Probe SM and BSM via Multi-

Boson signatures with ATLAS
detector




Standard Model Shortly

Leptons Quarks

Applausive arguments: rer.
SM widely succeeded in describing e
fundamental particles and Interactions
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Diboson among the rare processes

to be worked out In ATLAS

proton - (anti)proton cross sections

' o number of events for 1 fb'
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Summary of SM measured total cross-section and

comparisons with theory predictions from ATLAS Run-I/Run-II

Standard Model Production Cross Section Measurements

Status: March 2018
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See Elena’s talk today
for the WZ channel
interesting results



Why do multi-boson: signature matters

essentially at ATLAS for new physics
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Measurement of the WW production cross section in

full leptonic final state

WW production via quark-antiquark annihilation(dominant) and gg-fusion
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First of production in

Wyy final state at 8TeV

Events / 50 GeV
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Zy(y) topologies in short

-~Ol-el"®! @ H Study of Zy and Zyy production probes EW sector via
e o J|_ guen ) EeB interactions between two types of neutral bosons.

Measured processes

SM diagrams
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Zy: SM Measurements vs SM Theory

prediction (w/ high order corrections)
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Anomalous coupling summary and

comparisons
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Diboson—>VBS: SM, precision,

unitarization and new physics

Unitarity violation of Vector Boson Scattering

MWW = 212) - -

“bulk” production mode

incorporating SM processes yA
and probing high precision D
QCD/EWK high order >
calculation via measuring the --*~.. .
Z

decay products of bosons

New physics show up viaSM | . N
boson self-interactions,
parameterized by effective
lagrangians and effective
field theories

18/6/22 G v~ SM tree-level forbidden .,



Measurement of W*W+|j Electroweak

production with In ATLAS

. L Phys. Rev. Lett. 113, 141803
W=W JJ — g 14 g 4 Exactly two tight same-electric-charge leptons with pt > 25 GeV
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i L : mee > 20 GeV
Large dijet invariant mass T > 40 Gev
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Measurement of Zy+jj

Electroweak production in ATLAS

Zhijun Liang, Shu Li, et al.
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Summary of Diboson measurements

Diboson Cross Section Measurements
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Status: July 2017
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EFT with dim8 operators |

Assuming Higgs boson belongs to a SU(2), doublet

dimension 8: the lowest dimension operators exhibiting quartic couplings
in VBS but NOT in two or three gauge boson vertices

EW signal with Vector Boson Scattering Topology:

18/6/22 15



EFT with dim8 operators Il

Lso = [(Du®) D8] x [(D'@) D'0] L5y = [(D,®) D8] x [(D,2)! D9

Currently available dim8 operators in MadGraph

18/6/22

LSo,LS1: wwijj, wzjj, zzj]

- [‘f”"u ] > [(Ds2)' D3 Lro = To[Wu, W] x Te [WosWe]
= Tt [W. W] x |(Ds2) D9 L1 = T [ W W8] x Tr (W,
= [BuwB"] x[(D2)' D°0] Lry = T [Wo, W] x Te [, 17e]
= [BwB”] x |(Ds2)' D"@) Lrs = Te[W, 0] x BB

= |(D,®)' Wy, D"®| x B* Lrg = Te[Wo W] x B,sB™

= [(D,®) Ws,D"®| x B Lr; = Tr :Iif'a” e8] Bg, B*

= [(D.®)" Wy, W D 9] Lrs = BuB"B.;B

— [(D,®) W, WD a] L1y = BouB""By,B"

LMo, LM1: wwijj, wzjj, zzjj, wajj, zajj, waa, wwa, zaa, zza, WWW, WWz,zzz

LM2,LM3: wwjj, wzjj, zzjj, wajj, zajj, waa, Wwa, zaa, zza, WWWw, Wwz, zzz

LTo12: wwijj, wzjj, zzjj, wajj, zajj, waa, wwa, zaa, Zzza, WwWWw, Wwz, zzz

LT8,LT9: zzjj, zajj, zaa, zza, zzz

16



Current limits on the aQGCs
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BSM physics methodology

Two general ways:
Direct search of new particles

18/6/22 18



Di-boson resonance search

Vast range of decay channels and various experimental signature
categories to explore

WW: Ivlv, Ivqq, qqqqg

WZ: Ivll, lvqq, llqq, qqqq

ZZ: lll, vy, llgg, gqqq, vvaqq
VH: see Jun Guo's talk previously

Vy/Hy: see following slides

Experimental signature of the "merged” outgoing jets from boson decays:
large-R jets (boosted jets)

Spin property, polarization effect

Many inspiring models and effective theory interpretations: HVT, RS
graviton, 2HDM, etc.

Largely overlap the Higgs searches and SM measurements with similar
final states
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2015+2016 Event selection and

categorization

Baseline selection
high p; photon trigger: HLT_g140_loose
Preselection: GRL + LooseBadJet cut on Resolved jets
At least one photon in barrel calorimeter (|n|<1.37)
1 Tight Photon in the barrel & 1 Fat Jet (anti-kt R=1.0)

Jet and photon OR: AR(jet, y) > 1.0
2btag PASS ! 2btag FAIL

Vmass FAIL

Categorization:

Zy: btagged, D2, Vmass, else Vmass PASS

Wy: D2, Vmass, else

+ D2 PASS E D2 FAIL

Hy: btagged
Note: “Else” recover high mass eff.

Note: only H=>bb is considered Bo Liu, Zhijun Liang, Shu Li, et al

arXiv:1805.01908
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2015+2016 signal efficiency review

Bo Liu, Zhijun Liang, Shu Li, et al.

Baseline selection efficiency

arXiv:1805.01908
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2015+2016 Zy mass spectra (spin-o)
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2015+2016 Zy limits
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2015+2016 Wy and Hy limits
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15t ever Hy resonance search limits at LHC
CERN 2018 Physics Briefing highlight
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Reminder: High mass resonance search in X->Zy final

states, leptonic vs hadronic

arXiv:1712.03143

o X B(X—Zy) (fb)

10° Hadronic combination
E I /m, = 0.014%

35.9fb" (13 TeV)

95% CL upper limits
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------ Median expected
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95% expected =

107"

The hadronic V/H+y search analysis is designed to be sensitive at high mass.
* Cross point of leptonic vs hadronic Zy: m(X)~1.5TeV.
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The 2016 analysis of hadronic channel makes use of categorization in

combination of btagged category to enhance the low mass sensitivity
* W/H+y channels are done for the 15t time!
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Physics Briefing highlight

| 882 Photos and videos

~~  ATLAS Experiment ¢
A‘{LAS [Physics Briefing] Searching for forces beyond the Standard Model: a new
ATLAS measurement extends searches for new bosons up to masses about 70
times the mass of the Z boson. Find out more: cern.ch/go/p9Z]
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Summary

Multi-boson interactions are one of the most sharpened
signatures to measure and explore because of so much
topical items break into the particle physics foundations

Solid validation of SM predictions and high precision/high order
calculations of the SM boson coupling and interactions

Substantiate the findings of new physics signatures which
decay into SM bosons: irreducible backgrounds

Effective theory parameterization platform incorporating new
physics inducing SM anomalous interactions

Many Fruitful Run-I/Il achievements in SM multi-boson
production measurements and searches. Surely will be a
continuous hotspot to explore further in a new Center-of-
Mass energy era at ATLAS/LHC
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* Energy depositions in calorimeter are grouped into topological clusters, which are used to form

large-R jet (R=1.0, anti-kt) JHEPO? (2013) 076

Compares pT(constituients)
with pT(jet) - removes soft
components which are
primarily from Ul & PU

Trimmed jet

Remove constituents that
are outside of subjets

—————

y Y Similar to trimming but occurs
korC/A f \ during jet reconstruction =
] . .
\ J does not require subjet
! .
AN i 4 reconstruction
Initial jet O pfjf fp.;['_l»r;: > Zew or AR, j, < Rew Pruned jet
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EFT with Dim6 operators Il

We choose to test dim6 operators unique to VBS

Not constrained by inclusive diboson

Fully gauge invariant \% \\ﬁjw
3 4

2

O W — (d)]L G)) Tr [‘{'# v I‘ru ; ,]
Osp = (8'¢) BBy,

New physics (NP) on TGC vertices
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Signal modeling

ATLAS-COM-CONF-2016-008
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Signal invariant mass distribution of Z>1land Z->J
Parametrised with analytical function: double-sided CB for leptonic channel
and Crystal Ball (CB)+Gaussian for hadronic channel

m,,, resolution ~1%; m, resolution between 3% GeV for m, = 750GeV

and 1.7% for my = 3 TeV
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Signal efficiency comparison

between two channels
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Signal modeling and acceptance

difference
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Background fit

Background is measured through S N e
. . . 8 relmlnary 3
a max-L fit of data with a suitable S 102k " eekgroundoriy b
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Background fit: validation in CR

The background model is tested against a data m , distribution for events in
a validation region

(i.e. Using the signal region requirements except the Z jet mass window cut being vetoed.)
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Boosted topology and experimental

signature

« “Natural” angular separation
— Low Mass
AR 2m / PT <500GeV

Large : : Large
LR AR

* Resolved regime: the boson has
relative low momentum in the lab Increasing
frame so we are able to reconstruct
one jet for each quark

High Mass
>1TeV

Small 4 ' Small
AR ) ) AR

« Boosted Regime: the boson has high
momentum in the lab frame - the
outgoing quarks are very close so
the jets begin to merge

Low top pq High top pr Trudiﬁona| reconstruction
7 techniques relying on one-to-one

|etto-parton assignment are

W boost
inadequate

/82
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Boosted tagging techniques

1. Large-R jet: large distance parameter to pick up all the radiation from the original
decay

2. Grooming (ditferent techniques available):
* Signal: take out jet constituents that don’t belong to the signal decay

* Background: preserve background characteristics in the jet

Grooming

3. Tagging:

« Use differences in signal and background jet characteristics to reject background

jets

| Tagging
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2015 limits on o(X—2>Zy)

leptonic analysis

hadronic analysis

T T T T T T T T T T T T T T T T | T T T

95% CL limit on o(pp—X) x BR(X—Zy) [fb]
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Expected limits [230, 10] fb from my =250 GeV to my =2.75 TeV
Observed limits [295, 8.2] fb from m, = 340 GeV to my = 2.15 TeV
@750GeV: expecting cross section limit ~42 (130) fb

and observing ~27 (200) fb for leptonic (hadronic)

18/6/22

i ATLAS |
i pp—X—2y, Z—>qg
102 — \/§=13 TeV, 3.2 fb1 —
10 E
L [ ]+2c i
1 1 1 1 | 1 1 1 1 I 1 1 1 1 [ 1 1 1 1 I 1 1 1 1
500 1000 1500 2000 2500 3000
my [GeV]
38



95% CL limit on o(pp—X) x BR(X—2Zy) [fb]

2015 limits on 6(X—=>Zy): cross point

leptonic analysis

hadronic analysis
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2015 Combination of limits

leptonic analysis hadronic analysis
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2015 P-values

Uncapped p-values for the full mass range [250, 2750] GeV
Maximum local significance within 20

Largest significance ~20 at 350GeV and 1.9TeV

No 750 bonus © by now
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Local p-value

2015 P-values

Uncagﬁ%ﬂ f -values for the full mass range [250, 2750] GeV

Maxi gnlflcance within 20
Largest S|gn| i at 350GeV and 1.9TeV
No 750 bonus © by @
ﬂﬁ% 1
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2015+2016 new BSM interpretations

Signal configuration and modeling

Channel ___ Generator ______Spin____Production _V Polarization_

Zy Powheg+Pythia8 0 go—X Transvers
Zy MadGraph+Pythia8 2 gg—X Transvers
Zy MadGraph+Pythia8 2 qq—X Transvers
Wy  MadGraph+Pythia8 1 qq—X Longitudinal
Hy MadGraph+Pythia8 1 qq—X -

Main backgrounds

yt+jets dominant Sherpa
SM W+y Sherpa
SM Z+y Sherpa

tt+y(all hadronic and no all hadronic) MadGraph + Pythia8
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