H

|
‘Result i
-Unitarity gauge M M RN

‘W= and Z bosons acquire

mass spending three (RN o . . .

unphysical bosons o In the gnd Interaction with
. X Higgs field gives particles

Scalar Higgs boson o < their mass.

appears L NI
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Beyond Standard Model

The process might be sensitive to the phenomena not
covered by the Standard Model.

-Anomalous QGC e oAy
-Neut.ral CQUpllng, l.e. ZZZZ four-vertex : Effect of D8 ofperators fbf aQGC ]
-Effective field theory 10 (arXiv:1408.6207) = S TR S
‘Addition of higher dimension operators i o | | '
ingigaatttteng,, 1 s s
to SM T L0 e Mg A e s I .
v i ST O e 3 5 5
Scales beyond the reach of the LHC A2 T ?"*-u.,h 1 | s
. 5 - LTl ***’E'** e Il;
‘SM represents a “low” energy limit ST N WS SO e e A S
case of the new model T | | S e . T 'Y X
: : e : Frag, : &,
W Fgo=480 TeV™'| T LU e i !
() 1073; s Fg1 =480 TeV™*|[ ““““““ ““““““ """""" a *****“
Q- d E * FHD = 30 TeV‘Q : : : l ‘]
ciﬂeﬁ‘ - ESN[ —I_ Z Z Adﬁ_zl %( ) 1074- . sSM I I i i i i i
d>4 1 200 400 600 800 1000 1200 1400 1600 1800 2000

M(ZZ2)[GeV]
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VBS at Large Hadron Collider

Protons interact electro-weakly
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Common VBS selections
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ATLAS Experiment

Proton-proton collisions

‘Large Hadron Collider (LHC)
‘Center of mass energy at 13 TeV Adf

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Jan 13, 2022 Ondrej Penc; CTU in Prague; Acad. of Sciences of the Czech Rep. 10



Object Selection

Leptonic

sighatures
‘WWijj
‘WZjj

VA
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ODbject Selection

Leptonic

sighatures
‘WWijj
‘WZjj

VA

roton ;

-Semi-leptonic P
signatures

VVJj
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ODbject 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
‘Pileup jet tagging >2.47 (electrons)
>2.7 (muons)

parameters

proton

proton

jet pseudo-
rapidity
>4.5

/
/ pileup jet

\, treatment

£
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‘Transverse momentum missing Er
Detector limit in I
seudorapidit : !
P pidity (n) negative sum !
{mpact parameter . !
A of all visible
«Cosmic rejection "
‘Secondary vertex |
Overlap removal |
Electrons, Muons, Jets |
Lepton quality and !
Isolation |
I
I

Jet reconstruction

Anti-kT
Standard jet (AR = 0.4) proton
‘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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Event Selection

| eptonic W boson

QOOO:IWWI‘IIIIIWII\llll\ H

30 4 owzmione-rran : :
-H_igh_ quality lepton plus 8 soooE_JLmsspb-w EWW . : )_E \mr = \/pr}p?lss(l — COS Aqb)
missing transverse < 7000 ATLAS O € I
momentum S 6000 e o =
\ 0 F 4
bJet veto \“3 - =

\ 5000¢

| eptonic Z boson 4000 :
‘Same flavour opposite 3000F E
charge di-lepton (SFOC) 2000 ;
Di-lepton mass window T .
.Hadror“C boson 40 50 60 70 80 90 100 110120
m; [GeV]

-Two standard jets

One large jet and jet §
substructure

Di-jet mass window W

Jnvisible boson P

-arge missing 3 % ¥ omaoresten [
transverse energy ©10000- 4 pa200fe-7TeY ] 01400’_52 f Ldt=38pb" -
. — L — ee
o uoe 4 . ATLAS |
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| eptonic W boson

High quality lepton plus
missing transverse
momentum

DJet 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
JInvisible 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
> A IR AL R N B
o L ATLAS . Datat” E
g 251 (5= 13 TeV, 36.1 b ﬁmﬂ Srna e ]
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LI>.I 15 :_ 4<sze Total uncertainty E
= =
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e L
| ATLAS —— Dit\f\l‘.tu o )
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VBS Analyses
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W*W?* - VBS “Discovery” Channel

‘VBS final state: vi=vi: + jj

‘Dataset: 36.1 fb-1, 13 TeV

‘Expected significance:
6.5 0 (Powheg-Box)

f/

_._VL’VW<f

Y

4.4 0 (Sherpa) / q —<—~\\/vi< !

‘Main feature: same-sign requirement
suppresses the gg-initiated production
‘Tagging jets:

‘Prompt background (MC modeled)
‘WZ+jets (dominant), ssWW+jets (QCD)
ZZ+jets, and Triboson

‘Non-prompt background (data driven)
- tt, 0sWWH+jets (QCD), Vy+jets, W+iets,
t+jets
Lepton misidentification (photon as
electron)

‘Charge misidentification (same-sign
leptons)

Events / bin
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0

30F
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FFI
WZ CR

- | | I | I
- ATLAS — e -
- p WHWHjj electroweak .
— \s= 13 TeV, 36.1 tb WWEj strong ]
- Control regions Non-prompt .
L I ey conversions —]
c C . Wz .
o n Other prompt R
= 50 = <<z Total uncertainty =
v B ]
= . .
G 40 E
1 .

ee” e'e ew e pu pp
low m, CRs

arxXiv:1906.03203
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MC simulations for W*W=* VBS

‘Comparison settings

‘Extensive MC studies for the VBS

f'

Irst-evidence channel

-Comparison of predicted cross-
sections and kinematic distributions

x107°
= L I B I (L B B B T .
W 14 AT.'LAS SlmulEI.tll.‘.ir'l Plelln‘llnar].r ]
O T ofEo1aTev e Sherpa_ CKKW -
= I e R | I Powheg+PY8 _
e 12 MGS5_aMC_NLO+H7 I,..  —
=] B Uncertainty (stat+sys+pdf) for. 7
= C MG5_aMC NLOsH7 I,
E = & —]
ﬁ 08— ]
f N _
k| - ]
E:.: 'D.S_— —_
Y= =
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o  1zF e, s e
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‘Generators: MadGraph5 aMC@NLO,
Powheg-Box 2, Sherpa 2

‘Parton showering: Pythia 8, Herwig 7,
Sherpa 2

‘Factorization and renormalization scales
effects

. . . il _j2
‘W mass, di-boson invariant mass, \/pJT Py

‘Non-optimal setting of the color flow for
the Sherpa parton shower

6" [fb]

: ATLAS Total experimental uncertainties |

- {s=13TeV,36.1 fb' & Experimental stat. uncertainties -
4 Total theoretical uncertainties ™|

N v‘n‘x‘- Theoretical scale uncertainties |
3 - ""

e 2
- Irlterferen-:e with strcmg production and NLO EW
L corrections are not included in theoretical predictions

o
aaaaaaa

Sherpa v22.2

Powheg+Pythias

Data

ATL-PHYS-PUB-2019-004
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W=\W=
Signal strength (compared to Sherpa)
1.44°%% (stat. )*%2 (syst. )

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

‘EW Fiducial cross-section
+0.51 +0.29
2.89%%° (stat.)"%2 (syst.)fb

‘No deviation from SM observed in W=W3jj EW

5 1ot T T L LA LA ALS
0] .
Loy -
Vg ATLAS N
2 \s=13TeV, 36.1 fb" E
o WW5jj EW ’
woq1? . =
W EW in the SM 3
Gauge dependent non-SM calculations |
10 no HWW vertex -
no WWWW vertex =
Unitary gauge 4
no WWWW vertex -
1 Feynman gauge —
EEENENEN AN SN ENENEN N AU AN AT A A T G N T T

0 100 200 300 400 500 600 700 800 900 1000
m, [GeV]
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Results

Events / 25 GeV

Run: 303560

Event: 2035392604
TL 2016-07-1- 01:42:30 CEST

EXPERIMENT

mj; = 3.1 TeV

gt BT T T T T e
10° ATLAS

Vs=13 TeV, 36.1 fb"

WWTjj EW
10P —+4— Daia - Background

e WAWHEjj EW in the SM

0 100 200 300 400 500 600 700 800 900 1000

N T R st yiaa

) GeV
arxiv:1906.03203 i€Vl
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W:Z — VBS “Mix” Channel

‘VBS final state: ve¢e + jj
‘Dataset: 36.1 fb-1, 13 TeV
‘Expected significance: 3.2 ¢

‘Main feature: Fourth lepton veto, MVA - BDT

‘Tagging jets:

m; > 500 GeV, opposite sides, p; > 40 GeV

‘Prompt background
\WZ+jets (QCD), ZZ+jets, ttV, VVV, tZ+jets

‘Non-Prompt background

Z+ets, Zy+jets, tt, Wt+jets, WW+jets
‘Misidentified leptons (data driven)

45
40
35
30
25

Events /0.2

20
15
10

Data/MC

BDT Score

E ATLAS e oma -
F s=13TeV, 36.1 fo" CIwz-EwW 3
E W:Z-QCD =
= WZjj SR 7z 3
c I Misid. leptons 3
= tt+V .
— I tZj and VVV —
E A% 2;2 skt Tot. unc. E
= ﬁi ; E
5 {I E
v i | | 7
R A
C N " " 1 X 1 1 1 " 1 1 " 1 ._
—1 -0.5 0 0.5 1

BDT Score

Example of BDT Input
S F arLas’ ' ooe ] & & Dy ATLAS i
~ 3o s=13TeV, 36.1 fb" Clxig\g[) = S 35:_ :xié\,cvo s=13TeV, 36.1 fb" e
2 7r WZjj SR 22 1 @ anf 2 WZiSR  ,, 3
o) C I Misid. leptons ] c 30 I Misid. leptons ]
S 251 tt+V - o) o tt+V W
L r Il tZj and VVV . > 25‘_ I tZj and VVV
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15 < F H
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i E 1°W ’ E
5F | L |
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= 15F E= 2% =
© » . e -
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W*Z — Results

‘EW Signal strength +0. +0.
1.779% (stat. J'%2" (syst. )
‘Background only hypothesis rejected with significance 5.3 o (expected 3.2 0)
‘EW fiducial cross-section
+0.14 +0.07

0.57*%% (stat. J* > (syst. ) fb
‘WZjj EW production observed

‘Distributions sensitive to anomalous QGC unfolded

‘Inclusive fiducial phase space (EW + QCD)

= - ATLAS \s=13Tev,36.1f" | £ § | ATLAS \s=13TeV, 36.1 fo > | ATLAS ls=13TeV,36.1 1" 7 =,
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< I 1 - < S g I T ]
~ . 4 | < — ~
] B . ¥ e C he) [Fom i T
~'_b o ll """"""" - 3:) L —_— © I T e
g ‘ ' 2 T T '_‘l_’:’ < | 5 — 1071
198 ot e e 10~ Fomeme I'-'-'- ______________ I S LY DL o i =
B A et 7 - i hommm 107° | i
C it ] W3Zii > £/ vEL]f 0 e S T i
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VV Semi-leptonic — VBS “Jet” Channel

‘VBS final states: wjj + |}, &vjj + Jj, £8j] + |]
(0-, 1-, and 2-lepton channel)
‘Dataset: 35.5 fb-1, 13 TeV
‘Expected significance: 2.5 ¢
‘Tagging jets:
-‘m; > 400 GeV, opposite sides, p; > 30 GeV
‘MVA: BDT, 4 — 16 variables
O signal regions, 12 control regions

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

0-lepton channel
WH+jets, Z+jets

*1-lepton channel
\W+jets, tt

-2-lepton channel
Z+jets

‘Minor background (all channels)

VVjj (QCD)

Jan 13, 2022 Ondrej Penc, Acad. of Sciences of the Czech Rep.

Events

Data/Postfit

Postfit/Prefit

10’

10°

I IIlII|T| I IIIIIII| T
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o —_
o o DN

I|I|III
TLAS

T
{s=13TeV, 355 fb" Z+jets

|III|III|III|III|IIIIII
-o- Data

I W +jets

I Top Quarks
Mis-id. lepton
Diboson
- m EWVVjj (u = 1.05)
I Uncertainty

| IIlIII.l] | I|Ill||| L
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L1, WCR
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L2’LPZCR TN | TN T T Y
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VV Semi-leptonic — Results

T | T T T ]
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ZZ Overview

\_

4
a )
2 Inclusive (QCD + EW) ZZ+2]
7 cross-section measurement in
% VBS enhanced region
\_ J

4 )
Overview ———~n
. * Channels: 220 + jj, wek + jj Y
2  Dataset: 139 fb?, 13 TeV ]
= » Overwhelmed by QCD background q;;;< 09-22 y
. \ ( MVA \
VBS pre-selection , o
é . 77 quadruplet i gl[g);_rllaI/Background
T * Dijetsystem e Input observables
2 Background estimation Statistical fit

-
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y
| | | A
EW ZZ+2j production detection
significance extraction and
ZZ V/BS evidence
J
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Electrons

ldentification

‘LH Loose
in| < 2.47

N> 7 GeV
‘|z, SinB| < 0.5 mm
-d, significance < 5.0

‘lsolation
‘FixedCutLoose

ZZ Selection (££60)

Muons Jets
‘Quality ‘AntiKt4EMTopo, R = 0.4
|Loose n| < 4.5
nl <2.7 Central jets (|n| < 2.4)
‘P > 7 GeV (15 GeV for Calo) 0; > 30 GeV, JVT > 0.59
4z, sinB| < 0.5 mm ‘Forward jets (2.4 < |n| < 4.5)

Pr > 40 GeV
‘Loose cleaning

Lepton favouring overlap
removal

-d, significance < 3.0

/solation
‘FixedCutLoose

Object Selection

Event Selection

77 Dijet
‘Quadruplet building SFOC pairs Vi XY, < 0 (different
Hierarchical p; cut (20, 20, 10, 7 GeV) detector sides)
‘Quarkonia veto m, > 10 GeV ‘Highest jet p;from each
<2 CaloTagged or StandAlone muons side
66 GeV <m, <116 GeV |Ay;| > 2, m; > 300 GeV
Jan 13, 2022 Ondrej Penc, Acad. of Sciences of the Czech Rep. 27



/Z Background (££¢0)

-Prompt background ‘Fake factor method
+ttZ, triboson, ZZ to tau, tWW -Extrapolation of lepton misidentification effect
-MC modeled ‘From a fake enriched kinematic region in data

-To signal region

Misidentified leptons Loosening lepton criteria

background
Z+jets, tt, WZ+jets

-Data-driven method -Fake factor (2D: n, py)

‘Ratio of probability

MC sample Event yield

SR QCD-CR <

O
EW ZZjj 17.5272 715 | 3.22 4+ 0.68 - 250
QCD ZZjj (Quark-induced) 60.58f%2f;’§ 114.815’3:25
QCD ZZjj (Gluon-induced) | 11.13755 14.7575 5
17 3.861 050 | 8217015
Fakes background 2.27775; 4757532
Tri-boson 0.617039 | 0.97743%
MC Total 95.972181 | 1467113212 50
Real data - 129.00 0 2151050 05 1 15 2
CERN-THESIS-2021-179 ATLAS-CONF-2019-033 "
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ZZ Multivariate Analysis (£0€)

‘Multivariate analysis

‘ROOT - TMVA TMVA
Scikit-learn
Jnput variables (12) O learn 17
‘Di-jet: mass, separation, opposite detector 0.2
sides '
‘Bosons: mass, momentum (p;) .
-Single objects: p, 0.0
‘Whole system: p; to H; ratio, boson
centrality
Q
s
2
-Boosted decision trees (BDT) 3
‘Trees ensemble §

‘Gradient Boosting

‘Weak learner
‘Optimal classifier
‘Learning suppression
‘Sum of decisions of all trees

BDT input: signal vs background
dyY]J YZ1Star

—

CERN-THESIS-2021-179

—_—

T I T

ROC curve

—— BDT (Scikit-learn)
...... GBDT (Scikit-learn)
GBDT (TMVA)

L | | L | |
0.4 0.6 0.8
False Positive Rate

5 g IIII|IItI|IIII|IEII|IIII|IIII|IIII|IIII]IIII|IIII
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ZZ Data — MC Comparison

Examples of input observables for the multivariate

analysis compared to the data.

Jan 13, 2022

% '|""|""|""|""|': % 40_||||||||||\\|||||||||||||1|||||||||||||_ % 40l''''I'''.‘II:)a‘ta'“-IZ'Z('EV\'/)'I"
O 60 ¢ Data W ZZ(EW) ~4 9 C ¢ Data B ZZ(EW) ] g @ Others [ ZZ(QCD)
S [ ZZ(QCD) [ggZZ 1 ¥ 350 I ZZ(QCD) 992z J g 38t Wz m NonRes
I B Others 77 Uncertainty | @ C [l Others 7/ Uncertainty = 99ZZ  / Uncertainty
= 1 8 C 1 =
I_%’ ATLAS Preliminary 1@ 30 ATLAS Preliminary - :>j 30r ¢ ATLAS Preliminary
s =13 TeV, 139 fb ] - Vs=13TeV, 139fb" ] Vs =13TeV, 139 fb”'
et B o5l et 7 £evvjj
Signal Region 1 C QCD Control Region ] Signal Region
| A :
1 s 1
1 o 1
500 1000 1500 2000 2500 100 200 300 400 500 600 700 800 500 1000 1500 2000 2500
m, [GeV] m, [GeV] ATLAS-CONF-2019-033  Mif®eV]
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ZZ — Fitting

Standard fitting procedure A
Binned Profile Likelihood Ratio \ L(u,0)
‘Poisson likelihood (ﬂ) _ L( A é)
‘Gaussian nuisance parameter profile frs
g 22_I [ [ T | | | IR I T | T I T | IR | [l I_ % _I T | T TT | AN | I 1T | T'TT | 1T I T I T | T | [ I_
S n ¢ Data Wl ZZ(EW) ] — 35 ATLASPrelminary e Data ~ mmZZ(EW)  —
=~ 20 4 B ZZ(QCD) [ ggZZ E £ [ {s=13TeV, 139 fb'1EVO\}§ers =ﬁ(z)(n%%|g) ]
g 18 O [ Others 7 Uncertainty 7 LG>LI) B CEwjj mmogZZ 7 Uncertainty
> C o . 30 g - —
T B ] | Signal Region i
- ATLAS Preliminary g 5 ; .
16 — L 7, |
°F ¢ s=13TeV, 139 fb” ] o5l Z s E
14F el N B :
g Signal Region § - .
1204 ) ° 4 5L N
4% 7/_ 2 _
10 Z ]
15 -
0 j
0 10
4
> 5
01 08060402 0 02 04 06 08 1 0

-1 -08 06 04-02 0 02 04 06 08 1

BDT Output

BDT Output
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‘EW fiducial cross-section 0.82*%% (stat. )2 (syst.)fb

ZZJ) EW production ob
agreement with the SM

/7 — Results

-Signal strength  1.35"%% (stat.)* %1 (syst.)

served (5.5 0) in

‘The v channel not as lucky as the £0¢¢

‘The measurement is ove
dominated by statistical u

-Accounts for 88% of the total

uncertainty
‘Theoretical uncertainty
‘EW signal

‘QCD background

‘Experimental uncertainty
‘EW signal

‘QCD background

Jan 13, 2022

rall
ncertainty

Expected | Observed
41 3.86 0 548 o
vy 1.80 o 1.15 o
combined | 4.28 o 552 0

ATLAS-CONF-2019-033

ol - T
< - :
< 25— —
20 Equivalent -
-, significance §
15¢ =
10F -
51 =
B 1 1 | | 1 | 1 |_
% 2 3 4 5
n (EWK)

Ondrej Penc, Acad. of Sciences of the Czech Rep.
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Still In review

‘Request for
modeling of the
EW signal
prediction in
higher precison
NLO-QCD

‘Hope
‘Prediction

modeled in
PowHeg

‘Agreement with
the LO-QCD
MadGraph
prediction

‘Recap

‘Analysis kick
off in 2017
‘Publication

expected in
2022

Jan 13, 2022
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Observation of electroweak production of two jets and a Z-boson
pair with the ATLAS detector at the LHC
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ATLAS VBS Measurements

VBF, VBS, and Triboson Cross Section Measurements satus: march 2021

YvYY A
Zyy—tlyy P - |
— Njet = A
Wyy—-tvyy - I
- [njet = 0] | I
WWy—evuvy i A =
- ATLAS Preliminar
WWW, (tot.) - . — y
- WWW - {vtvjj A
I =
— WWW-évlvety A ] | Vs=7813TeV
WW2Z, (tot.) ]
Hjj VBF =
- B
— H(»WW)jj VBF s
I
H ; Theory
— H(->yy)iji VBF T
) IS o J— =
Wjj EWK M(jj) > 1 Tev) [ N i ppD\/f =S
— ata
— M(jj) > 500 GeV e N
L] stat @ syst
Zjj EWK - —Saa— LHC pp Vs=8 TeV
- n ’ - ‘ Data
Zyjj EWK - CEEE stat
stat & syst
yy > WW =y ‘ LHC pp V5 =7 TeV
- Data
(WV+2V)jj EWK K
WEWHjj EWK - | . stat @ syst
A —
v [T |
WZjj EWK .
E -+ |
ZZjj EWK 0
L l L L L L L L L L l L L L 1 l L L L L I 1 L L l I

0.0 0.5 1.0 1.5 2.0 2.5
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Summary

‘ATLAS VBS status ‘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

P ongoing

L atest 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 phenomenon

Semi-leptonic channel
‘Polarization studies
-Limit settings on aQGC

‘Channels including gamma "@' %

D-

CERN-THESIS-2021-179
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Resonant Shape Algorithm

‘Event MC generators do not always provide full information

‘Huge amount of events
Storage consumption

‘Used for WZ VBS channel arXiv:1603.02151

‘Based on value of the following estimator

1

2 _ (...PD
M e+ 0 (mz

‘Input

2
6)P 4 i TEDG

PDG
Z

2

X

|

2
Mo v,

)_(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
‘Used for all generators

Jan 13, 2022
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W/Z hadronic tagger

‘VVector bosons reconstruction
‘Hadronically decaying and boosted
Jet substructure

‘Large jet (AR = 1.0) are re-clustered with anti-kT algorithm

again with smaller radius
‘D,(B = 1) jet substructure variable

-Two-point to three-point energy correlation function ratio
‘Based on pairwise angular separation of particles and

energy clusters within the jet

;‘ B T T | T T T T | T T T T | T T T T I T T T T ]
® 160 ATLAS Simulation Internal —4+— Upper mass cuts ]
(,2, ~ Vs=13 TeV ---- Upper cut function -
5 B anti-k, R=1.0 jets —+#— Lower mass cuts i
o 140 m i -

w [ Trimmed(f t<5%, R,,.=0-2) == Lower cut function
m cu —
© L Inl<2.0 -
& | Cut optimization performance at ey, = 50% B
5 120 -
3 L |
% E'—'_"-_-_-u.-.-‘.-u;ﬂrﬂr L TrT Ny L) —-—_'.'_'T:H;"""- B |
o 100 —
3 — —
= B ]
80 e ]
S e LT T peartre e —

60—
B 1 | | 1 | | 1 | | | 1 1 | 1 1 1 1 I 1 | | 1 ]
500 1000 1500 2000 2500
Combined mass corrected P, [GeV]
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‘Merged working points
‘High purity

‘Pass 50% working point
‘Low purity

‘Fail 50% but pass 80% working

point

B 1 I I T T I 1 | I I T T | I T 1 I | T T I T i
- ATLAS Simulation Internal —+— Upper mass cuts -
T Vs=13TeV -- Upper cut function ]
~ anti-k R=1.0 jets —+— Lower mass cuts ]
- Trimmed(f <5%, R_ =0.2) -- Lower cut function -
| cut sub ]
. Mi<2.0 i
~ Cut optimization performance at €, = 80% N
— —.—-—l-i"'."-‘----'-'m._"— ——
:—h-—-pr - - r__..-.-.-..——---l"-""."" - :
e LT TP P N —
- - s PRRSCAN ]
— ——t %~ mm
B 1 1 I 1 1 | 1 I 1 | 1 1 | 1 1 1 | | 1 1 1 1 ]
500 1000 1500 2000 2500

Combined mass corrected P, [GeV]

arxiv:1905.07714
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Binned Profile Likelihood Ratio

H4S 5 _I_) R 7 - Ny u —U
L(Maﬁ’):H J '_J e~ (B Hbj) H k'G K
1=1 J k=1 k
Building of the likelihood
‘Finding distribution parameters fitting Calculate the conditional
the observed histograms maximized likelihood function
Poisson distribution, Gau53|an' gtc. .Calculate maximum for each value
‘Data choose value of NP (profiling) of PO d“)
‘Construct Asimov dataset Varying the NP (6)
‘Internal cross-check if the likelihood is ying /
consistent with theory prediction ~
-Set all the observed values as the L (u 9)
expected ones — !
A(p) = -

L(f1,0)

-Observation \
Test statistic of incompatibility of p and data ~ *Calculate the maximized
- unconditional likelihood function

t, = —2InA(p) ‘Overall maximum

Varying POl and NP (6
‘Data-hypothesis discrepancy ying () (6)
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Profile likelihood ratio

‘Wilks theorem (1939)

‘The profile likelihood ratio -2In(A) asymptotically behaves as the chi-square distribution,
under assumption the null hypothesis is true

‘Wald theorem (1943)
‘Generalization of the previous to the non-null hypothesis

~\ 2
00 (1 — 1)
_ —2In A(pn) = O(1/v N
e A (1) = “——5— + O(1/VN)
t,u,obs
S - .
= 25— —
L) 20 Equivalent E
Z tu,obs - . significance .
15 —
p-value 103 —f
t O 1 2 3 2 5
u
n (EWK)
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Troubles with electrons

13 TeV centre-of-mass 4 5
energy
‘High energy electrons

‘Interaction with the 2 /
detector /

-Detector material 1 3
Interaction
‘Bremsstrahlung

‘Detector material
Interaction 1

‘Electron-gamma
conversion

‘Charge misidentification
‘Electron dressing

Jan 13, 2022 Ondrej Penc, Acad. of Sciences of the Czech Rep.
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