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This analysis reports the cross-section measurements of a 𝑍𝛾 pair in association with two jets,
utilising 140 fb−1 of LHC proton–proton collision data collected from 2015–2018. The fiducial
cross-section for electroweak production is measured at 3.6±0.5 fb, with a significance exceeding
five standard deviations. Including contributions from strong interactions, the total fiducial cross-
section is 16.8+2.0

−1.8 fb. All results align with Standard Model predictions. Differential cross-
sections are also measured, exhibiting good agreement with Monte Carlo (MC) predictions.
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𝑍𝛾 𝑗 𝑗 Analysis at 13 TeV with ATLAS Gitanjali Poddar

Figure 1: Representative Feynman diagrams of the processes relevant to this analysis: (a) quartic gauge
coupling VBS, (b) triple gauge coupling VBS, (c) electroweak non-VBS, QCD-induced process with (d)
gluon exchange or (e) gluon radiation. [2]

1. Introduction

Vector boson scattering (VBS) processes are a potent test of the Standard Model (SM) since they
can help extract constraints on anomalous quartic gauge couplings (aQGCs)[1]. The examination
of 𝑍𝛾 VBS is particularly significant as it probes neutral quartic couplings forbidden at lowest order
of the SM. At the LHC, 𝑍𝛾 VBS involves a final state with a 𝑍𝛾 pair and two jets (𝑍𝛾 𝑗 𝑗). However,
there are additional processes that contribute to the same state, as depicted in Figure 1. Notably,
𝑍𝛾 𝑗 𝑗 processes from electroweak mechanisms (i.e. top row of Figure 1) cannot be disentangled
due to gauge invariance. Therefore, a comprehensive study of 𝑍𝛾 VBS at the LHC entails exploring
the entire EW-𝑍𝛾 𝑗 𝑗 production.

This analysis [2][3] explores EW-𝑍𝛾 𝑗 𝑗 production using proton-proton collision data recorded
by the ATLAS detector [4] from 2015 to 2018. Additionally, it explores total 𝑍𝛾 𝑗 𝑗 production,
that includes EW-𝑍𝛾 𝑗 𝑗 , QCD-𝑍𝛾 𝑗 𝑗 , and their interference. This complements the recent ATLAS
𝑍𝛾+jets analysis [5] by measuring the total 𝑍𝛾 𝑗 𝑗 process in a VBS-like region and thus enhancing
our understanding of the process in a region sensitive to new physics.

2. Event Selection

In this analysis, 𝑍𝛾 𝑗 𝑗 events are chosen with 𝑍 decaying leptonically to 𝑒+𝑒− or 𝜇+𝜇− pairs.1
Leading (sub-leading) leptons must have 𝑝𝑙

𝑇
> 30 (25) GeV, the photon 𝑝

𝛾

𝑇
> 25 GeV, and jets

𝑝
𝑗

𝑇
> 50 GeV. Additional criteria based on typical VBS topology[6] include i) two tagging jets

from incoming quarks with wide rapidity separation (|Δ𝑦 | > 1) and large invariant mass (𝑚 𝑗 𝑗>150
GeV), ii) suppression of hadronic activity between tagging jets (𝑁 𝑗𝑒𝑡𝑠

𝑔𝑎𝑝 = 0) due to the absence of
color flow between incoming quarks, and iii) centrally located pair of vector bosons with respect to
tagging jets, measured by 𝜁 = | 𝑦𝑍𝛾−(𝑦 𝑗1+𝑦 𝑗2 )/2

𝑦 𝑗1−𝑦 𝑗2
| < 0.4. Furthermore, to reduce final state radiation,

𝑚𝑙𝑙+𝑚𝑙𝑙𝛾 must be greater than 182 GeV. Additionally, 𝑚𝑙𝑙 must exceed 40 GeV to remove low mass
resonances. Lastly, to mitigate background from 𝑡𝑡𝛾 processes, events with 𝑏-jets are vetoed.

1𝑍 → 𝜏+𝜏− events are excluded due to their negligible contribution. [3]
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Figure 2: Post-fit mjj distributions in (a) the 𝑚 𝑗 𝑗 > 500 GeV SR (b) the 𝑚 𝑗 𝑗 > 500 GeV CR and (c)
the 𝑚 𝑗 𝑗 > 150 GeV Extended SR. The uncertainty band around the expectation includes all systematic
uncertainties. The error bar around the data points represents the data statistical uncertainty. All overflow
events are included in the last bin.

3. Background Estimation

In the EW-𝑍𝛾 𝑗 𝑗 analysis, QCD-𝑍𝛾 𝑗 𝑗 is the main background. It is estimated from MC
and validated in a QCD-enriched control region. For both EW and total 𝑍𝛾 𝑗 𝑗 analyses, 𝑍+jets
background is estimated using a data-driven two-dimensional sideband method employing photon
identification and isolation, 𝑡𝑡𝛾 background is estimated from MC simulation and validated in a
𝑒𝜇𝛾 control region and the minor background from 𝑊𝑍 𝑗 𝑗 events is estimated from simulation.

4. Measurement Regions

In the EW-𝑍𝛾 𝑗 𝑗 analysis, Signal Region (SR) and Control Region (CR) are defined by 𝜁 < 0.4
and 𝜁 > 0.4 respectively. The 𝑚 𝑗 𝑗 cut is increased to 500 GeV to ensure accurate extrapolation of
QCD-𝑍𝛾 𝑗 𝑗 process shape from CR to SR [3]. For the total 𝑍𝛾 𝑗 𝑗 analysis, a QCD-enriched CR
is unnecessary as QCD-𝑍𝛾 𝑗 𝑗 is part of the signal. Moreover, the 𝑚 𝑗 𝑗 cut is kept at 150 GeV for
increased statistics, defining this measurement region as the Extended SR.

5. Analysis Procedure

To measure the EW-𝑍𝛾 𝑗 𝑗 fiducial cross-section, a simultaneous profile-likelihood fit to the𝑚 𝑗 𝑗

distribution is conducted in SR and CR using TRExFitter[7]. The parameter of interest (POI) is
𝜇𝐸𝑊 = 𝜎𝐸𝑊

data /𝜎
𝐸𝑊
MC . The fit also constrains the normalisation of the QCD-𝑍𝛾 𝑗 𝑗 background. The

cross-section is then obtained by multiplying 𝜇𝐸𝑊 with the expected cross-section at the particle
level. For the 𝑍𝛾 𝑗 𝑗 cross-section, a similar fit is performed in the Extended SR, with 𝜇𝑍𝛾 as the
POI and no normalisation constraint for QCD-𝑍𝛾 𝑗 𝑗 . Post-fit distributions are shown in Figure 2.

To measure EW-𝑍𝛾 𝑗 𝑗 and 𝑍𝛾 𝑗 𝑗 differential cross-sections in the fiducial phase space, data dis-
tributions are unfolded (i.e. corrected for background and detector effects) via the profile-likelihood
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Figure 3: Differential measurements of EW-𝑍𝛾 𝑗 𝑗 as a function of 𝑝
𝑗

𝑇
(left) and total 𝑍𝛾 𝑗 𝑗 as a function

of 𝑝
𝑍𝛾

𝑇
(right). The lower panels show the ratios of the MC predictions to the data. The band around the

unfolded data represents the total uncertainty. The hatched area represents the uncertainty in the prediction.
All overflow events are included in the last bin.

unfolding (PLU) method in TRExFitter. In short, PLU treats unfolding as a profile-likelihood fit,
by applying normalisation factors to each particle-level bin of the measured observable. Addition-
ally, in the EW-𝑍𝛾 𝑗 𝑗 analysis, the normalisation of QCD-𝑍𝛾 𝑗 𝑗 background is constrained per bin
simultaneously during the unfolding process.

6. Results

The measured EW-𝑍𝛾 𝑗 𝑗 cross-section is 3.6±0.5 fb, consistent with the MADGRAPH5_aMC@NLO
2.6.5[8] SM prediction of 3.5±0.2 fb. The measured 𝑍𝛾 𝑗 𝑗 cross-section is 16.8+2.0

−1.8 fb, in agree-
ment with MADGRAPH5_aMC@NLO 2.6.5 and SHERPA 2.2.11[9][10] SM prediction of 15.7+5.0

−2.6
fb. The primary uncertainty arises from EW-𝑍𝛾 𝑗 𝑗 and QCD-𝑍𝛾 𝑗 𝑗 modelling respectively.

Differential cross-section measurements cover various variables for distinct physics motiva-
tions: i) 𝑚 𝑗 𝑗 , |Δ𝑦|, 𝑝𝑙

𝑇
, 𝑝 𝑗

𝑇
for modelling studies, and ii) 𝑝𝑍𝛾

𝑇
, 𝐸𝛾

𝑇
, Δ𝜙(𝑍𝛾, 𝑗 𝑗) for Effective Field

Theory (EFT) studies. Additional measurements for modelling studies include 𝑝𝑍
𝑇

and 𝜁 in the
context of the 𝑍𝛾 𝑗 𝑗 process. Two of these results are shown in Figure 3. All findings are consistent
with SM expectations, with data statistics being the primary source of uncertainty.

7. Conclusion

The primary outcome of this analysis is the first observation of EW-𝑍𝛾 𝑗 𝑗 with the ATLAS
detector. It also presents the first set of EW-𝑍𝛾 𝑗 𝑗 differential measurements with the ATLAS
detector. Notably, EW-𝑍𝛾 𝑗 𝑗 differential measurements of 𝑝𝑍𝛾

𝑇
and Δ𝜙(𝑍𝛾, 𝑗 𝑗) are performed for

the first time at the LHC. The analysis also presents cross-section measurements of the total 𝑍𝛾 𝑗 𝑗
process. Notably, 𝑍𝛾 𝑗 𝑗 differential measurements of 𝑝𝑍

𝑇
and 𝜁 are performed for the first time

at the LHC too. These outcomes will significantly contribute to future studies, especially in the
exploration of aQGCs and in assisting MC modelling studies.
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