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Introduction

« Many searches at LCH look for new physics with multiple bosons in the final
sates.

- Data collected at LHC so far have been found to be in good agreement with
the predictions from the Standard Model.

* However, many questions remain unanswered:
Baryogenesis: imbalance of matter and anti-matter
The Hierarchy problem
Dark matter and gravity

* Many theories attempting to address these issues predict new physics with
multiple bosons in the final states; finding such new physics via multi-boson
final states will be expedited in Run 2 of LHC with an increased center-of-
mass energy.



Theoretical models

1. Heavy Vector Triplets (HVT)
« Asimplified phenomenological Lagrangian: W’

Model A: coupling to fermions dominating; weakly coupled

el
N

vector resonances from extension of the gauge group, g, ~
2 2
1) CH - _g /gv

Model B: coupling to fermions suppressed; produced in a

' | g W/Z
strong scenario, 1< g, < 4, C,, = C; = 1 :::( Bulk G*ﬁ
« WW, WZ final states g W/Z

2. Warped Extra Dimensions

- Randall-Sundrum (RS) models

/'h
* Bulk graviton models allow SM particles into 5D-bulk | _x_‘/
Production width dependent on kR/M_ \\h
e WW. Z7Z hh final states KK gravitons, heavy higgs, ...

3. MSSM/2HDM etc.



ldentification of hadronic decays of
boosted bosons




Boosted Tagging: ATLAS [HEPO9 (2013) 076
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https://link.springer.com/article/10.1007/JHEP09(2013)076

Boosted Tagging: ATLAS ATLAS-CONF-2017-064 |ETM-2017-002

* Jet mass — combined mass

] calo
Track-assisted mass: mTA = mtrack o PT
p%a(:k

Spatial granularity of tracks can improve the mass resolution at high pr

Combined mass based on both calorimeter and track:

—2
mcomb _ Gcalo

calo —2 TA
m + O'TAm

—2 —2
Gcalo + GTA

where o4, and o7s are the calorimeter and track-assisted mass

resolutions
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/JETM-2017-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-064/

Boosted Tagging: ATLAS ATLAS-CONF-2016-039 ATLAS-CONF-2017-064
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-064/
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Boosted Tagging: CMS EX0-17-001 B2G-17-002
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http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-002/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-17-001/

B2G-1/-002

Boosted Tagging: CMS

* Substructure variable — N-subjettiness ,;:
7, describes the degree to which a jet is consistent with having <N sub-jets;

t,, = 1,/ 7, separating bosons jets from q/g jets; high- and low-purity
regions based on the value of 7,

* In addition to r,,, double-b tagger for boosted Higgs candidates:
MVA to discriminate between H-bb and background multi-jet production

“Loose” requirement: > 0.3; “tight” requirement: > 0.9
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http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-002/

Search for resonances decaying into
VvV (V=W/Z)



X=2>VV->gqqq

Number of events

NEW RESONANCE

/
* SM Multi-jet background dominates RN

* Dijet final state: WW, WZ, ZZ

m(VV)

« Background estimation using functional shape:
Di-jet function to model the monotonously falling spectrum

« Boosted W and Z mass windows partially overlap

« ATLAS: 50% efficiency W/Z tagger; WW+WZ or WW+ZZ for
Interpretation

* CMS: High-purity + low-purity signal regions. WW, WZ and ZZ
Interpreted separately.
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X=> VV->qqqq: ATLAS Results

EXOT-2016-19
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-19/

X= VV-qgqgqgq. CMS Results B2G-17-001
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-001/

X= VV-qgqgqq. ATLAS and CMS Results EXOT-2016-19 B2G-17-001
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-17-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-19/

X VV-0*0" gqlvvgqg

Semi-leptonic channel: Z- 22" | vv; W/Z- qq

Both high-purity and low-purity regions are present to enhance
the sensitivity

ATLAS
High purity: 50% W/Z tagger WP; low purity: 80% W/Z tagger WP

Results of £*0%gq and vvgqg are combined; merged analysis is
prioritized, followed by resolved analysis

« CMS
High purity: 7,; < 0.35; low purity: 0.35 < 7,, < 0.75
Only vvgqg results are public with the complete 2015+2016 dataset

Latest CMS ££0gq results:
12.9 fb™
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X VV- 00" gq/ vvgq: ATLAS Results EXOT-2016-29

« 00qq analysis: To appear soon
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X VV- 00" gq/ vvgq: ATLAS Results EXOT-2016-29
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X= VV=>vvgqg. CMS Results B2G-17-005

« Large-R jet mass window: 65 - 105 GeV

» Background estimation using simulation-assisted “alpha-ratio
method”

Exploit the correlation between soft-drop jet mass and resonance mass.

Essentially, take ratio of simulation to data and extrapolate to signal

region
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-17-005/

X VV-0*0" gq/ vvgq: Results

EXOT-2016-29 B2G-17-005
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X VV- 0 vgq: ATLAS Results ATLAS-CONF-2017-051

Semi-leptonic channel: W= £07v; W/ Z-qq

Merged analysis Is prioritized, followed by resolved analysis

Both high-purity (50% WP) and low-purity (80% WP) regions are present
to enhance the sensitivity

Dominant background processes: W+jets,!
. . CR: presence of b-jets in
- Templates from MC simulations .
P addition to V->qgq

Normalizations obtained from W+jets and ¢f control regions

correspondingly. Je.g. normalized to data in WCR
A LP SR (WW) LP SR (W2)
HP SR (WW) / HP SR (W2)

Latest CMS results: 12.9 fb™

my [GeV]
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X VV- 0 vgq: ATLAS Results ATLAS-CONF-2017-051
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X->VV-07vqq ATLAS-CONF-2017-051
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Search for resonances decaying into
VH (V=W/Z)



X-> VH- qqbb

Vector boson and Higgs decays selected as large-R jets

Dominant background: multijet

ATLAS

1-tag and 2-tag signal regions based on the number of b-tagged
track jets assoclated to the H candidate

2-tag SR prevalls < 2.5 TeV and 1-tag SR becomes more sensitive
> 2.5 TeV when the 2 track jets merge into a single one

* CMS

High-purity and low-purity signal regions, in which both loose
and tight b-tagging are done on the H candidate using the
double-b tagger
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EXOT-2016-12

X- VH- qqbb: ATLAS

« Multijet (~90%) modeled directly from data, other
minor backgrounds (~10% tf, 1% V+jets) from

simulation

+ 0-tag sample (99% multijet) is used to model the
kinematics of the multijet background in the 1-tag
and 2-tag SRs:

Kinematic corrections to multijet template are
applied by reweighting events from the 0-tag
sample

Normalization uncertainties assessed from the
validation regions

Shape uncertainties assigned by fitting a variety
of empirical functions and by varying the fit range

* Binned maximum-likelihood fit

Number of b-tags

V boson candidate mass [GeV]

2-tag SR sideband
N
1-tag SR sideband
i R S I
0-tag “SR” sideband
075 14:15 260=

Higgs boson candidate mass [GeV]

RAQ proresreo ey
SR sideband
=OH
VR-SR VR-SB
oY O O SR
O >
75 145 200

Higgs boson candidate mass [GeV]

orthogonal regions
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X=> VH-» gqbb: ATLAS Results

EXOT-2016-12
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X- VH- ggbb: CMS B2G-17-002

Background largely dominated by multijet production (z95%)

Events are divided into eight exclusive categories:
b-tagging discriminator: tight and loose categories
751: high-purity (HP) and low-purity (LP) categories

V jet mass: W mass and Z mass categories

The background Is estimated directly from data by a smooth
and monotonically decreasing parametric function

F-test employed to identify the “best” function:

Po  po(1 =X po(1 — x)” po(1 — x)P
xP1’ X P2  xPe+pslog(X) 7y po+pslog(x)+ps log?(x)
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X=> VH-> ggbb: CMS Results B2G-17-002
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X=> VH-> ggbb: CMS Results B2G-17-002
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X=> VH-> ggbb: ATLAS and CMS Results
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Semi-Leptonic VH: ATLAS

data / bkg

dN/dmy . [1/GeV]

Latest CMS results: 2015 data

* Final states explored: vvbb, vbb and £2£bb

ATLAS-CONF-2017-055

- 3 channels based on V decays: 0-/2-lepton (A, Z), 1-lepton (W)

 b-tag categories based on b-tagged track jets: 1-/2-tag used for A
and V', 3+ tag used for A (sensitive to bbA).
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Semi-Leptonic VH: ATLAS Results ATLAS-CONF-2017-055
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Search for resonances decaying into
HH



HH-> bbbb: CMS B2G-16-026

 Search for new physics with a pair of SM
Higgs bosons. Only boosted resonant

.3;. “ N Ve N
search updated with 35.9 fb” : |
. g (wedioeact ||| ANTITAGREGION | | (sedtoexrac
. Conversion factor) : Conversion factor)
* In high-mass resonance searches, each | |

. A 4
hadronic jet.

SIDEBAND : SIDEBAND
(usedtoextract  |:| SIGNALREGION ||  (used to extract
Conversion factor) || | Conversion factor)

tagging requirement
A

* Multi-jet background estimation:

m, < 1200 GeV, data-driven “Alphabet” oy
method

m, > 1200 GeV, Alphabet Assisted Bump
Hunt (AABH) with leveled exponential f(x) = N . g~ &/(1+abx)
function

Normalization extracted from 1
sidebands in b-tag and Mj Latest ATLAS results: 13.3 fb
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HH- bbbb: CMS Results B2G-16-026
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HH- bbbb: CMS Results
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HH-> bbtt: CMS HIG-17-002

Di-Higgs search in TT final state to investigate both the resonant
and non-resonant production mechanisms.

3 channels: TyTy, TyTe, TuT,, Which cover 85% of TT decays.

3 categories: 2 b-tags, 1 b-tag, high-mass boosted.

Main backgrounds: ¢, Drell-Yan, QCD (data-driven estimates).

2 BDTs to reject ¢ process in TyTe, TyT, Channels.

Signal extraction from:
resonant: mgipri

non-resonant: ‘stransverse’ mass mr.
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HH- bbtt: CMS Results

HIG-1/7-002
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HH- bbtt: CMS Results HIG-17-002

Resonant results
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Summary



« Latest ATLAS and CMS Run Il searches with boosted
topologies of multi-boson final states are presented.

- No significant deviations from Standard Model observed .

« Looking towards the full Run 2 dataset:
Refine and improve the methods for the incoming data.
Benefit from more advanced boosted tagging techniques.

Exploring other ideas open-mindedly.
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X- VV- 0 vqq: ATLAS Results ATLAS-CONF-2017-051

Boosted analysis

Selection SR: HP (LP) | W CR: HP (LP) | tt CR: HP (LP)
, VBF m'@€(j, j) > 770 GeV and |An'2e(j, j)| > 4.7

Production Category |-r5 Fails VBF selection

Num. of signal leptons 1

. Num. of veto leptons 0

W — {v selection E}Eﬁss > 100 Gev

pr (€v) > 200 GeV

E™SS [pr(ev) > 0.2

Num. of large-R jets > 1

D, Eff. working point (%) | Pass 50 (80) Pass 50 (80) Pass 50 (80)
Mass window
Eff. working point (%) Pass 50 (80) Fail 80 (80) Pass 50 (80)

g Ei‘)’%n '?%VV‘;) > 0.3 for VBF and > 0.4 for DY category

Num. of b-jets AR(J,b) > 1.0 0 > 1

V — J selection

Topology cuts
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X- VV- 0 vqq: ATLAS Results ATLAS-CONF-2017-051

Resolved analysis

Selection WW (WZ) SR W CR tt CR
, VBF m@e(j, j) > 770GeV and |An'#E(j, j)| > 4.7
Production Category DY Fails VBF selection
Num. of signal leptons 1
W — £v selection 1;;1?8 of veto leptons . 6OOGeV
pr(€v) > 75 GeV
EX™SS [pr(ev) > (0.2
Num. of small-R jets > 2
V — jj selection pr(J1) > 60 GeV
pr(j2) > 45 GeV
m(jj) [ GeV] [66, 94] < 66 [66, 106]
([82, 106]) or [106, 200]
Ad(j,€) > 1.0
Ad(J, E{I‘iss) > 1.0
Topology cuts Ad(j,J) <15
Ad(¢, E’T‘“'SS) <15
lPJTT g}g ;Zévv:,]:j)) > (0.3 for VBF and 0.35 for DY category
b= j or j;
, where V — ji1j» <1(2) <1 > 2
Num. of b-jets b# j, and bj ; [ or
where V — jij» 0 >1
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