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Introduction

* Vector boson scattering (VBS) measurements offers

an important way to probe electroweak symmetry

breaking.

e Sensitive to new physics: probe aTGC, aQGC ...

* A good probe of the SM in the electroweak (EW)
sector. Measure VBS via the corresponding EW

productions.
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¢ CMS Wyjj:

* For VBS processes, many

channels have been measured

and observed at LHC.
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VBF, VBS, and Triboson Cross Section Measurements siaus: June 2024

ATLAS Preliminary

V5 =813 TeV

Theory
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Wyjj EW hasn’t been observed at ATLAS.
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https://www.sciencedirect.com/science/article/pii/S0370269320307917?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032017

Wyjj

 EWW(- lv)yjj:

* VBS topology:

Observation of EW WYyjj production.
Differential cross-section measurements.

ZZjj
- Limits on aQGC.
* Full Run2 datasets (140 fb~1).
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https://www.nature.com/articles/s41567-022-01757-y

Analysis strategy
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 Observation and fiducial cross section measurement

- A control region (CR) is defined to constrain the QCD background.
- Data driven method is used to estimate all non-prompt, fake, pileup backgrounds.
- Fit the Neural Network (NN) output to extract the signal strength (ugy/).

- Fiducial cross-section is obtained by correcting the detector effects.

* Differential cross section measurement

- Three CRs are defined to constrain QCD background. A = ¢]{ _ ¢é’ - y]{ > y,f
- Observables: m;;, p{;j, pt, my, (VBS observables, sensitive to aQGC), Agj;, Ag,,, (Charge
conjugation and Parity observables, probe CP structure). Ady, = dr — by = V5>V

- EFT interpretation: The six unfold observable distributions are used to constrain dimension-8
(D-8) operators (sensitive to quartic gauge couplings).
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Object & event selection

Az

object selection:

(1 +¥j2)
Y lepton Jets Py T /(3’11 = j2)
- Atleast 1 tight and 1 tight and isolated At least 2 jets.
isolated y. lepton. pr > 50 GeV.
- pp>22GeV. pr > 30 GeV. In| < 4.4. \( i
- |nl<2.37. In| < 2.5. No b-jets (DL1r at CRb
2"d |epton veto. 85%WP)
* Event selection: S (xi)
- my >30GeV. - |my, — mgz| > 10 Gev. =0] SR CRc
E7'° > 30 GeV. - Standard object overlap removal. k. L )
Differential 0.35 1.0 51
Observation & fiducial cross-section Cross- B
+
¥ section
SR CR Aij )
Ay;: >2,m;;: >500 GeV m;; > 1000 GeV
Yij 7 N7 :Number of jets in /)
N2 =0 NI 50 Jee
jets jets rapidity gap Ay.




Background estimation
g raas—N AN
 QCD background:
- Main background. S " otrone W )
non-prompt @ prompt (Top+2yjj)

Strong Wyjj.
A control region is defined to constrain the QCD background.
Simultaneously fit the NN output in signal region and control region.

Top + Zyjj.
Estimate by using MC simulation.

* Non-prompt background:

B EW Wyjj m Strong Wyjj
Jet fake photon: Largest non-prompt background (W+jet). A data-driven
template fit is used.
Jet fake lepton: Leptons arising from mis-reconstructed jets or in-flight decays
of hadrons. Fake factor method is used.
Electron fake photon: Arise from conversions and inefficient calorimeter to
track matching (Z+jets & tt). Tag & probe method is used.
Pile-up photon: A photon originating from one pp interaction is selected
alongside a Wjj event from another pp interaction from the same bunch
crossing. Data driven method is used.

® non-prompt m prompt (Top+2yjj)




Background estimation

* Jet fake photon:
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- Prompt y isolation shape « tight ID y.
- Non-prompt y isolation shape < non-tight ID y.

- Uncertainties: Stat. uncertainty in template &
fit, choice of y ID criteria, real y subtraction,

Eiso,y

7 modelling.

- ABCD method is used to cross check.

« Jet fake lepton:
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Fake lepton background in SR:

Fake efficiency:
€

Nfakelep = Le/u X (N

- Dijet sample is used to get fake
factors. A closure test has
performed between dijet and
gamjet samples.

- Fake factor with different py
and 1 bins are measured.
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- Uncertainties: Stat., jet composition uncertainty (y + jet vs dijet),
variation of selection cuts, prompt lepton subtraction with
different QCD MC samples, variation of pr, n binning of fake
factor, background subtraction in dijet region.




Background estimation
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* Electron fake photon:

- Fake and real enriched regions defined by the presence

of a probe electron or a probe photon.
- Fake rate: Nrecog
F S

(:’—))’ - IV(';eCOGe

€y, € the identification efficiency for y and e.

- uncertainties: Stat., variation of fit range, integration P Ney
range, pr, 11 binning, different fit function in the fit.

* Pile-up photon

C is a normalization

Pile-up fraction:
NIBel=0mm_ g Je=30mm ¢ comparing the MC
Nora * 0.32 to data.
- Only converted photons with hits in the silicon
tracker are used to ensure good resolution.
- Real photon purity is applied to fake fraction to
avoid double counting pileup jets with fake
photons.

) fpu = (1.7 £ 1.6)% in SR.
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* Eventyields:

SRfd (Ngap = 0) CR'i (Ngap > o)

jets jets

EW Wyjj 520 + 141 120 + 49
Strong Wy jj 1550 + 830 1970 + 950
Non-prompt 692 + 57 698 + 58
Top quark processes 109 + 18 183 + 37
EW + strong Zyjj 128 + 34 163 + 77
Total 3000 =+ 830 3140 + 960
3143

Data 3341




Observation & fiducial cross-section ﬁ

Observed (expected) significance: 9.00 | ¢y (omym

* Signal extraction: * Observation: Atias TR
Vs =13 TeV, 140 it
- Upw = 15 i 05 EW W(—!v)yjj
- Simultaneously fit the NN output ) C nifi
in signal region and control . 222
'8 g (6.30) 1st observation at ATLAS! |****°"
region. . . .
& , o * Fiducial cross-section: Sherpa 2.2.12 o
- Two floating normalization N 892 (scale) "** (tal+PDF+as) o
EWWyji = I .C .
EW Wyjj "
adGraph5+Pyth|a8
> - {s=13TeV, 140 fb" EWWyj 1 3 1600 s =13TeV, 140 fb" EW Wyji J— P~ v
" 1400F EW Wiy swongWi | [ EW Wiy Strong Wyj | Cew wyjj = Nfid. 07T TATETE 0 12 14 16 18
- CR™ Non-prompt 7 1400/~ sR™ Non-prompt— GEN W(—1v)ji [fb]
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- / : C 1 MC Statistics 11—
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Differential cross-section
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> 0.4 . . ; .
i i . € [ ATLAS {s=13TeV, 140 15"
* Slgnal extraction: S 0.35F EW W(=1v)yji Nf’js'f:o,g/ﬁ 0.35 (SR) 3 ;—D— -- - -d— =
D 5 = Luminosi I' Etro? w "Tnod_ellin_ -E. Om|nate
; ap 15} L ty g Wyjj g 11 |
- SR+ 3CRs: defined by NZ%? & &,.,. € 03 Otner . —ger T T 4 .
y jets Sty 2 F I Norpomeiblcgioumds 'z Svwresing _ 11 yncertainties !
- Observables: m;;, py, pr, myy, Ad;j, Ay, . 50250 TR e E !
. . . . . . O _
- Simultaneously fit in signal and control regions with £ oz — ] 7
bin by bin reweighting of signal and QCD components 0.15F .
in each region. 0.1F - - .
- The extracted yields are unfolded to produce 0.05F i
differential cross sections. 0:;::_“__zoa)___a)b_o_jao_;o&:)
5> [ATLAS | (s-13Tev, 140" | 8 [ATLAS T YsliaTev,1401" | m; [GeV]
S . L EWW—Iv)yj Nue=0.£, <035(SR) | 8 | EWW(—v)yj Njw=0,¢, <0.35 (SR)
l_:.=10 i ¢ Data, stat. unc. §=10:— 4 Data, stat unc. 3 . . .
IS . (51 Totalune 3 I 5 otatunc, |+ Differential cross-section:
>~ *O [] Sherpa 2.2.12 \b [=] Sherpa 2.2.12 i
'8 D+ - [@] MadGraph5+Pythia8 © L [2] MadGraph5+Pythia8 -
t A 13| - The predictions from both
—3 | - .
10 PN f f ; MadGraph5+Pythia8 and
g 3 i * ) ] Sherpa are in agreement
t ] [ o ]
= - = g with the data within
%0; 1 4 4 T %0511 f "t . bt uncertainties.
§ 2><I103 3><%03 4><I103 5><%03 § _3I | I_2‘ B I_1 - IOI | 1 | I2 ‘A(p“ [ra:(aj]
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EFT interpretation
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* The effective Lagrangian:

Wilson coefficients dimension-8 operators
(8 /
8
Leﬁ‘ = -ESM . Z #05 )

energy scale of new physics

* The differential cross-section can be decomposed into
3 terms: scales linearly w/ fj(8)

IM|* = |[Msm|* + 2R€(}§MMD—8) + |y-D—8|2

. _ &
« Wyjj: scales quadratically w/ f;

- Sensitive to potential anomalous quartic couplings of
WWyy & WWyZ.

- p%] (most sensitive to tensor-type operators), plT (most
sensitive to mixed-scalar operators).

- Constraints on the fr3 and f, operators: 15t such limits
at the LHC.

Coefficients [TeV~4] Observable My, cut-off [TeV] Expected [TeV~4] Observed [TeV 4]

fro/A* ry - [-2.4,2.4] [-1.7,1.8]
fri/A* ry - [-1.5,1.6] [-1.1,1.2]
fra/A* pl - [-4.4,4.7] [-3.1,3.5]
fryat TENSOP- Ly . [333.5] [2.4.2.6]
fra/A* type Py - [-3.0,3.0] [-2.2,2.2]
frs/A? operators ry 1.1 [-9.9,9.9] [-7.5,7.5]
fre/A* Py 13 [-7.4,7.6] [-5.2,5.4]
fri/A* py - [-3.8,3.9] [-2.7,2.8]
fuo/A* p[T - [-38,37] [-38,37]
fMl/A4 pT - [-57,58] [-41,42]
sz/A: Mixed- Py 0.8 [-110,110] [-88,82]
NIYEY AN p 1.1 [-100,110] [-73,77]
fuad scalar p;{ 1.0 [-118,111] [-89,83]
fus/A*  operators Py 13 [-57.80] [-32,77]
S /A L - [96,95] [-69,68]
Coeflicients [TeV—*] Observable Expected [TeV—4] Observed [TeV 4]
fro/A* py [-2.4,2.4] [-1.8,1.8]
fri/A* p%j. [-1.5, 1.6] [-1.1, 1.2]
fra/ A py [-4.4,4.7] [-3.1,3.5]
fr3/A* ry [-3.3,3.5] [-2.4,2.6]
fra/A* ry [-3.0, 3.0] [-2.2,2.2]
frs/A* py [-1.7, 1.7] [-1.2, 1.3]
fre/A* py [-1.5, 1.5] [-1.0, 1.1]
fri/A* pY [-3.8,3.9] [-2.7, 2.8]
fao/A* pﬁr [-28, 28] [-24, 24]
Smi /A Py [-43, 44] [-37,38]
fuz/ A Py [-10, 10] [-8.6, 8.5]
fms/A* Py [-16, 16] [-13, 14]
Sma/A* Py [-18, 18] [-15, 15]
fus/A* [-17, 14] [-14,12]

T
a7/ A* P [-78, 77] [-66, 65]




Summary
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* 1stobservation of EW WYyjj at ATLAS.

- Observed (expected) significance: 9.00 (6.30).

* Measurements of EW Wyjj fiducial and differential cross-section are reported.

ol =132+ 2.5 fb.

- Differential cross-sections are measured as functions of six kinematic observables.

- The data are corrected for detector effects of inefficiency and resolution using an iterative Bayesian
unfolding method.

- These differential measurements are used to search for anomalous quartic boson interactions using D-
8 operators in the context of an effective field theory.

- The first LHC constraints on f3 and fr, are presented.

* Submit to EPJC, arXiv:2403.02809.



https://arxiv.org/abs/2403.02809




Particle level definition
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Object | Selection requirements

Dressed muons | pp > 30 GeV and [n]| < 2.5
Dressed electrons | p. > 30 GeV and || < 2.47 (excluding 1.37 < [n| < 1.52)
Isolated photons | EX > 22 GeV and || < 2.37 (excluding 1.37 < || < 1.52) and EX° < 0.2E.)
Jets | Atleast two jets with p. > 50 GeV and |y| < 4.4, b—jet veto

Missing transverse momentum E‘Tl?iss > 30 GeV and m%v > 30 GeV

VBS topology | Ne =1, N, > 1, |mg, —mz| > 10 GeV
ARmin(€, j) > 0.4, ARnin(7y,J) > 0.4, ARnin(€,y) > 0.4
ARuin(j1, J2) > 04, Amin (EF™, j) > 0.4
Niets = 2, pffl,pffz > 50 GeV
m;; > 500 GeV, [Ay;;|>2
Fiducial measurement | VBS topology
Differential measurement | VBS topology & (m; > 1000 GeV, Njiif =0, and &w, < 0.35)
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MC samples
P e Al
Process Prompt/Non-prompt Generator ME Accuracy PDF Shower & Hadronization  Parameter Tune
Signal. Sh-2.2.11 Nominal, EW Wyjj Prompt Madgraph5 LO NNPDF3.1 LO Pythia8+EvtGen Al4
MGS systematic . ) Sherpa 2.2.12 LO NNPDF3.0 NLO Sherpa Default
Irreducible bkg. Sh-2.2.11 [ QCD Wyjj | Prompt Sherpa 2.2.11 NLO NNPDF3.0 NLO Sherpa default
Nominal, MGS5 systematic ( : Madgraph5 NLO NNPDF3.0 NLO Pythia8+EvtGen Al4
T EWZy) Y\ Prompt Madgraph5 LO NNPDF3.1 LO Pythia8+EvtGen Al4
QCD Zyjj Prompt Sherpa 2.2.11 NLO NNPDF3.0 NLO Sherpa default
Reducible prompt bkgs. tty Prompt Madgraph5 LO NNPDF2.3 LO Pythia8+EvtGen Al4
tWy Prompt Madgraph5 LO NNPDF3.0 NLO Pythia8+EvtGen Al4
tqy Prompt Madgraph5 LO NNPDF3.0 NLO Herwig7+EvtGen Default
\ Single Top / Prompt Powheg NLO NNPDF3.0 NLO Pythia8+EvtGen Al4
/ W+jets )  Non-Prompt Sherpa 2.2.11 NLO NNFDF3.0 NNLO Sherpa Default
Z+jets Non-Prompt Sherpa 2.2.11 NLO NNPDF3.0 NNLO Sherpa Default
Diboson Non-Prompt Sherpa 2.2.12 NLO NNPDF 3.0 NNLO Sherpa Default
E:C’L'gprr:l:”r‘lzz w— Dijet Non-Prompt Pythia8 LO NNPDF2.3 LO Pythia8+EvtGen Ald
DD fakiss catimates EW Wjj Non-Prompt Sherpa 2.2.1 LO NNPDF3.0 NNLO Sherpa default
EW Zjj Non-Prompt Sherpa 2.2.1 LO NNPDF3.0 NNLO Sherpa default
tt Non-Prompt Powheg NLO NNPDF3.0 NLO Pythia8+EvtGen Al4
%z BN <7 Non-Prompt Powheg NLO NNPDF3.0 NLO Pythia8+EvtGen Al4




MadGraph & Sherpa signal comparison
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* The difference certainly comes from having the 3rd jet included in the matrlx element in Sherpa

* Diagrams with gluon emission from the incoming or outgoing
quarks interfere destructively, resulting in a suppression of
centrally produced jets. (More details)

* Sherpa sample predicts more hadronic activity in the gap

between the two leading jets. ) N+ Nj2
Njz =MNj3 — T
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https://indico.scc.kit.edu/event/507/contributions/5055/attachments/2604/3726/b1c_zeppenfeld.pdf



