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Vector Boson Scattering (VBS)




Vector Boson Scattering(VBS)

» Standard Model predicts self-interactions between the electroweak gauge bosons

» These self-couplings can involve either three or four gauge bosons at a single vertex, known as triple

and quartic gauge couplings, respectively. S?sﬁ“ ?%i

» Fully leptonic final state which contains three leptons and twojets

» EWK WIZjj production (signal)

» Characteristic kinematic signature withthe products of two bosons produced centrally and two
forward jetswithlarge spatial separation in rapidity and a high invariant mass

» Challenging separation betweenthe signal and the backgrounds
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Vector Boson Scattering(VBS) (2)

» Backgrounds:

» Reducible background: Z + jets, Zy, tt and Wt ——

« Atleastone “fake” lepton
« Matrix method technique

» |reducible background: WZjj — QCD, ttV, tZ, VVV, ZZjj— QCD and ZZjj — EWK .

QCD Wjj AN
q

Ran-adl '({;/f e -""q../{/f- Main Fit in SR

f, - § background

e
P T S A + Presence of gluons
‘w\\ . q + Low rapidity separation and low
invariant mass of the two jets system

+ Afleast three prompt
leptonsin the final
state
« Simultaneous fit in
dedicated CRs

21%

tZj

13.3%
ZZjj-QCD
4.1%
Misid. leptons

WZ-EW
12.5%

WZj probes:

TGC

WZjj-QCD
72.0%

b K

Higgs couplings

Explore the
existence of New
Physics through
deviations from SM

/



Effective Field Theory




Effective Field Theory (1)

» There are two methods to look for physics beyond the Standard Model (BSM).

» | ook for new particles (model-dependent)

» | ook for new interactions of SM particles (model-independent)

» We use the second method and we try to notice deviations in the tails of the
distributions of some kinematical variables.
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Effective Field Theory (2)

» The Effective Field Theory (EFT) is the natural way to expand the SM such that the gauge
symmetries are respected

» The EFT provides a way to search for effects of BSM

» Consfruction of an EFT Lagrangian:
» SM:general theory of quark and lepton fields and their interactions with vector boson and the Higgs fields
» FExtend the theory: Add operators of higher dimension

e EFT Lagrangian can be expressed as:
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Where: Ais the scale of new physics

0!, 0¥ are the Lorentz and gauge invariant dimension-6 and dimension-8 operators

6 (8)

e C, are the dimensionless Wilson coefficients of the dimension-6 and 8 effective operators

» A can be assumed as common to all the coefficients, the Wilson coefficients can be written as:

(6) (8) Energy scale of the
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Effective Field Theory (3)

» We use the dimension-8 operators because they are dominantin anomalous QGC
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» /In orderto avoidthe production of large amounts of Monte Carlo samples, we will profit from the
decompositionmethod

Interference term Pure EFT Interference
. . term between
between SM-EFT contribution
. . EFT operators
(Linear term) : (Quadratic term) (Cross term)
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Strategy and results for the
extraction of truth level limits




Procedure for the extraction of tfruth level limits

For the unfolded WIZjj measurements the Fiducial WZjj-EW phase space is used and a
Rivet routine was created

The asymptotic approximation is used in order to extract the truth level limits

Limits are extracted using seven different kinematical variables trying one kinematical
variable at a time in order to define the most sensitive to dimension-8 operators

The binning used for each kinematical variable is the one used in the respective
ifferential distribution which is guided by the minimum required staftistics for each bin

Extraction of expected 95% CL lower and upper limits on the aQGC for two different
Cases:

» ) using one aQGC operator at a time setting all the other anomalous couplings to the SM value
and

» ?) using simultaneously two aQGC operators of the same family and setting all the other
anomalous couplings to SM value

Both experimental and theory uncertainties that affect the WZjj SM and EFT processes
are taken into account

The EFTFun fool implemented based on the decomposition property of the EFT samples, is
used for the extraction of the limits



https://rivet.hepforge.org/analyses/ATLAS_2018_I1711223.html
https://gitlab.cern.ch/eft-tools/eft-fun/blob/master/EFTfit.md
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Results for truth level

Expected lower

and upper 95% CL

imits (1)

Variable

Expected (TeV“‘)

The transverse mass of
the diboson system
M¥% givesthe best

expected limits for all

the operators

Variable Expected (TeV~4)

limits on the Wilson
coefficients /Al @ Furo/AS @
[[1.55. 1.59] 1,163
Aqﬁwz [-2.84. 2. %]l Work in progress | -29.0, 28.6]
Variable Expected (TeV ™) mj; [-2.99, 3.07] m” [-29.4, 28.3]
A [-3.37.3.42] A [-34.4, 34.4]
. Ay [-3.94, 3.99] Ayjj [-34.8,33.8]
4 wWZ YiJ _ ~
fso2/A @L [-27.4,28.0 Njets [-3.75, 3.84] Njets [-36.4, 35.4]
> PT"”) [-32.5,32.9]

Adwz  [-48.8,49.8] Fri/A Y Z (090, 1.03 farr/A* ]
mjj [-46.4.47.5] Y PP [-1.04, 1.15] ]
Apjj [-66.8, 67.2] Adwz  [-1.80.1.96] Aqbwz [-43.4, 44.0]
Ayijj [-50.5, 51.7] mjj [-2.09, 2.27] mjj [-44.3.45.4]
: B - POV A [-54.1, 54.7]

Njgr_g [—606 ()21] zﬁQ&“ [ 2.39“2.51] ‘_U'
Ay;; [-2.74.2.89] Ayjj [-51.9,53.1]
fsi/A* CBIYZ [78.8.794D Njers  [-2:56,2.73] Njets  1-33.1.364]
DI = -93.8. 94.1] Fra/AY [-2.52. 3.00] 7/ A MV Z [-27.7,27.7
Adwz  [-140.2. 141.4] : 55 > '"5‘41] s P —TT317)
mjj [-130.7. 132.6] A 651;2 [-5.20. 5.90] Adwz  [-56.6,56.6]
AQ’?H [— 187.8. 1868] ”"'Ijj [-5.91, 6.63] mijj [-58.3. 583]
Ay [-143.5, 146.0] Ab;;  [681.733] Agj;  [-637,637]
Njets [-171.2, 174.6] Ayj; [-7.83, 8.43] Ayjj [-75.4,75.4]
Njers  [-7.28.8.04] Njers — [-72.6,72.6]
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» The M}YZ gives the best expected limits

Results for tfruth level limits (4)

» | imits on aQGC Wilson coefficients are also derived fitting two parameters
simultaneously
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[-4.12,4.11]. [-11.92, 13.33]



Strategy and results for the extraction
of reconstructed level IImits




Procedure for the extraction of reconsfructed level
limits
» [or the reconstructed measurements the phase space of the WZjj VBS signal region

is used

»  Optimization of the binning of the kinematical variables
» The asymptotic approximation is used in order to extract the truth limits

» To maximally profit from the sensitive kinematical variables two variables relatively
ncorrelated are selected. This template is created by binning two kinematical
variables simultaneously.

Also a comparison between the limits derived using the two-variable fit template
and the limits derived using only one kinematical variable is done

The limits are extracted using one operator at a time

The experimental and theory uncertainties that affect the WZjj process are taken
into account

The tool used for the extraction of the limits is the EFTFun tool



https://gitlab.cern.ch/eft-tools/eft-fun/blob/master/EFTfit.md

» After performing a binning optimization, the results for the 10°
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Binning Optimization
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https://www.sciencedirect.com/science/article/pii/S037026932030513X

Results for reconstructed level limits (1)

» Extraction of the limits using
= one dimensional distribution (MY4) in the fit
= two-dimensional distibutions (M7~ M;; and My’#- BDT score) in the fit

» Create two-dimensional templates by binning two kinematic variables simultaneously

» Create one dimension by 'unrolling’ the bin contents
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Results

for reconstructed level [imits (2)

Expected lower
and upper 95% CL
limits on the Wilson

coefficients

Variable Expected (TeV %)
fsoz/A* MJ” [-16.09, 16.08]
M¥N 25 M;; [-15.17, 15.19]
M¥psBDTscore  [-14.22, 14.25)
Ja1/AY M}F_E [-49.09, 48.87]
M usM; [-46.13, 45.84]
w? - ¥ ¥ . .
: M:{;II?HSBDTS{I}TE [-42.81, 42.41] The two dimensional
frof/AY MP” [-0.83, 0.83] template
M08 M [-0.82, 0.83] WZ o
Wz — T of the My'# with the
My “vsBDTscore  [-0.81, 0.81] .
T W7 BDT score givesthe
fri/A*t MY [-0.54, 0.51] L
- - best expected limits
MIJH ) U-Sﬂ{fjj [_['153, ':}-J].J
M }"" “psBDTscore [-0.53, 0.50]
Fra/AY M- [-1.62, 1.50]
M} vsM;; [-1.60, 1.49]
M-}‘sz BDTscore  [-1.59, 1.46]
Fao/AT MY? [-8.90, 8.85]
M us M [-8.74, 8.65]
M }w “psBDTscore [-8.31, 8.26]
Fan fAY MY~ [-13.16, 13.03]
M¥vsMj; [-12.91, 12.76]
M¥2ysBDTscore  [-12.34, 12.23]
Tz /A M7 [-15.39, 15.39]
M} vsM; [-15.17, 15.17]
MY wsBDTscore  [-14.63, 14.63]

| Work in progress |




Results for reconstructed level limits (5)

» EFTis not a complete model

» the presence of non-zero aQGCs willviolate tfree-levelunitarity at sufficiently high energy
» More physical limits can be obtained using the clipping method by:

» cutting the EFT infegration at the unitarity limitand

» keepingthe SM predictions at invariant mass of partonlevel WZ, even above the unitarity

limit
w«w» Unitarity bounds "";‘ 1500 i o
ATLAS Intermal o i i [ i L b
AT A Exp. 956 C.L. | l: : ATLAS Internal sessson, By S5 Tl
" ; {s=13 TeV, 139 1b
> 1000}
500 -
500 -
| Work in progress | ~1000 | Work in progress |
~1500 2
| | ‘ 1 | | ‘ 1 | ‘ | 1 | | | i | i ‘ | i | | ‘ 1 | | 1 ‘ | 1 | | | | | | | | |

5 6 6
My cut-off [TeV] M,z cut-off [TeV]
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Discussion (1)

» Comparison between truth and reconstructed level expected 95% CL lower and
upper limits on the aQGC Wilson coefficients of the corresponding dimension-8

operators

» Kinematical variable: M}

® Binning: the one used for the extraction of the truth levellimits

Expected Truth Expected Reco

(TeV—%) (TeV—4)
fs1/A? [-79, 79] [-66, 66]
fso2/A* [-27, 28] [-22, 22]
fro/A* [-1.36, 1.42] [-1.27, 1.24]
fr1/A [-0.90, 1.03] [-0.87, 0.82]
fro/A? [-2.52, 3.06] [-2.59, 2.35]
faro/A? [-14.4, 14.3] [-12.6, 12.4]
far /A [-22.1, 22.4] [-19.1, 19.1]
far/A? [-27.7, 27.7] [-22.4, 22.4]

The reconstructed level
limits are better than the
truth level limits

| Work in progress |




Discussion (2)

» Comparison of the reconstructed level expected 95% CL lower and upper limits of
this study with the CMS experiment

= Kinematical variable: two dimensional template of M{"%- M;;

® Binning: the one used for the extraction of the reconstructed levellimits

ATLAS Expected CMS Expected

(TeV—4) (TeV—4)

ff{‘O/A4 [-0.82,0.83] [-0.82,0.85] A direct comparison of

A4 053 the two results cannot be
le/ ) [-0.53,0.51] [-0.49,0.55] _ LN made as the CMS
fra/A [-1.6,1.5] [-1.4,1.7] experiment is using an
fM[,/A‘l [-8.7.8.7] [-7.6,7.6] older version of the Eboli-
fMl/A4 [-13,13] [-11,11] Garcia model.
fur/A? [-15,15] [-14,14]
fs1/A* [-43,42] [-38,39]

| Work in progress |



https://www.sciencedirect.com/science/article/pii/S037026932030513X

Conclusion and next steps




Conclusion

» Conclusions

» Truth level

» Results on single operator 95% C.L. expected limits for some dimension-8 operators for the WZjj VBS fully leptonic channel
were presented corresponding to full Run2 luminosity (139 fo!)

» Results on 95% C.L. expected limits using two operators simultaneously for some dimension-8 operators for the WZjj VBS fully
leptonic channel were presented corresponding to full Run2 luminosity (139 flo-T)

» | imifs are extracted using seven different kinematical variables assuming one kinematical variable at a time in order
to obtain which is the most sensitive fo dimension-8 operators

» The fransverse mass of the diboson system M¥Z gives the best expected limits for all the operators

econstructed level

» Binning optimization

» Results on single operator 95% C.L. expected limits for some dimension-8 operators for the WZjj VBS fully leptonic channel
were presented corresponding to full Run2 luminosity (139 fo!)

» Extraction of the limits using
» one dimensional distribution (M¥ %) in the fit
= two-dimensional distibutions (M{'4- M;; and My’%- BDT score) in the fif
» The two dimensional template of the M¥Z with the BDT score gives the best expected limits
» Clipping method
» Comparison of expected fruth and reconstructed level limits
» Comparison of expected reconstructed level limits between ATLAS and CMS experiments




Next steps

®» Next steps:

» Allissues of the analysis have been addressed and unblinding will start very soon.

» Extraction of observed limits from differential and reconstructed distibutions
» All these results willbe published soon

» Extracted limitswillbe available for combinationwith other analyses

» Run3 WZ VBS analysis

» We are planning to perform a complete study of both dim-6 and dim-8 operators for the WZjj
VBS channel using the new SmeftFR v3



https://www.fuw.edu.pl/smeft/
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Phase space defitinion for the cross section measurements

Variable Fiducial WZjj—EW
Lepton |n| <2.5 N
PT of fz, PT of fW [GCV] > 15 > 20
my range [GeV] Imz - miPS| <10 — .
mY [GeV] > 30 Concerning the three leptons

AR(f %), AR(Cz, tw) >0.2,>0.3 _
pr two leadlng jets [GeV] > 40

In;| two leading jets <4.5

ultiplicity > 2

1 51 <0 _ Concerning the two jefs
m;; [GeV] > 500
AR(j, £) >0.3
Nb—quark =0 —

Electroweak WIjj cross section prediction by MadGraph+Pythia8:

(our signal MC sample)

O o M = 0.370 + 0.001 (stat.) "3 500 (PDF) 5 03¢ (scale) b




WZ Event selection

Object selection

Muon object selection Electron object selection
Selection | Baseline selection | Z selection | W selection Selection | Baseline selection | Z selection | W selection
pr > 5 GeV v v v pr>5GeV v v v
Il < 2.7 v v v Electron object quality v v v
Loose quality v v v I < 2,47, Inl < 2.5 v v v
|dgl‘f0'(dgl')| < 3 (for || < 2.5 only) v/ ‘/ / LooseLH+BLayer identification 5 :// ://'
: 2 BL BL
|AZEL sin 6] < 0.5 mm (for [n] < 2.5 only) v v v o /oy <3 Y Y Y
PflowLoose_FixedRad isolation v v v |Azy™ sin ] <0.5 mm
= FCLoose isolation v v v
p-jet Overlap Removal v v e-10-p and e-to-¢ overlap removal v v v
pr > 15 GeV v v e-to-jets overlap removal v v
Il < 2.5 v 4 pr > 15 GeV v/ v
Medium quality v v Exclude 1.37 < [luster| < 1.52 v v
pr > 20 GeV / MediumLH identification v v
Tight quality o FCHighPtCaloOnly isolation v v
PflowTight_FixedRad isolation v pr > 20 GeV v
TightLH identification v
FCTight isolation v
Inclusive event selection
Baseline event selection: 7Z veto Less than 4 baseline leptons
N leptons Exactly three leptons passing the Z lepton selection
Leading lepton pr | pk* > 25 GeV (in 2015) or p*¢ > 27 GeV (in 2016)
Z leptons Two same flavor oppositely charged leptons passing Z lepton selection
Mass window My — Mz| < 10 GeV
W lepton W lepton passes W selection
W transverse mass m}v > 30 GeV




Global WZj| strategy

Define the SR and the three background CR:

QCD-CR

Not used in the
Cross section
measurement

No impact on any
result other than
the expected
sensitivity

Jet multiplicity
pr of two tagging jets
In| of two tagging jets
n of two tagging jets
mjj

b-CR (#V and tZ)

Np-jet > 0

QCD-CR (WZjj-QCD)

m;; < 500 GeV
Np.jet = O

SR (WZjj-EW)

mj; > 500 GeV
Npjet = O

> 2

> 40 GeV
<45
opposite sign
> 150 GeV

done

Signal region: where
the measurement is




lid — 0.14 0.05 0.05 0.01 ,
Owzjjgw = 0.57 2y 3 (stat.) Tyos (exp. syst.) Tygs (mod. syst.) *gg, (lumi.) fb

— 0.16
o (]5'}'+[}]4[b

Tz = 0-321 £ 0.002 (stat.) + 0.005 (PDF)*:07] (scale) b,

o'{,:}ill” = 1.68 £0.16(stat.) £ 0.12 (exp. syst.) = 0.13 (mod. syst.) = 0.044 (lumi.) fb,
= 1.68 £0.25 fb,

fid., Sh
Tyign = 2.15+0.01 (stat.) + 0.05 (PDF)*09] (scale) fb.




