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Motivation

» four-lepton final state (two same-flavor opposite-sign e or U pairs)
e contains rich physics theoretically
* relatively clean experimentally

* precise measurements and tests on SM

e potential BSM interpretation
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ATLAS detector

* one of the two general purpose detectors on Large Hadron Collider
* sub-detectors: inner trackers, electromagnetic and hadronic calorimeters and
muon spectrometer

25m

\\ Tile calorimeters

= LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

* ATLAS Run-2 (2015-2018) data corresponding to 139fb! of Vs = 13 TeV pp collisions
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Introduction

» Fiducial Region
* designed to be as inclusive as possible
* based on particle-level prompt leptons, with
dressed electrons and bare muons
e any process with at least 4 leptons in the hard
scattering is considered as part of the signal

» Quadruplet: invariant mass of same-flavor opposite-sign lepton pair which is
closest (second closet) to Z mass treated as primary (secondary) pair
* one quadruplet defined in an event
* three flavor categories: 4, , de

» Event Selection
e at first leptons are reconstructed and checked with baseline criteria
e event selection which mimics the fiducial definition
* tight criteria applied on leptons in quadruplet to mitigate misidentified or
non-prompt leptons
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Introduction .

' Single Z (60 < m,, < 100 GeV)
S

> Observables

* integrated cross-sections

Higgs (120 < m, < 130 GeV)

v

* differential cross-sections:
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On-shell ZZ (180 < m, < 2000 GeV) !
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Off-shell ZZ (20 < m,, < 60 GeV OR |
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My . 100 < m, < 120 GeV OR
* myinslices of p'y 130 < m,, < 180 GeV)
* myinslices of |y,| L e PR P EY

* my inslices of flavor categories: 4p, 2e2p, 4e

* My Mg,

* PPy

* rapidity difference between two lepton pairs | Ayl
* azimuthal angle between the pairs |A¢pairs| S
* azimuthal angle between leading/subleading leptons |Ad,|

* polarization variables cos@*,,, cosB*;, (6* angle between the
negative lepton in the lepton pair rest frame, and the lepton pair in the lab
frame)
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MC simulation

* MC samples are generated dedicatedly for each essential process

qqZZ NLO QCD@0,1 jet| NNPDF3.0NNLO
ggZ7 LO QCD@0,1 jet| NNPDF3.0NNLO
Higgs ggF NNLO QCD |PDF4ALHCNNLO
VBF NLO QCD|PDF4LHC15
VH, ttH NLO QCD | PDF4LHC15
triboson NLO@inclusive|[ NNPDF3.0NNLO
ttv LO|NNPDF3.0NNLO

MC prediction details
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Background & Detector effect

» Background estimation

10* E—ATLAS Work in plrolgrésls ' i I. ' ' .I .I
E 139 b {5=13 Tev SM Signal Prediction
10 Reco-level Prediction
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Events/ 1.0

Fakes (FF)

10°

10

background refers to events with one or more
non-prompt/fake leptons entering quadruplet,
mainly from Z+jets and ttbar processes

data-driven approach: Fake Factor method to ;cf
estimate background H
background contributes < 10% in most bins ¢ .t

10? 10° m, [GeV]

> Detector corrections = [t p———— oo
. . . ) O = - 13TeV, 139 b £
aim to measure particle-level distributions £ w.«:m, oo
corrected for detector effects (resolution, § :=F g
inefficiency) 5 2% “:Z )
* pre-unfolding efficiency correction per % "
leptons in quadruplet —E s
* jterative Bayesian unfolding process ; 20
binning of distributions optimization based o 10

Reconstruction-level m,, [GeV]
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Uncertainties
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* data statistical uncertainty dominates most of bins in almost all distributions

e other sources of uncertainties are the background estimation, lepton
reconstruction, identification, isolation and track-to-vertex association, lepton
resolution and scale, generator selection, unfolding, etc.
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Detector-level yields

* predicted yields V.S. data counts on detector level

X axis logarithmic for m,, > 216 GeV
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Measurement results

 differential cross-section as a function of m,;:
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* the agreement between the data and both predictions is generally within
the quoted uncertainties integrated and other

* two predictions show almost the same distribution differential cross-sections
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Interpretation: Z — 41 Branching ratio

* rare process: internal conversion Z — 4l
 extracted the BR with measured cross-section in the
Z — 4l region

-
pred. fid. XS from frac. of qqZZ coming
non-qqgZZ source from single Z prod.

(O.meas . pred/ ) /

X fZ X fﬂOZl-T

non—qq-—4l1
By 41 =
07 X Afig
Z prod. XS ratio of qqZZin  frac. of events where
fid. region and no leptons originate
ext. region from tau decays
BZ—>41

= (4.41 + 0.13(stat.) + 0.23(syst.) + 0.09(theory) + 0.12(lumi.)) x 10~
= (4.41+0.30) x 107°
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Interpretation: B-L model

* BSM with spontaneously U(1);, gauge symmetry breaking, interesting
model giving birth to neutrino mass: B-L model
* new particles introduced: Z’, exotic Higgs h, and RH neutrinos
e Z'interacts with SM through coupling g’ and h, mixes with SM Higgs
with mixing angle a

e scenario considered: fixed parameters: low Z’ mass (35 GeV) weakly
coupled to SM (g’ = 103)

» differential cross-sections as a function of rich variables providing best
expected sensitivity to set limit on 2D m,, ™~ sina parameter space

e statistics: multi-gaussian likelihood function to include the covariance
among bins from unfolding

« BSM samples generated using Herwig7 at particle-level with LO precision
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http://dx.doi.org/10.1007/JHEP05(2019)154

B-L model interpretation
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numerous variables we measured, provide us stronger power of exclusion
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Summary

* we present the measurement of various differential cross-sections in 4-
leptons events with ATLAS full Run-Il data at a new-precision regime

* allinformation are corrected to particle-level and preparing in HEPData with
Rivet routine, providing convenient way for rapid future re-interpretation to
both experimentalists and theorists

 improve the Z — 4l BR measurement

e constraints setting on example gauged B-L model, improving the parameter
exclusion limit

* reference public CONF note

S oz rek you %é% yous allentiorn/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-042/

Back-up
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Back-up: fiducial region definition

e any process with at least 4 leptons in the hard scattering is
considered as part of the signal

Muon selection
Electron selection

Lepton selection
Bare, pr > 5 GeV, || < 2.7
Dressed, pt > 7 GeV, |n| < 2.47

Four-lepton signature
Lepton kinematics

Lepton separation

J /yr-Veto
Truth isolation

Event selection
At least 4 leptons, with 2 Same-Flavour, Opposite-Sign pairs
pt > 20/10 GeV for leading two leptons

AR;; > 0.05 for any leptons
m;j > 5 GeVior all SFOS pairs
ptcone30/pt < 0.16
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Back-up: MC simulation

Process Generator DSID
. .
q q ZZ . G — 220 — 4 inclusive SHERPA 2.2.2 364250
. 2 add. jets (EW) SHeErpa 2.2.2 364364
* PS: MEPS@NLO Catani-
. . . gg (= H™) — 27" — 4¢  inclusive, myp > 130 GeV SHERPA 2.2.2 345706
Seymour d|p0|e factorization — s —zz9 - no H. my; < 130 GeV SHERPA 222 345708
o . .
O P E N LOO PS I I b fo rvi rtu d | geF Pownec (NNLOPS) + Pytaia 8 345060
H VBF PowHEG + PyTHIA 8 346228
QC D corre Ct Ion pp— H— ZZW — 4¢ ZH PowHEG + PyTH1A 8 345038
345039
WH PowHEG + PyTHIA 8 345040
346342
o ggZZ tH PowsEG + Pythia 8 346341
346340
. ( + +
> 130 G eV S M bOX gg F pp — WOWEZE - 402y inclusive SHERPA 2.2.2 364243
: pp — WHZEZW 5 501y inclusive SHERPA 2.2.2 364245
I nte rfe ren Ce) pp — ZHZHZH 5 6f inclusive SHERPA 2.2.2 364247
pp — ZWZHZM) 5 42y inclusive SHERPA 2.2.2 364248
e K-factor to NLO pp — i+ €0 1iZ, mpe > 5 GeV SuErpa 2.2.0 410142
Process Generator DSID
. () .z dtruth leptons with py > 4GeV
° On_she” nggs: pp — Z% — 2e+ jets m(E0) > 40GeV, ma(£) > SGeV Suerpa 2.2.0 344295
. > 4 truth leptons with pr > 4GeV,
. pp — Z% = 2u+ jets . SHERPA 2.2.0 344296
° ggF cross-section @ N 3 LO mi(£6) > 40GeV, ma(() > 8GeV
20 5 e jers = o wuthleptons with pr > 4GeV o 220 344297
e PS: PYTHIAS pp= * veto filter of 344295 -
. > 3 truth | s with 4GeV
pp — Z¥) = 2u+ jets _t tg;tt ef}?t;:liz‘;g pr > 20e Suerpa 2.2.0 344298
veto filter o
pp — Z% — 2e+jets  inclusive SHerea 2.2.1 364114-364127
. pp — Z%) — 2u+jets  inclusive SHerpa 2.2.1 364100-364113
L4 tr' boso N pp — Z% — 27+ jets  inclusive Suerea 2.2.1 364128-364141
pp —tt — 21 inclusive PowHEG + PyTHIA 8 410472
° ttV pp — lvll inclusive Suerpa 2.2.2 364253
pp—o Z+T — 4L inclusive PyTHiA 8 800041-800044

* PS:same as qqZZ
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Back-up: triggers

data selected using a logical OR of a reduced
set of lowest prescaled single, di- and tri-
lepton triggers

Year

2015

HLT mu20_iloose_L1MU15
HLT_mu50
HLT 2mul0
HLT _mul8_mu8noL1l

2016

HLT mu26_ivarmedium
HLT _mus0
HLT 2mul4
HLT mu22 mu8nol.1

Year

2015

HLT e24 lhmedium_L1EM20VH
HLT_e60_lhmedium
HLT _el120_lhloose
HLT 2el2_lhvloose LL12EM10VH

2017

HLT mu26 ivarmedium
HLT mu50
HLT 2mul4
HLT mu22 mu8nol1

2016

HLT e26_lhtight_nod0_ivarloose
HLT e60_lhmedium_nod()
HLT e140_lhloose_nod0
HLT 2el7 lhvloose nod(

2018

HLT mu26_ivarmedium
HLT mu50
HLT 2mul4
HLT mu22 mu8nol1l

2017

HLT e26_lhtight nod0_ivarloose
HLT e60_lhmedium_nod(
HLT e140 lhloose nod0
HLT 2e24 lhvloose nod(
HLT e24 lhvloose nod0 2el2 lhvloose nod0 L1EM20VH_3EMI10VH

Year

2015

HLT e7 lhmedium mu24
HLT el7 lhloose mul4

2018

HLT_e26_lhtight_nod0_ivarloose
HLT e60 lhmedium_ nod0
HLT e140 lhloose nod0
HLT 2el7 lhvloose nod0 L12EM15VHI
HLT 2e24 lhvloose nod0
HLT e24 lhvloose nod0O 2el2 lhvloose nod0 L1EM20VH 3EM10VH

2016

HLT e7 lhmedium_ nod0 mu24
HLT el7 lhloose nod0 mul4
HLT 2el2 lhloose nod0 mul0Q

2017

HLT el7 lhloose nod0 mul4
HLT e26 lhmedium nod0 mu8nol.1

2018

HLT el7 lhloose nod0 mul4
HLT e26 lhmedium nod0_mu8nol1
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Back-up: event selection

1. baseline lepton selection 3. signal lepton selection
Category | Requirement
Kinematics Muons : pr > 5 GeV ‘ .
If CaloTag: >15 GeV Input objects Baseline electrons and muons that are part of the quadruplet
In| < 2.7 Isolation FixedCutPflowLoose working point
Contribution from all other baseline leptons is subtracted
Electrons: pr >7GeV Cosmic muon veto Muons: |dy| <1 mm
|_’7 | <247 Impact Parameter Muons: dy/og, <3
Vertex association Both : |zgsing| <0.5 mm Electrons: do/og, <5
Identification: Muons: Loose ID Stricter Electron ID Electrons: LooseBLayerLH ID
Electrons: LooseLH ID
Overlap removal: Lepton-favoured

2. detector-level 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, )
Lepton kinematics pt > 20/10 GeV for leading two leptons
Lepton separation AR;; > 0.05 for any two leptons
J /¥-Veto m;; > 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-Flavour, Opposite-Sign (SFOS) pairs
Quadruplet categorisation 4 signal, 0 non-signal: signal region

< 3 signal, > 1 non-signal: background control region
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Back-up: event selection

jet selection

Collection: AntiKt4dEMPFlow
Kinematics: In| < 4.5
pt > 30 GeV
Signal jet (after overlap removal): pass JVT
details of overlap removal
Reject Against Overlap Ceriteria
T ]
electron | electron shared track, p;. < p7.
calo muon | electron shared ID track
electron muon shared ID track
jet electron AR <0.2
jet muon | NumTrack < 3 and ghost-associated/AR <0.2

2020/Nov/06
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Back-up: fake factor method

» fake factor: calculate what fraction of fake leptons is expected given the number
of baseline-not-signal leptons

e calculated in Z->Il CR (events one SFOS pairs within 15 GeV of mZ and at least one
other baseline lepton)

* fake factor applied to the number of baseline-not-signal leptons in each event

3rd (not in Z pair) baseline muon 3rd (not in Z pair) baseline muon
B
S’ 10? ATLAS Work in progress Bl sherpa Vv Sherpa Z— 1t = 1Ua
8 105 Ih!r -1401b" {5 =13 TeV B PrPyeH 27 41 B sherpago— 41 8 ATLAS Work In progress
14
= 10s L CR B sherpa nzmww — v [l Sherpa o> 41 = 10 [m =1401b" {5 = 13 TeV
. 10" Il sherpa WV I PhPys tibar - o F 2oeecn
-g“ 103 Bl sherpa Z-s ee Sherpa Z— up a 10 et —— MCall —— MC classified as fake
= 102 —&— data =
S 10 Z s —
10 o 10 -
1 R
107" 10*
107°
107 10°
107
107 10°
1.5
Q 125 10
g R 1
S o7s
0.5 107" :
o F 5 1
=w0'yK 3 0.75F
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Back-up: background validation

* validation regions: similar with SR but with one different-flavor, opposite-sign pair
OR same-flavor, same-sign pair

T (=] 2 R T | —_—
2 ATLAS Work in progress -e-Dala — Fakes (FF) = 107 ETATLAS Work In progress -8 Data — Fakes (FF) "=
% 107 E139 107, \s=13 TeV  Frpred. - 817.151.2 Fakes (MM) VWV P 139 ™, Vs=13 TeV  Frpred. - 496.421.0 Fakes (MM) VWV E
c Region: VR-DF MM pred. : 857.9+1.2 - = Region: VR-SC M.Mpfed. :544.9+1.0 - ]
& gion: Coscges - Mlqq/gg->2Z g Obs.o06 I g Mlqq/gg9->2Z
“ 0 R Y a P (FR7e7 00l Higgs -y 3
10" E
1072 =
O 2 [&] E
= = E
..a TR EETE T TP T P ETRPITRPPRIPPPPPPI SIS P TSNYSPRTSERTICCIOOToont | | P PEEF FPPRY FPPPY RUPFIPPR (VY “TRRSISPROPRS FRPR -§ E
- © —
R et Y VTR 07 Twes 1 i 1 0 B O Sy & E
! E
] 1 L T —
0 E
0.5 =

* validate the FF method as well as cross-checking with Matrix method

2020/Nov/06 Xiaotian Liu - CLHCP2020



Back-up: background smoothing

54 1.) Raw prediction in fife binning

5 12 Fine binning (original) —z

L; 10 —;

£ 8 5

L 3

* to suppress the statistical fluctuations i E
g - E

* reduce the impact of single outlier with larger FF § ME Do e e b
. = E s Fine binning (smoothed) 3
weights S g 3

* background estimation in fine binning for each ¥ . 3

. 24 -
histogram 2 o .

P E

e smooth fine-binned distribution with

; 1) .'&tegrarion of smooth prediction to l'argiel' binm'ngg
. 2 10 iy Fine binning {smoothed)
Friedman’s super smoother A SRRt e
. . . . £ < ",
* integrate smoothed distribution over coarser, Eg
target bins 0B :
 normalized to the background yield obtained ;fimmmmmmwm.ﬂz
before smoothing in the first step G OF - irteged smocted csimat
= 1 Mo e -
£ 3
E 107! ‘é
% 10° t
10 450 16& 200 400 600D 1000 Zi;l}[]
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Back-up: detector corrections

pre-unfolding efficiency correction per leptons in quadruplet
1

gi(0TiMi)

« per-event weight: [},

* jterative Bayesian unfolding process

P(R;|T; )Pp_1(T))
Pn(leRi) = ZP((R]]'||752)Pni1(Tk)’ P(Ty) = ZPR(TJ'le)P(Rj)

* T, R;is the bin content at the jth bin

 iterative Bayesian unfolding with either 2/3 iterations, optimized based on the
bias and statistical uncertainty

* validation: data-driven closure test

* injection test demonstrate the robustness to BSM
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Back-up: unfolding optimization

e statistical variation based toy study
+ toys generated randomly from the MC reco prediction
+ unfold toys with several possible iteration choices
+ estimate the bias and statistical error for each unfolded toy

* metric: bias significance defined as the ratio of bias and stat, indicating the
size of bias comparing with stat

 we require 0.5 threshold so here the 3 Bayesian iterations is proper
* for other variables, most of them prefer 3 iterations while for mZ,, A¢,, and
Ay, .irs 2 iterations is sufficient

Binning requirements

# Reco events Purity
[14,20) 80%
[20,25) 70%
>25 60%  binning criteria
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Back-up: unfolding data-driven test

Data / MC

+ half MC reco unfolding: closure within statistical uncertainty

+ unfold reweighted MC, compare with reweighted truth

before/after reweighting

MC closure:
+ direct MC reco unfolding: full closure
data-driven closure
+ smooth data/MC ratio
¢ reweight MC
reweighting function fit
2; g;ltsa;'xilbli?v:;le;%h‘tir:d Function ‘ ‘ T 5 i,‘
1_82 ice: . é E
1.6F 1 &
1.4i —f
1.23 é
e E
0.8} E
0.6F 3
o4 o B
10° 10°
m,, [GeV]

take the difference as unfolding systematic uncertainty
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Back-up: unfolding injection test

Yield

further check on the model-independence of unfolding

ggF BSM Higgs mass 300GeV,
width 15GeV, XS 20fb

ggF BSM Higgs mass 800GeV,

narrow-width, XS 1fb

T
3 p—
: ’_r“"' T -
2 = T, —]
F 20 (XS x BR) 300w15 o 3
- [~ Unfolded BSM e —
| —ssmTun - —

1

-~ Qriginal Truth

Id

=

1fb (XS x BR) B0ONW

Truth/Unfolded

1
Truth/Unfolded

nominal unfolding is robust to broad excess over the SM prediction

pre-unfolding correction improves the comparison of unfolded vs particle

yields in most cases
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Back-up: measurement results

* inclusive fiducial cross-sections (in full phase-space and defined regions):

Region

Full Z =4 H — 4 Off-shell ZZ  On-shell ZZ

Measured 38.9 22.1 4.76 12.4 49.3
fiducial +1.1 (stat.) £0.7 (stat.) £0.29 (stat.) +0.5 (stat.) +0.8 (stat.)
cross-section +2.3 (syst.) £1.1 (syst.) £0.18 (syst.) +0.6 (syst.) =£0.8 (syst.)
[fb] +1.5 (lumi.) £0.4 (lumi.) =40.08 (lumi.) =£0.2 (lumi.) =£0.8 (lumi.)
+3.0 (total) £1.3 (total) 40.35 (total) +0.8 (total) £1.3 (total)

SHERPA 8615 23.6=1.5 4.57+0.21 11.5£0.7 46.0+2.9

POWHEG + PYTHIAS 83EH 21.2+1.3 4.38+0.20 10.7£0.7 46.4+3.0

 measured cross-sections are compared to Sherpa and Powheg providing
different modelling of qqZZ

* in all regions data and MC are consistent within the uncertainties
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Back-up: measurement results

 m1l2 differential cross-sections in all regions
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Back-up: measurement results

 m34 differential cross-sections in all regions
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Back-up: measurement results
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Back-up: measurement results

* |Ad,| differential cross-sections in all regions
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Back-up: measurement results

* cosB* , differential cross-sections in all regions
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Back-up: measurement results
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Back-up: B-L model interpretation

* multi-gaussian likelihood:

_ 1 _l - _ - T —1r =2 _ -
L(u) = IC] exp( 2(O-data O-pred(.u)) C™ " (%data O-pred(.u)))

*  “most sensitive variable” map:
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Back-up: B-L model interpretation

e LHC constraints on B-L model:

CONTUR
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