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Motivation
Higgs Massive W and Longitudinal

»The longitudinally polarization measurement of massive W and Z bosons is a direct
way to probe the EWSB mechanism.

»The first observation of joint longitudinal polarization states of two vector bosons
using WZ production process [2211.09435].

»Expected to establish the first evidence of joint longitudinal polarization states of ZZ
bosons in ATLAS.

»Measurement of CP-sensitive observables in ZZ production can be used to explore
the new source of CP violation In gauge boson sector.


https://arxiv.org/abs/2211.09435

Measurement of ZZ joint longitudinal polarization




Introduction

» Goal: Establish the first evidence of joint longitudinal polarization states of ZZ bosons in
ATLAS.

» Phase space: On-shell ZZ region
e ,>180GeV&& | - |<10GeV

» Signal: Longitudinal longitudinal components (LL) in the ZZ events
The polarization is defined in the ZZ rest frame.

» Background: TT (Both Z bosons are transverse), TL (One Z boson is transverse and
another is longitudinal polarized), ttZ, triboson (ZWW, 277, ZZ\W) and fake(Zjets/ttbar)
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Analysis strategy

1) To improve the sensitivity

»Multivariate Analysis (MVA) Method: Boost decision tree (BDT) to enhance the
separation power between signal and bkg

(2) To improve the accuracy of qqZZ polarized samples

»NLO polarized samples are not available

»Reweighted to the lastest MoCaNLO program calculation (JHEP10(2021)097)

* NLO QCD and EW correction on the qgZZ polarized samples.
* Loop induced ggZZ correction

(@ To get the final results (signal strength and significance)
»Tool: TRExFitter



https://link.springer.com/article/10.1007/JHEP10(2021)097
https://trexfitter-docs.web.cern.ch/trexfitter-docs/

Multivariate Analysis

»Due to limited statistics, very challenging to extract the LL component

»Started with BDT method
e Signal: LL
* Background: TT+TL

»|nput variables: 5 purely angular observables
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The higher order polarized samples

»Only LO polarized qgZZ and inclusive ggZZ samples available

» A three steps reweighting method is established to incorporate the
higher order correction using MoCaNLO program (JHEP10(2021)097)
* Stepl: 1D reweighting for each individual polarization state
* Step2: 1D reweighting for the interference effect
* Step3: 2D reweighting for the residual higher order corrections

»The BDT distribution comparison before and after reweighting procedure
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https://link.springer.com/article/10.1007/JHEP10(2021)097

NLO correction and interterence eftect

» A three steps reweighting method is used to consider the NLO correction
* Stepl: 1D reweighting for each individual polarization state

v qqZZ process:
O Reweighting as a function of cos 1

MoCaNLOP% " MGy o PR
polarized NLO ncl “ " . )
A potarizea 7 particte " pocanyopern |1 E012L Opolarizea * “MoCaNLO": differential xs
MGOlZLOpolarized G Inclusive . ’ .
$ ¥ 3 from theorists’ calculation

O The impact of the 1D reweighting corrections on the BDT discriminant is mostly of about 20% on the
normalisation, and the shape variation is only of 2 — 4%.

OThe difference induced by different reweighting variables is treated as a systematic
uncertainty



NLO correction and interterence eftect

* Step2: 1D reweighting for the interference effect

v The simulated polarized samples do not consider the interference effects which is not negligible

v Interference effect:
O Reweighting as a function of cos 1

MoCaNLO

parton
incl

MoCaNL

t
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incl

InterfNLO'€€° =
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incl
O The difference caused by reweighting variable choice is not negligible and considered as modeling uncertainty

* Step3: 2D reweighting for the residual higher order corrections

v To consider NLO correction modelling effect (reweighting with 1 variable can hardly catch full structure of
high-order contributions)

v Reweighting as a function of cos and A 15

SherpaNLO — InterfNLO
NLOfinaify” = = X NLOpg[”

reco pol
Zpol NLOpol

v The impact of this 2D reweighting on the BDT discriminant is mostly on the shape with a maximum variation
of about 10%.

The difference between unpolarized and inclusive sample is treated as residual modeling uncertainty 9



go/.7 polarized sample and other NLO uncertainty

»ggZZ polarized samples
* Reweighting the inclusive ggZZ samples to get different polarization states

* Differential fraction for each component is taken from theorists’ work

ZZ,part
reco MOCaNLO[g)%I pen ggZZ,reco
ggZZPOI = MOCaNLOggZZ,parton X Sherpaincl

incl

* Interference effect is negligible for ggZZ process

* Alternative way: reweighting like the qgZZ, the difference taken as systematic uncertainty

MOCaNLoggZZLO,Parron Sherpa_NLOP“"”d"

reco . Polarized Inclusive qqZZ ,Reco
ggZZLO’pomn.zed = = 012 1922 Particle X Py xMadGraphOlZLOPolarized
Ma rap L Polarized Inclusive

»NLO theoretical uncertainties:

* Besides the systematics mentioned in NLO correction procedure, still theoretical uncertainties for NLO
polarized samples (inputs also from theorists’ work):

O NLO EW: difference between multiplicative & additive methods

O NLO QCD for qgZZ and ggZZ: 7-point variation with NLO correction 10



Systematics uncertainties

»Experimental uncertainties

* Lepton ID, reconstruction and isolation efficiency * Pileup scale
* Trigger efficiency * Luminosity

* Lepton resolution and scale

»Theoretical uncertainties
* QCD sclale * Variation related to EWK NLO reweighting for inclusive qgZZ

* PDF+ * Uncertainties related to the higher order correction
O Interference modeling

 Parton shower . o
O NLO redicual non-closure uncertainties

* ttV and VVV cross-section variation O NLO EW uncertainty

e Variation related to NLO k-factor O NLO reweighting observable choice

variation for ggZ7z O ggZZ modeling uncertainty

. 11
* Fake related uncertainties



RGN IR

»Signal strength:

Contribution Relative uncertainty [%]
o =
1.15 + 0.27(stat.) + 0.11(syst.) st 7
' L . Data statistical uncertainty 23
> S | g n Ifl cance: 43 o (3 . 8 0) Total systematic uncertainty 8.8
‘ Evidence established MC statistical uncertainty 1.7
Theoretical systematic uncertainties
BB wmam ] qq — ZZ interference modelling 6.9
g o = Ll an o I%L ] NLO reweighting observable choice for g — ZZ 3id
v Boothl -zizi PDF, a; and parton shower for g§ — ZZ 2.2
A00r — NLO reweighting non-closure 1.0
300“ Wobers ] QCD scale forqqg — ZZ 0.2
200} ¢ o ] NLO EW corrections for gg — ZZ 0.2
4 gg — ZZ modelling 1.4
100p 1 Experimental systematic uncertainties
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B $ t 4obt +j: ! 4 j A Muons 0.6
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» The fiducial cross-section of Z,Z, process __Tribosonand 2 normalisations

IS measured as 2.44 + 0.59 fb, consistent h . | - |
, o Is analysis still dominant by statistical uncertainty
with SM prediction 2.09 + 0.10 fb. .



Measurement of CP properties in ZZ production




Introduction

» Goal: Search for CP-violation in ZZ(4l) on-shell events

» Focus on aTGC which appears at dim-8 and onward
* alGC: ZZ7,y//Z (PLB81/(2021)136311)
v CP-conserving: s, 5, 3, 4
v CP-violating: 4, 4, 1., 2

» “f” operators predominately sensitive in on-shell ZZ region

» Only interference term considered to constrain anomalous CP-odd neutral triple gauge
couplings( 4 and 4 )
* Quadratic term will violates the unitarity and will also not induce asymmetries in the
discriminating variable

» Use CP odd sensitive observable to do the constraint *

14


https://linkinghub.elsevier.com/retrieve/pii/S0370269321002513

Analysis strategy

» Construct CP sensitive angular observable (|, ;) with the polar and azimuthal
angles of Z boson

* Angular observable: 1(3)=SIN 1(3)* COS 1(3)
ATLAS Simulation ATLAS Simulation ATLAS Simulation
Vs =13 TeV SM qG— ZZ— 4l Vs =13 Tev Vs=13TeV GG ZZ— 4l

S0 } ' ' _ Data

E ——
amE - ATLAS 4 W pp—>ZZ-> 4l
400E— Vs=13 TeV, 140 fb mmmm Non-prompt

Events /1.0

Data / Pred.

-1 -0.5 0 0.5 1

SM prediction 4 prediction The 2D — 1D mapping

> Use unfolding to correct the detector effects The measured data agree closely with
* Bayesian iteration unfolding method the prediction at the reco level
The bins 1 to 7 and 24 to 30 are the most

sensitivity bins

* |teration number 2 Is used

15


https://arxiv.org/pdf/1604.06677.pdf

RGN IR
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ATLAS —%— Data » The measured cross-section from the data
5/— Vs=13TeV, 140 fb” SM pred. (Sherpa qq — ZZ) agrees closely with both SM predicted

pp— ZZ— 4l SM pred. (Powheg qq — ZZ)

cross-sections (Sherpa and Powheq)

do/dO; - [fb]

» The differential cross-section of a CP-
sensitive angular observable ( ;)

used to constrain anomalous CP-odd
neutral triple gauge couplings.

|
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; hB et RGeS Expected Observed

& 7 [~0.16,0.16] [~0.12,0.20]
f [-0.30,0.30] [—0.34,0.28]

The first constraints on CP-odd aNTGC parameters using only linear interference terms

with a dedicated CP-sensitive observable
16



» The polarization and CP properties in ZZ — 4| production are measured with full
Run?2 data at ATLAS

» Established the first evidence of joint longitudinal polarization states of ZZ

bosons in ATLAS.
* Signal strength:
= 1.15 + 0.27(stat.) = 0.11(syst.)

* Significance: 4.3 ¢ (3.8 0)

» The differential cross-section of a CP sensitive angular observable (|, ) used

to constrain anomalous CP-odd neutral triple gauge couplings ( 4 and 4 ).

Interference only
Expected Observed

rz 016,016 012020 Stay tuned for new Run 3 results]
g 16,0. 12,0

f;} [—0.30,0.30] [-0.34,0.28]

aNTGC parameter

17






Phase space and samples

* Data: Full Run2 dataset @13 TeV
* MC Samples:

qq > ZZ — 4] Generator DSID  Cross-section (fb)

TTOor 1 jet inclusive MADGRAPH + PyTHIA 8 502354 20.486 Process Generator DSID  Cross-section b (k-factor if not 1)
TT 2 jets inclusive MADGRAPH + PytHia 8§ 502357 3.1879
TT2jets EW  inclusive MapGraps+ Proma 8 502360 032478 gg(— HW) - zz® - 4 inclusive, myr > 130 GeV SHERPA 2.2.2 345706 10.091 (1.7)
O TLOorljer inclusive MapGraru+Pyria8 502355 7.4671 pp —> WOWOZE) — 462y inclusive SERPA 2.2.2 364243 1.7973
TL 2 jets inclusive MApGrAPH + PyTia 8 502358 1.7441 pp = WOZMZ® — 561y inclusive Suewea 2.2.2 364245 0.18812
TL 2 jets EW inclusive MADGRAPH + PyTHia 8§ 502361 0.1552 pp — ZMZMZY — 6t inclusive Suerea 2.2.2 364247 0.014458
LLOor 1 jet inclusive MapGrapH + PyThia 8 502356 1.7441 pp —ZMZWZM — 402y inclusive SuErPA 2.2.2 364248 0.38556
LL 2 jets inclusive MADGRAPH + PyTHiA 8 502359 0.2829 pp > ti+it tiZ, mee > 5 GeV Suerea 2.2.0 410142 113.09 (1.09)
LL 2 jets EW inclusive MaDGrapH + PyTHia 8§ 502362 0.0438

qaqZ7Z g9ZZ & Other bkg
* Event selection

Category Requirement
Event Preselection Fire at least one lepton trigger
>1 vertex with 2 or more tracks

Four-lepton signature At least 4 leptons (e, u)

Lepton kinematics pt > 20 GeV for leading two leptons

Lepton separation AR;; > 0.05 for any two leptons

J/y-Veto mi; > 5 GeVfor all SFOS pairs

Trigger matching Baseline leptons matched to at least one lepton trigger

Quadruplet formation | At least one quadruplet with 2 Same-Flavor, Opposite-Sign (SFOS) pairs

On-shell ZZ pair o my > 180GeV e,
On-shell Z boson % |mij —mz|<10 GeV ..' Oﬂ She”

e

V=.llllllllllllllll“ 19




The definition of angular variables

Figure 2: Definition of the angles used for the polarisation measurement and the reference frame used to define the
CP-sensitive angles. The xyz-frame (dot-dashed) is the laboratory frame with the z-axis along the beam direction.
The x"y’z’-frame (solid) is a new frame used to define the CP-sensitive angles. The z’-axis is defined as the direction
of motion of the Z; boson in the four-lepton rest frame. The x’-axis defines the reaction plane containing the

laboratory z-axis and the z’-axis. The right-hand rule gives the y’-axis. -



Multivariate Analysis

Input variable: cosThetal ZREST

(1/N) dN / 0.0512

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

108060402 0 0204 06 08 1
cosThetal_ZREST

Input variable: deltaPhil112_ZZREST

(1/N) dN/ 0.161

0.45
04§ £
0.35 i
0.3 £
025 E S
=
0.2 <
(%
0.15 =
0.1 %
0.05 g
S

deltaPhil1l2_ZZREST

Input variable: cosTheta2 ZREST
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-1 08060402 0 0204 06 08 1
cosTheta2 ZREST
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deltaPhil3l4_ZZREST

Input variable: cosThetaStarZ1_ZZREST
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%
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Multivariate Analysis

ATLAS Internal

CorrelationMatrix(Signal) : pureAngularRmDeltaPHIPHIZ2PHIZ1

100
BDT observables | Importance BDT parameters | value — |
1 Adeye, 77REST 27231 % 10" NTrees 850 L
2 | Ade 6, 7zREST 2312 107 MaxDepth 3
3 | cost 2.086 x 107! MinNodeSize 1% —
Z, , ZZREST A Cut 100 N
3 COSSI,ZREST 1.806 x 10_1 nhrl% Sk ] T
6 | cosf zrest 1.665 x 10~ Shrinkage 0.
cosThetal_ZREST -80
T R A A T D R N - I SR I SN A I I I I I B N Mgy, iy, e
d : : . H H = = : : g : 3 H sz | *z’?Esr \ZREsr Ia’?L 2, RE, hs RE,
1 S R O A ] B ER e ATLAS Internal - ! !
_=-E- 1. 2:_ N e ancke 0 pu[e.a_\ngu|amrnaemw_uPle§ HI ‘% 25— T, il (st Sample) pureAngularRmDeltaPHIPHIZZFHIZ1 (a) correlation among observables in signal
=1 | 1 1 3 _ — - 4 Background (est Sample) K-S test: PSig =0.370 -1
% 1_ ] = ! i i K-Stest: Py, =0249 7
5 - ] 2 T ATLAS Internal
om = { - B = CorrelationMatrix(Background) : pureAngularRmDeltaPHIPHIZ2PHIZ1
0.8j -] i 5__ . 100
06[- < ﬁL : [ — -
- 7] 1= B
04 —_ : deltaPhil1l2_ZZREST
02l 0.5F-
L i | I | | ; | ? i i i a E i cosThetaStarZ1_ZZREST
5 10ff (i < ] T T >
1.02|H g 13 cosTheta2_ZREST —40
1 1 ig * { * N I
3 1 : : ,f : e 60
.08} | I % 3 * R: I_{.glluglnﬁh RTIVTR L1, N -
0.96 [ , , , _ 098k I 1%”“”” AL LA TT LA o
0 01 02 03 04 05 06 07 08 09 1 ggg B T T o
08 -06 -04 02 0 02 04 06 08 i d = =

Signal efficiency

BDT response (b) correlation among observables in background



Systematics uncertainties

« Theoretical systematics on SM MC samples

« QCD scale
* envelope of variation of pg, U to 0.5 and 2 scale
PDF+o
* envelope of g of 100 NNPDF3.0 variations and MMHT & CT14NNLOPDEF

« Parton Shower uncertainty for qqZZ
e comparing the truth-born distributions of the nominal SHERPA and alternative POWHEG samples

e ttV and VVV cross-section variation
e a conservative flat 15% variation for ttV cross-section from the measurement
e g conservative flat 40% variation for VVV cross-sections from the measurement

« Variation related to EWK NLO reweighting for qqZZ

« virtual EW correction k-factor applied on qqZZ sample

* to account for non-factorizing effects for high QCD active events, as the size of correction
« Variation related to NLO k-factor variation for ggZZ

* uncertainty of NLO k-factor reweighting on ggZ7Z sample

23



/] analysis

* Data: Full Run2 dataset @13 TeV 2 |AmsSmite s vz
: : T |
A variable is used to search for : | i
anomalous weak-boson self-interactions | SEssienc

using dimention-six EF

0.0
= = = - -0.3 |
Wilson coefficient Includes | Mg |> 95% confidence interval [TeV 2] p-value (SM) : :
|chwe / A2 =1.8 TeV—2?| !
Expected Observed 0.3 ] i
s —
cw /A2 No [—0.30, 0.30] [—0.19, 0.41] 45.9% 0.0 | e s
Yes [—-0.31, 0.29] [—0.19, 0.41] 43.2% ; ;
Ew /A2 No [—0.12, 0.12] [—0.11, 0.14] 82.0% 0.3
Yes [—0.12, 0.12] [—0.11, 0.14] 81.8% 0.3 |Ewe/ A= T8 Tev=2 i
caws/ A2 No [—2.45, 2.45] [-3.78, 1.13] 29.0% i ;
Yes [—3.11, 2.10] [—6.31, 1.01] 25.0% 0.0 L "
Euwn/A2 No [—1.06, 1.06] [0.23, 2.34] 1.7% ; ;
Yes [—1.06, 1.06] [0.23, 2.35] 1.6% -0.3 ' '
Ry e R ey YR EFEEgEEeEgLRIREEEET
The results are almost unaffected with/without the my [TeVl Ay

pure dimension-six contributions.
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