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Introduction
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• Multi-boson processes: a powerful probe to the electroweak gauge structure:

• Better understand the Standard Model (SM)

• Test directly the gauge boson self-interaction (SU(2))
• Higgs mechanism for Electroweak Symmetry Breaking (EWSB)

• e.g. vector boson scattering (VBS) processes for gauge unitarity

• Search for Beyond the Standard Model (BSM) physics

• Anomalous gauge boson coupling (aTGC, aQGC…)
• Effective field theory (EFT), a more general way for new physics search

• Measurement of multi-boson processes:

• Total cross-section
• Differential cross-sections
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• Measurement of ZZ process

• Clean and full-reconstructed signal for the leptonic decay 
(4ℓ(𝑒, 𝜇)) in experiment

• Low cross-section comparing with other di-boson processes

• Previous study

• 4ℓ final state was measured in the on-shell 𝑍𝑍 region to 
determine the 𝑍𝑍 production cross-section both at ATLAS 
and CMS experiment (link, link)

• Differential cross-sections was also measured including off-
shell events form Z*/γ* (link)

• We expected more precise measurement on more variables as 
well as more accurate test on BSM with full 13 TeV dataset
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mZ window: 
60~120 GeV

https://doi.org/10.1103/PhysRevD.97.032005
https://doi.org/10.1140/epjc/s10052-020-08817-8
https://doi.org/10.1007/JHEP04(2019)048
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• Rich physics contents in 4ℓ final states including not only SM but also possible BSM

new physics ?? 

e.g. aTGC

• aTGC
• Latest CMS result

link

https://doi.org/10.1140/epjc/s10052-020-08817-8
https://doi.org/10.1007/JHEP04(2019)048
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LHC

• Large Hardon Collider:

• Most powerful accelerator in the world

• 𝑝𝑝 collision:
• Run-I:

• 2010: 7 TeV 45.0 pb-1(recorded)
• 2011: 7 TeV 4.57 fb-1

• 2012: 8 TeV 20.3 fb-1

• Run-II:
• 2015: 13 TeV 3.2 fb-1

• 2016: 13 TeV 33.0 fb-1

• 2017: 13 TeV 44.3 fb-1

• 2018: 13 TeV 58.5 fb-1

• Run-III keeps coming…
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ATLAS Detector
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• One of the two general purpose detectors on Large Hadron Collider (LHC)
• Sub-detectors: inner trackers, electromagnetic, hadronic calorimeters and muon 

spectrometer
• Object reconstruction: electron, photon; muon; jet (tagging); MET; …

• ATLAS Run-2 (2015-2018) data corresponding to 139fb-1 of √s = 13 TeV pp collisions
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Fiducial region and event selection
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➢ Fiducial Region
• Designed to be as inclusive as possible
• Based on particle-level prompt leptons, with dressed 

electrons and bare muons

➢ Event Selection
• At first leptons are reconstructed and checked with baseline criteria
• Event selection which mimics the fiducial definition
• Tight criteria applied on leptons in quadruplet to mitigate misidentified or non-prompt 

leptons

➢ 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: 4μ, 2e2μ, 4e

link

https://doi.org/10.1007/JHEP07(2021)005
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Observables

2022/Aug/22 8

• Integrated cross-sections

• Differential cross-sections:
• m4ℓ

• m4ℓ in slices of pT
4ℓ

• m4ℓ in slices of |y4ℓ|
• m4ℓ in slices of flavor categories: 4μ, 2e2μ, 4e

• m12, m34

• pT
12, p

T
34

• rapidity difference between two lepton pairs |Δypairs|
• azimuthal angle between the pairs |Δφpairs|
• azimuthal angle between leading/subleading leptons |Δφll|
• polarization variables cosθ*12, cosθ*34 (θ* angle between the negative 

lepton in the lepton pair rest frame, and the lepton pair in the lab frame)

Single Z (60 < m4ℓ < 100 GeV)

Higgs (120 < m4ℓ < 130 GeV)

On-shell ZZ (180 < m4ℓ < 2000 GeV)

Off-shell ZZ (20 < m4ℓ < 60 GeV OR 
100 < m4ℓ < 120 GeV OR 
130 < m4ℓ < 180 GeV)
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Physics modelling
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• MC samples are generated dedicatedly for each essential process:

• Signal
• qqZZ
• ggZZ

• m4ℓ < 130 GeV, loop-induced only
• m4ℓ > 130 GeV, inclusive generation taking the 

interference of ggF off-shell Higgs process into account
• detailed on-shell Higgs modelling

• ggF, VBF, ttH, VH

• triboson production
• ttV(V)

• Background
• Z+jets
• ttbar
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Physics modelling
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• Accuracy and PDF set for MC samples for essential process:

MC prediction details

qqZZ SHERPA 2.2.2 NLO QCD@0,1 jet NNPDF3.0NNLO

ggZZ SHERPA 2.2.2 LO QCD@0,1 jet (k-factor reweighted to NNLO) NNPDF3.0NNLO

Higgs ggF POWHEG + PYTHIA 8 NNLO QCD (normalized to N3LO XS) PDF4LHC15NNLO

VBF POWHEG + PYTHIA 8 NLO QCD (normalized to NNLO XS) PDF4LHC15NLO

VH POWHEG + PYTHIA 8 NLO QCD@0,1 jet (normalized to NNLO XS) PDF4LHC15NLO

ttH POWHEG + PYTHIA 8 NLO QCD PDF4LHC15NLO

triboson SHERPA 2.2.2 NLO NNPDF3.0NNLO

ttV(V) SHERPA 2.2.0 LO NNPDF3.0NNLO
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Background
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• Background refers to events with one or more non-prompt/fake leptons entering quadruplet, 
mainly from Z+jets and ttbar processes

• Background estimated with data-driven approach: 

• Fake Factor method, estimate fake factor in Control Region and transfer it into Signal 
Region

• Validation: Validation Region comparison; cross-check with Matrix method

• Background contributes < 10% in most bins
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Uncertainties
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• Multi-source of uncertainties are studied and estimated:

• Data statistics

• Experimental uncertainties

• Generator selection

• Background

• Unfolding method
• …

Predominant uncertainty

Propagated to 
unfolded distributions

SHERPA V.S.

POWHEG + PYTHIA

Data-driven FF, 
application statistics…

Data-driven closure
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Detector-level yields
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• Predicted yields V.S. data counts on detector level:
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Unfolding and detector correction
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• Differential measurement needs to correct the detector effects (resolution, inefficiency) 
and get the distributions at particle-level

Particle-level distribution 
(“real” physics)

Detector-level distribution 
(observation)

detection

Experiment:

unfolding

(folding)

𝑅1
⋮
𝑅𝑛

=
𝐹11 ⋯ 𝐹1𝑛
⋮ ⋱ ⋮
𝐹𝑛1 ⋯ 𝐹𝑛𝑛

×
𝑇1
⋮
𝑇𝑛

Response Matrix
Detector-level 

distr.
Particle-level 

distr.

𝑇1
⋮
𝑇𝑛

=
𝑀11 ⋯ 𝑀1𝑛

⋮ ⋱ ⋮
𝑀𝑛1 ⋯ 𝑀𝑛𝑛

×
𝑅1
⋮
𝑅𝑛

Unfolding Matrix

• The unfolded distribution could be used to retrieve differential cross-section and compare 
with theoretical prediction directly!
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Unfolding and detector correction
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• Get unfolding ingredients (efficiency, migration matrix…) from MC simulation samples

• Validation: data-driven closure test, injection test

• Unfolding method also used to optimize the binning of distributions
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Unfolded measurement
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• Differential cross-section as a function of m4ℓ:

• The agreement between the data and both predictions is generally within the quoted 
uncertainties

• Improve the measurement precision significantly
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Unfolded measurement
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Differential cross-section as a function of m12 vs m4ℓ Differential cross-section as a function of m34 vs m4ℓ

Single Z Single ZHiggs Higgs

On-shell ZZ

On-shell ZZ
Off-shell ZZ

Off-shell ZZ
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Unfolded measurement
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Differential cross-section as a function of cosθ*12 vs m4ℓ Differential cross-section as a function of cosθ*34 vs m4ℓ

other differential cross-sections

Single Z Single ZHiggs Higgs

On-shell ZZ On-shell ZZOff-shell ZZ Off-shell ZZ
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How to make use of them?

• With the precise measurements, what’s next?
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• 𝑍 → 4ℓ Branching Ratio extraction

• BSM interpretation:
• EFT interpretation
• 𝐵 − 𝐿 model interpretation

• Further re-interpretation in the future…



Xiaotian Liu · MBI2022

Extract 𝑍 → 4ℓ Branching Ratio

• Rare process: internal conversion 𝑍 → 4ℓ
• Extracted the BR with measured cross-section in the 𝑍 →
4ℓ region

2022/Aug/22 20

ℬ𝑧→4𝑙 =
𝜎meas − 𝜎non−𝑞𝑞→4𝑙

pred
× 𝑓𝑍 × 𝑓𝑛𝑜𝑛−𝜏

𝜎𝑍 × 𝐴fid

pred. fid. XS from 
non-qqZZ source 

frac. of qqZZ coming 

from single Z prod.

frac. of events where no 
leptons originate from 
tau decays

ratio of qqZZ in fid. 
region and ext. 
region

Z prod. XS

ℬ𝑧→4𝑙 = 4.41 ± 0.13 stat. ± 0.23 syst. ± 0.09 theory ± 0.12(lumi. ) × 10−6 = 4.41 ± 0.30 × 10−6

• Accepted as one of the experimental inputs of world average value in the latest PDG (PDG2022)

https://pdg.lbl.gov/2022/listings/rpp2022-list-z-boson.pdf
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Introduction to BSM interpretation

• Utilize the numerous differential cross-sections of 4ℓ final state to test BSM/fit BSM 
parameters/constrain BSM

• Dig out the information far from resonances

• Statistics:

• ℒ =
1

2𝜋 𝑘|𝐶|
exp −

1

2
Ԧ𝜎data − Ԧ𝜎pred 𝜇, Ԧ𝜃

𝑇
𝐶−1 Ԧ𝜎data − Ԧ𝜎pred 𝜇, Ԧ𝜃 × ς𝑖 𝒢(𝜃𝑖 , 0,1)

• 𝐶 = 𝐶stat fixed to expected SM + Csyst(unfolding) (other uncertainties)

• nuisance parameters Ԧ𝜃 (BSM theoretical uncertainties)

• Multi-gaussian statistics model to characterize the correlation among bins by unfolding procedure

2022/Aug/22 21
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EFT: operators

• Constrain on Wilson coefficients of dim-6 operators in Standard-Model EFT formalism(SMEFT)

• ℒ = ℒ𝑆𝑀 + σ𝑖
𝐶𝑖

Λ𝑑𝑖−4
𝒪𝑖

• 𝑐𝑖 ≡
𝑐𝑖
d=6

Λ2

• Among the full list of 59 dim-6 operators, 22 Wilson coefficients that give non-negligible 
contributions to the 4ℓ final state are considered

• 3 affecting Higgs couplings: 𝑐𝐻𝐺 , ǁ𝑐𝐻𝐺 , 𝑐𝐻𝐷
• 1 affecting gauge boson coupling: 𝑐𝐻𝑊𝐵

• 7 affecting the Z → ℓℓ vertex: 𝑐𝐻𝑑 , 𝑐𝐻𝑢, 𝑐𝐻𝑒 , 𝑐𝐻𝑙
(1)
, 𝑐𝐻𝑙

(3)
, 𝑐𝐻𝑞

(1)
, 𝑐𝐻𝑞

(3)

• 11 four-fermion interaction: 𝑐𝑒𝑑 , 𝑐𝑒𝑒 , 𝑐𝑒𝑢, 𝑐𝑙𝑑 , 𝑐𝑙𝑒, 𝑐𝑙𝑙 , 𝑐𝑙𝑙
(1)
, 𝑐𝑙𝑞

(1)
, 𝑐𝑙𝑞

(3)
, 𝑐𝑙𝑢, 𝑐𝑞𝑒

• Different variables are sensitive to different coefficients

2022/Aug/22 22
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EFT: methodology

• Parametrization:

• Matrix element: ℳmix =ℳSM + 𝑐 ⋅ℳBSM

• The full prediction SM+BSM can be decomposed into three components of SM term, linear 
term(interference), quadratic term(pure BSM): 

• 𝜎 𝑐 = 𝜎SM + 𝑐 ⋅ 𝜎INT + 𝑐2 ⋅ 𝜎BSM

2022/Aug/22 23

• Generate the three components separately at LO precision in QCD
• Scale the MC with the ratio best SM to LO SM to consider the high-order effect

• The variable providing the best sensitivity is chosen to set limits for a Wilson coefficient, and a 
variable measured in slices counts as one variable
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EFT: fitting results
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B-L model: introduction
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• An extension of SM with additional 𝑈 1 𝐵−𝐿, with spontaneously breaks of 𝐵 − 𝐿 symmetry, the 
neutrinos get mass (B-L model)

• Model predicts new particles: gauge boson 𝑍′, exotic Higgs ℎ2 as well as RH neutrinos
• 𝑍′ interacts with fermions through coupling 𝑔′, and ℎ2 mixes with SM Higgs via mixing 

angle 𝛼

• Scenario considered: fixed parameters: low Z’ mass (35 GeV) weakly coupled to SM (g’ = 10-3)
• Set limit on 2D mh2 ~ sinα parameter space

• B-L samples with different parameter settings generated at particle-level with LO precision
• Same as EFT, the variable providing the best sensitivity is chosen to set limits

https://doi.org/10.1007/JHEP08(2018)181
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B-L model: limit setting
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• 95% CL exclusion:
• Left: m4l only exclusion; Right: all variables included exclusion

• Sinα > 0.28 over most of the range and constraints on mh2 above 400 GeV
• Numerous variables we measured, provide us stronger power of exclusion
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Summary
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• We present the measurement of various differential cross-sections in 4-lepton events 
with ATLAS full Run-II data at a new-precision regime

• All information are corrected to particle-level and prepared in HEPData with Rivet 
routine, providing convenient way for rapid future re-interpretation to both 
experimentalists and theorists (HEPData, Rivet routine)

• Improve the 𝑍 → 4𝑙 BR measurement

• Constraints setting on EFT dim-6 operators and gauged B-L model as an example

• publication of the work
• Measurements of differential cross-sections in four-lepton events in 13 TeV proton-

proton collisions with the ATLAS detector

https://www.hepdata.net/record/94413
https://rivet.hepforge.org/analyses/ATLAS_2021_I1849535
https://doi.org/10.1007/JHEP07(2021)005
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Back-up: SM production cross-sections
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Back-up: Multi-boson cross-sections
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Back-up: 𝑝𝑝 → 𝑍(∗)𝑍(∗) → 4ℓ at LHC
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• 4ℓ final state: two same-flavor opposite-sign e or 
μ pairs

• Production is dominated by qq-initiated t-
channel ZZ, the secondary contribution is from 
loop-induced ggZZ process 𝒪(10%)

• Resonance production contributions of HZZ as well as internal conversion of Z decay

• Even through 4ℓ channel has very low Branching Ratio (~0.4%), it is clean channel with 
high energy resolution
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Back-up: Triggers
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• data selected using a logical OR of a reduced set of lowest 
prescaled single, di- and tri-lepton triggers
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Back-up: Fiducial region definition
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• any process with at least 4 leptons in the hard scattering is 
considered as part of the signal



Xiaotian Liu · MBI2022

Back-up: Event selection
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• Leptons are reconstructed and checked with 
baseline criteria • Lepton pairing:

• Tight criteria applied on leptons in 
quadruplet to mitigate misidentified or 
non-prompt leptons

• Event selection with fiducial definition
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Back-up: Event selection
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jet selection

details of overlap removal strategy
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Back-up: MC simulation
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• qqZZ:
• PS: MEPS@NLO Catani-Seymour dipole 

factorization
• OPENLOOPS lib for virtual QCD correction

• ggZZ:
• > 130 GeV (SM box + ggF + interference)
• K-factor to NLO

• on-shell Higgs:
• ggF cross-section @ N3LO
• PS: PYTHIA8

• triboson
• ttV

• PS: same as qqZZ
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Back-up: Fake factor method
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• fake factor: calculate what fraction of fake leptons is expected given the number of baseline-not-
signal leptons

• calculated in Z->ll 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
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Back-up: Fake background validation
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• validation regions: similar with SR but with one different-flavor, opposite-sign 
pair OR same-flavor, same-sign pair

• validate the FF method as well as cross-checking with Matrix method
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Back-up: Fake background smoothing
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• to suppress the statistical fluctuations

• reduce the impact of single outlier with larger FF weights

• background estimation in fine binning for each histogram

• smooth fine-binned distribution with Friedman’s super smoother

• integrate smoothed distribution over coarser, target bins

• normalized to the background yield obtained before smoothing 
in the first step
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Back-up: Unfolding details
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• R and T: reco distribution & truth distribution with events passing reco or fiducial level 
selection respectively

• EC: reconstruction inefficiency effect of detector
• MM: smearing and resolution effect of detector
• FC: minor correction for events passing reco selection but failing truth selection

𝑅1
⋮
𝑅𝑛

=
𝜀1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝜀𝑛

×
𝑀11 ⋯ 𝑀1𝑛

⋮ ⋱ ⋮
𝑀𝑛1 ⋯ 𝑀𝑛𝑛

×
𝑐1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑐𝑛

×
𝑇1
⋮
𝑇𝑛

Reco Fiducial Correction        Migration Matrix      Efficiency Correction    Truth

Response Matrix

• Iterative Bayesian unfolding technique

• 𝑃𝑛 𝑇𝑗 𝑅𝑖 =
𝑃 𝑅𝑗 𝑇𝑖 𝑃𝑛−1(𝑇𝑖)

σ 𝑃 𝑅𝑗 𝑇𝑘 𝑃𝑛−1(𝑇𝑘)
, 𝑃𝑛(𝑇𝑖) = σ𝑃𝑛 𝑇𝑗 𝑅𝑗 𝑃(𝑅𝑗)

• Ti ,Rj are the bin content at particle-, detector-level
• 2/3 iterations, optimized based on bias and stats.
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Back-up: Unfolding optimization

2022/Aug/22 40

• 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 mZ1, 
Δφll, and Δypairs 2 iterations is sufficient

binning criteria
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Back-up: Unfolding closure test
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• MC closure:
• direct MC reco unfolding: full closure
• half MC reco unfolding: closure within statistical uncertainty

• data-driven closure
• smooth data/MC ratio
• reweight MC 
• unfold reweighted MC , compare with reweighted truth

• take the difference as unfolding systematic uncertainty



• nominal unfolding is robust to broad excess over the SM prediction
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Back-up: Unfolding injection test
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• 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
• ggZZ 5-fold enhanced 
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Backup: Differential X-sections
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• m4ℓ vs pT
4ℓ
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Backup: Differential X-sections
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• m4ℓ vs |y4ℓ|
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Backup: Differential X-sections
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• m4ℓ vs lepton flavor
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Backup: Differential X-sections
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• pT
12 vs m4ℓ
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Backup: Differential X-sections
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• pT
34 vs m4ℓ
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Backup: Differential X-sections
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• |Δypairs| vs m4ℓ
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Backup: Differential X-sections
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• |Δφpairs| vs m4ℓ
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Backup: Differential X-sections
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• |Δφll| vs m4ℓ
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Backup: EFT methodology

• Parametrization:

• matrix element: ℳmix =ℳSM + 𝑐 ⋅ℳBSM

• the full prediction SM+BSM can be decomposed into three components of SM term, linear 
term(interference), quadratic term(pure BSM): 

• 𝜎 𝑐 = 𝜎SM + 𝑐 ⋅ 𝜎INT + 𝑐2 ⋅ 𝜎BSM
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• SMEFTsim package is used for SMEFT implementations of FeynRules

• Generate the three components separately with MADGRAPH5_aMC@NLO2.6.5 + PYTHIA8.243 at LO precision in 

QCD
• Scale the MC with the ratio best SM to LO SM to consider the high-order effect

• The variable providing the best sensitivity is chosen to set limits for a Wilson coefficient, and a 
variable measured in slices counts as one variable
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Back-up: EFT: fitting results
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• Comparing with the same 
limit setting with 𝐻 → 4ℓ
process, 𝑐𝐻𝐺 is less stringent 
and ǁ𝑐𝐻𝐺 is very similar, while 
for 𝑐𝐻𝑊𝐵 the constraint is 
significantly more stringent
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Back-up: B-L model
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• B-L observable with greatest expected 
sensitivity used to set limit in a given 2D bin

• BSM samples generated using Herwig7 at 
particle-level with LO precision
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Back-up: B-L model

2022/Aug/22 54

• Improvements over previous results(LHC constraints on B-L model)

JHEP 07 (2021) 005

http://dx.doi.org/10.1007/JHEP05(2019)154
https://doi.org/10.1007/JHEP07(2021)005

