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® Vector boson scattering (VBS) is one of the ideal phenomena at the LHC to
probe the electroweak sector of the Standard Model

® At the LHC, VBS occurs when vector bosons are radiated from the incoming
quarks and undergo subsequent self-interactions
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® The gauge bosons acquire mass through quantumdiaries.org | Higgs mechanism

the Higgs mechanism
e The three Goldstone modes of the

broken symmetry translate to the

longitudinal polarization modes of W N4
and Z bosons ' Massive W and TRy Vv V
e Butin V;V; = V,V,, unitarity is R Z bosons LLYL T TLL
violated without Higgs interactions |
e Contributions from SM Higgs exactly T
cancels the divergences and regularizes e 100k WE% C.Bittrich |
the scattering amplitude ° b W?&W E
® Sensitive to new physics: 1o7i AR ’;;/’:_;;,:}Eff
e direct searches for charged Higgs 10° E
® indirect searches by parametrizing 103 i
any deviations from the SM using e =
the Effective Field Theory (EFT) 10 E
such as anomalous triple/quartic 10_5 T T
gauge couplings 10 10* 10°

E., in GeV


https://cds.cern.ch/record/2719126
https://www.quantumdiaries.org/2011/10/10/who-ate-the-higgs/
http://quantumdiaries.org

) VBS among Other SM Measurements

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/fig_03a.png
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Two energetic tagging jets (j; and j,) with a large dijet
invariant mass (mj1 jz)

Large rapidity gap between the tagging jets (Ay; ;)
Little hadronic activity in the rapidity gap

V bosons between the tagging jets (centrality)




7 Production Modes (LO)

i

n

Electroweak

¢ Includes VBS and non-VBS

® VBS cannot be separated
from non-VBS.

e VBS contributions enhanced
with topological selections VBS non-VBS

e Measured is electroweak

induced VVjj production %’@
| Strong

A

® Major background “S
e Experimental challenge Ak

Strong

i
\

 Interference

* Negligible (a few % w.r.t electroweak)



8 Observed VBS at the LHC
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7 To'ci&v VBS at the LHC
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Observation of W*W¥jj in ATLAS and Measurement in CMS

Not arecent > |

measurement but

the golden channel
__ for VBS a
the qolden channel of VBS electroweak strong
~* No gg or qg initiating diagrams ATLAS: Observed with 5.3¢
| e Largest electroweak to strong production ratio (Partial Run 2 data)
among other VV ~ CMS: Observed with 5.5¢
* Final state with 2 same-sign leptons (Partial Run 2 data)
e Small background rates due to the same-sign D lfljlr erentzc;l cross-section measurement
. Full Run 2 data
- leptons in the final state ) ( )
- — p— i In both ATLAS & CMS:
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c — ther prompt 3 & ] .
& = Ty 1S oo 1 ® Signal extracted from a
E simulaneous maximum likelihood

2D fit in SR and CR
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161801
https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub
https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub

11

arXiv:2004.10612 (Accepted by Nature Physic
Phys. Lett B 812 (2020) 135992

Observation of ZZjj in ATLAS and Evidence in CMS

ATLAS: Two final states used and combined

* 4]jj: Two Z bosons decaying leptonically

e 212yjj: One Z boson decaying leptonically
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CMS: Evidence in 4l with 40

* Matrix element discriminant for signal

separation

¢ Cross-checked with BDT
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https://arxiv.org/abs/2004.10612
https://www.sciencedirect.com/science/article/pii/S0370269320307954?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269320307954?via=ihub
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rxiv2208.12741 (submined 10JHED)  Ele@ctroweak Zyjj Production

Observation of Z( — vv)yjj in ATLAS

& oramas T wan ... *® Final state with an energetic photon and large E7*
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* Signal obtained from a binned maximum likelihood fit
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10
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https://www.sciencedirect.com/science/article/pii/S0370269320307954?via=ihub
https://link.springer.com/article/10.1140/epjc/s10052-021-09878-z
https://arxiv.org/abs/2208.12741

13 arXiv:2205.05711
(Accepted by Phys. Lett B)

Electroweak W*W7jj Production

Dilepton final state with
opposite charges

Experimentally challenging due
to the enormous backgrounds

from top, W*W¥jj-QCD, and

Drell-Yan
electroweak strong
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14 Phys. Lett B 834 (2022) 137438 Electroweak W‘/]J Production

To more complex final states...
Evidence for WWjj/WZjj (semi-leptonic) in CMS

W decays * Larger cross-sections than fully leptonic V decays.

leptonically e Final state with lvqq in addition to the tagging jets

Other V decays

hadronically CcMS L=138 b (13 TeV) CMS L=138 b (13 TeV)
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* Events categorized as boosted
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* DNN trained for signal and
background separation. Hresotved = 1.09 £ 0.32 Pioosied = 0-85 £0.26

e Different DNNs are used for
resolved and boosted categories

Combined observed
significance is 4.40 (5.10 exp)
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15 aQGC Limits

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
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* Current Run 2 measurements suffer from limited statistics
* In Run 3, higher centre of mass energy and two times more data than in Run 2 expected

* Era of precision electroweak studies with many differential cross-section measurements

* Improved sensitivity for new physics from direct and indirect searches

* Extraction of polarization fractions

e With the future LHC upgrade, potential for evidence of V;V, — V;V,
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* VBS enables a stringent test of the Standard Model
* Tree level sensitivity to quartic gauge couplings

* Probes extreme phase spaces which became experimentally accessible for the
first time in LHC Run 2

* Most of the VBS processes have been observed in Run 2 with some already in
the measurement phase

* Understanding the electroweak sector has only begun

* Wealth of interesting results from the LHC awaiting us in Run 3 and beyond!
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Electroweak Zyjj Production

Observatlon of Z( — vv)yjj, and search for Higgs boson decaying

Observed with 5.2¢

q
* Final state with an energetic photon

and large E;

miss

e Dominant backgrounds from Wy and
QCD induced Zy

* Signal obtained from a binned
maximum likelihood fit of CR and SR
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® Setting constraints on invisible and
partially invisible decays of Higgs
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EFT Limits in ATLAS

T = P _ —

T‘ Coefficient E. [TeV] Observed limit [TeV ] Expected limit [TeV™]
W
 fro/At

1.7 [-8.7,7.1] x 107! [-8.9,7.3] x 107!
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Unitarity preserved
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Unitarity not preserved
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Electroweak ZZjj Production
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Observation of ZZjj in ATLAS
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distribution in the SR used for the 2121jj channel



22 Electroweak ZZjj Production
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T <L — eIy oSMS 1974 13 7%
e Matrix element discriminant (K,) ¢ E o S mzx ]
. g 10°E  m;>100 GeV Zox E
to separate signal from the QCD o ST I
1028 - 50F
background _ = Ew 2z ji:
10 -
- sof
o Utilizes matrix element -
calculations and employs | .
kinematical distributions of g s g4 oA
: : ;& Scasksares L et Rt e
leptons and Jets for Slgnal 0O 01 02 03 04 05 06 07 08 0.9 KD1 200 400 600 800 1000 mj:[zcg‘.)gV]

separation

= (0.3310-11 ( oz hp)t0.04 /
e Cross-checked with MD based Ofid “o10 (8ta)Ty oz (syst) fb

on a BDT but no significant gain

obtained | —0.24 < fro/A% <0.22
: .. 4
* The most stringent limits on the —0.31 < fr1/A” <0.31
neutral current operators T8 and —0.63 < fr2/A% < 0.59
T9 so far

—0.43 < frg/A% < 0.43
—0.92 < fr9/A% < 0.92
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Evidence for WWjj/WZjj (semi-leptonic) in CMS

Pileup treatment

* Pileup-per-partile identification (PUPPI) algorithm applied to AKS8
jets to remove pileup tracks

e Soft drop (SD) removes soft, wide-angle radiation from AKS jets

* AK4 jets overlapping with AKS jets are removed

Event selections

e Exactly one isolated tight lepton. Second lepton veto
e MET > 30 GeV

* One AKS jet, with pT > 200 GeV, together with at least two AK4 jets (boosted
category). If not, four AK4 jets with pT > 30 GeV (resolved category)

* In both the categories, two AK4 jets with the largest invariant mass are the
tagging jets
e my; > 500 GeV and [An;| > 2.5

e m; < 185 GeV and m, window consistent with W and Z mass windows



“ Electroweak WVjj Production

Evidence for WWjj/WZjj (semi-leptonic) in CMS

CMS L=138fb" (13 TeV) CMS L=138fb" (13 TeV)
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Electroweak W*W=jj Production
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EFT Limits in CMS

e Without unitarization

* Limits are two times more restrictive than the previous analyses of the
leptonic decay modes

* Less restrictive than the analysis using semi-leptonic decay modes

| Observed (W=W=) Expected (W=W)

“ (TeV %) (TeV ™)

L fro/A* -0.28, 0.31] -0.36, 0.39]
fr1/ A -0.12, 0.15] -0.16, 0.19]
fro/ A -0.38, 0.50] -0.50, 0.63]
fnmo/ A? -3.0, 3.2, -3.7,3.8
fan /A 4.7, 4.7) -5.4,5.8]
fve/ AN? -6.0, 6.5] -7.5,7.6]
fumz/ A -6.7,7.0] -8.3, 8.1]
foo/ A* -6.0, 6.4] -6.0, 6.2]
fs1/ A [-18, 19] [-18, 19]



https://www.sciencedirect.com/science/article/pii/S0370269319307075?via=ihub

Electroweak W*W7jj Production
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Observation of W*W¥jj in CMS

e SR divided as: Z; < 1 and Z; > 1 where,
1 1
Zy = 5 | Zy+Zp| and Z; =1, — 5%1 + '7]-2)
® Dedicated CR for ttbar and Drell-Yan backgrounds
Drell-Yan

® In ee/uu channels, DY is the largest background (high MET in the event due to
instrumental effects)

e Two main sources:

* at least one jet from pileup vertex: CR with Az; > 5
* jets radiated by initial state quarks (QCD radiation): CR with An; < 5

e DY background of t¥z~ determined from eu events (777~ — eu)



Electroweak W*W7jj Production
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Observation of W*W¥jj in CMS

-1 1

CMS 138 fb™ (13 TeV) CMS 138 fb' (13 TeV)
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