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‘ The Standard Model is not the complete picture
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‘ How do we extend it?

o " There are many ways to extend the
SM to address some / many of the

o™ missing pieces.

e O « ...but no single well-motivated

scenario until there is a discovery!

= Need for unbiased and
comprehensive approach to New
Physics searches to take
advantage of the vast and rich
LHC dataset.



‘ The LHC
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Higgs and gauge bosons as gates to the unknown

* Precision measurements SM processes so far in excellent agreement with predictions.

+ Many SM extensions predict new resonances that couple to the gauge and Higgs bosons:
* Could alleviate naturalness problem of the Higgs boson mass...
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M. Strassler 2013 ‘
« Experimentally, Higgs and gauge bosons have well-defined signatures that can be targeted

using state-of-the-art techniques.




Searches for diboson resonances
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X = gravitons, radions, new vector bosons, new scalars, ...
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A rich phenomenology

» Looking for Beyond-the-SM physics means exploring a vast and multi-dimensional space.
« Simplified models used to make generic predictions on specific processes.

» Examples of BSM scenarios predicting diboson resonances:
« Spin-0: extended Higgs sector (e.g. 2ZHDM)
» Spin-1: W’ and Z’ bosons from new gauge groups
* Spin-2: gravitons in warped extra dimensions
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# events

Diboson resonances
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‘ A vast collection of final states

 Different analysis target different combinations of SM bosons:
= W, Z, H, photons

 ...and the W,Z leptonic or hadronic decay channels:
= Trade-off between signal purity and branching ratios.

BR(W/Z—qq)~70%

BR(H—bb)~60%

+ W/Z/H+Y
combinations

11



A vast collection of final states

+ Different analysis target different combinations of SM bosons:
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Parton level

—1_
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s \ Particle Jet Energy depositions

P in calorimeters

» Ajetis a collection of particles produced by
outgoing quarks or gluons:
« Built from a combination of charged particle
tracks and calorimeters deposits.
 Jets for W/Z/Higgs reconstruction:
v Large radius to capture full decay products.
v Removal of pile-up and underlying event

contributions.

SOLENOID

Average 33
collisions per bunch
crossing in Run 2.

- H Clusters

—— Tracks

INNER DETECTOR




# events

BR(W/Z—qq)~70%

‘ Hadronic final states
BR(H—bb)~60%

« Diboson resonance searches target a vast kinematic regime:
A * New particles with masses of order 100 GeV all the way up to several TeV!
* At low masses, leptonic decays are the most sensitive: easier trigger strategy,
cleaner event reconstruction (even if under-constrained in case of neutrinos).

e Fully-hadronic final states are ideally

suited for the high mass region:
v Branching ratio advantage: dominant decay
modes of W,Z,H bosons.
v Smoothly falling Standard Model background

(dominated by quark and gluon initiated jets -

» 'QCD processes”).
Mass 14




# events

‘ The "boosted” regime

Small-radius jets | Large-radius jet

q’ .

\ >
Boosted jets: Increasing transverse momentum, pr

* AS prposon >> Muoson, the boson decay products become

increasingly collimated in the lab frame.

Mass

* We need boosted boson tagging
techniques to identify jets from boson
decays and suppress the QCD
background.
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Ingredients for boosted boson tagging Is the jet mass

compatible with

aw, z, H?
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Does the jet

Ingredients for boosted boson tagging have a 2-prong

structure?
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‘ Ingredients for boosted boson tagging

G 1. Mass

P 4

2. Substructure
3. Flavour

For H—bb: can
identify two long-

lived b-hadrons?

track
impact .
parameter /: secondary vertex

primary vertex

A b-hadron decay provides a

measurable displaced secondary

vertex in the detector.

B-tagging algorithms for

identifying b-jets and suppressing

light-jets.
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# events

Search strategy

v Boosted boson tagging techniques

4 = Background estimation: we rely on a smoothly falling distribution for the mass of
the diboson system, on top of which we look for a resonant bump.
» Requires data-driven techniques, different ones will be shown today.

Bump hunt: scan the invariant mass
distributions of the diboson system for

evidence of a narrow resonant excess.

Mass of the diboson system
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In this talk

* Will focus on three results from the ATLAS Collaboration in fully-hadronic decay
channels:
* Y—=VV—qqqq: JHEP09(2019)091
« Y—VH—qqbb: 2007.05293 (recently submitted to PRD) V=W, Z
* Y—Hy—bby: 2008.05928 (just accepted to PRL)

20


https://link.springer.com/article/10.1007/JHEP09(2019)091
https://arxiv.org/abs/2007.05293
https://arxiv.org/abs/2008.05928

Latest results



M(JJ)=5.0 TeV

ATLAS
Event: 2054422947

2016-09-01 16:52:46 CEST EXPERIMENT

Large-radius jet

Large-radius jet



https://link.springer.com/article/10.1007/JHEP09(2019)091

VV—qqqq
W/Z taggers
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https://link.springer.com/article/10.1007/JHEP09(2019)091

VV—qqqq

Background estimation
V+jets:
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Used to extract W/Z tagger efficiency
corrections between data and simulation.
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https://link.springer.com/article/10.1007/JHEP09(2019)091

Results <
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Done separately for three overlapping selections: WW, WZ and ZZ.
Can combine results into WW + WZ and WW + ZZ according to signal interpretation.
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https://link.springer.com/article/10.1007/JHEP09(2019)091
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https://arxiv.org/abs/2007.05293

VH—qqbb b H
<

H—bb identification

<=3

Most powerful handle on Higgs boson identification: b-tagging of two jets inside large-radius jet.

Previous searches used jets with R=0.2:
Can do much better e.g. with variable-radius jets
Large acceptance gain at high transverse momentum
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-010/

VH—qqbb

Background estimation

Background dominated by QCD:

2007.05293

number-of b-tags

2-tag SR sideband

0-tag “SR” sideband

75 145 200

Higgs boson candidate mass [GeV]

28


https://arxiv.org/abs/2007.05293

VH—qqbb b H W/Z Q
Background estimation < @ >

Background dominated by QCD:

2. Using a sideband, extract multi-dimensional ratio between 0-tag and 2-tag with a boosted decision tree (BDT)
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https://arxiv.org/abs/2007.05293

VH—qqgbb b

H W/Z q
Background estimation < @ >

Background dominated by QCD:

2. Using a sideband, extract multi-dimensional ratio between 0-tag and 2-tag with a boosted decision tree (BDT)
3. “Correct” 0-tag template to obtain a background prediction in 2-tag
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https://arxiv.org/abs/2007.05293

VH—qqbb

Background estimation

Background dominated by QCD:
v Use validation regions in data to confirm quality of background description
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https://arxiv.org/abs/2007.05293

VH—qqgbb b

Results
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(Event display from Zy—upy search)

ATLAS

EXPERIMENT

Run: 281411
Event: 2191483814
2015-10-12 11:35:11 CEST

Not a jet

2008.05928


https://www.sciencedirect.com/science/article/pii/S0370269316306669
https://arxiv.org/abs/2008.05928
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H—bb identification

b H Photon
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b

Another method for identifying boosted Higgs bosons decaying to pairs of b-quarks

Tracks are associated to each candidate “b-jet” in the rest frame of the Higgs candidate
Also large acceptance gain at high transverse momentum

R=0.2 Track Jets COM

Signal efficiency

Beamline | h

Primary Vertex

ATL-PHYS-PUB-2017-01

o
o

0.5

0.4

0.3

0.2

0.1

T | UL ]
ATLAS Simulation = Combined =
Vs =13 TeV Double b- ]
T 7> Hy e Double b-tagged -

Illlllllllllllll

ol b v v b b b Ly 1
1000 1500 2000 2500 3000 3500 4000
m, [Gev] 34


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-010/
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‘ Towards a big picture

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: May 2020 [£ dt = (3.2—-139) fb! Vs=8,13TeV
Model ty Jetst ET™ [ram™] Limit Reference
T T T
ADD G + g/ Oew  1-4] Yes 361 |Mp 1711.03301
2 ADD non-resonant yy 2y - - 367 |Ms 1707.04147
S ADDQBH - 2j - 370 |My 1703.08127
€ ADDBH high Y, pr 2lep 22j - 32 [ M 1606.02265
£ | ADDBH multet - 23] - 36 M 1512.02586
[ RS1Gk —»r 2y - - 367 |Gxmass 44Tev 1707.04147
BUKRS G - WW/2Z multi-channel 361 [ Gymass 23TeV kM =10 1808.02380
& Bulk RS Gk — WV — fvqq 2j/1d  Yes 139 |Gk mass 2.0 TeV kiMp =10 2004.14636
Bulk RS gy — tt Tes 21b21J2 Yes 361 |gwxmass 38TeV rim=15% 180410823
2UED/ RPP les 22b>3] Yes 361 |KKmass 18TeV Tier (1.1), BA®Y — #) — 1 1803.09678
SSMZ' - £t 2ep - - 139 |Zmass 51TV 1908.06248
SSM Z' - 1t 27 - - 361 |Zmass 2.42TeV 1709.07242
Leptophobic 2/ — bb - 2b - 361 |Zmass 21TeV 180509299
S Leptophobic 2/ — 1t Oep 21b22J Yes 139 | Z/mass 44 Tev rjm=12% 2005.05138
8 ssMW -ty Tep - Yes 139 [ W mass 6.0 TeV 1906.05609
8  ssuwoo 1T - Yes 361 [Wmass 37Tev 1801.06992
©  HVTW 5 WZivggmodelB e  2j/1J Yes 139 |Wimass 43TeV sv=3 2004.14636
S HVTV WV qgggmodel B Oen 24 - 139 |Vemass 38TeV & =3 1906.08589
@ HVTV/ - WH/ZHmodel B multichannel 361 [V mass 293 TeV & -3 1712.06518
HVT W’ — WH model B epu =1b=2J 139 W’ mass 3.2Tev g =3 CCERN-EP-2020-073
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O  Clftqq 2epu - - 139 [A BTeV ., CERN-EP-2020-066
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= Colored scalar mediator (DiracDM) Oe,sr  1-4]  Yes 361 | finea 1.67 TeV £=1.0, m(y) — 1GeV 171103301
Q  VVyy EFT (Dirac DM) Oep  14,51j Yes 32 |m. 700 GeV. m(x) < 150 GeV. 1608.02372
Scalar reson. ¢ — ty (DiracDM)  0-1e,n 1b0-1J Yes 361 mg 34TeV v =04,1=02, m(y) = 10 GeV 1812.09743
Scalar LQ 1% gen 12e 22]  Yes 361 [LQmass 14TV B=1 1902.00877
Scalar LQ 2 gen 124 22]  Yes 361 [LQmass 1.56 TeV. s= 1902.00377
Scalar LQ 3 gen 27 2b - 36.1 LQ; mass. 1.03 Tev B(LQY — br) =1 1902.08103
Scalar LQ 3¢ gen Olep 2b Yes 361 |LQjmass 970 GeV. B(LQY - t7) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 T mass. 1.37 TeV SU(2) doublet 1808.02343
5@ VLQBB - WZb+X multi-channel 361 [Bmass 134TeV SU(2) doublet 1808.02343
85 VIO TsnTonlTos » We+ X 2089)>3eu>1b>1] Yes 361 |Taamass 1.64 TeV B(Tos — We)= 1, e T W)= 1 1807.11883
£33 VYo WbiX lep 21b21 Yes 361 |¥mass 1.85 TeV B(Y ~ Wh)= 1, ca(Wb)= 1 1812.07343
VLQ B Hb+ X Oep.2y 210,21 Yes 79.8 |Bmass 1.21TeV 5=05 ATLAS-CONF-2018-024
VLQ QQ — WqWq len 24 Yes 203 1509.04261
@ Excited quark g° — qg - 2] - 139 6.7 TeV only u* and ', A = m(q') 1910.08447
8§ Excitedquark g’ — ay 1y 1 - 387 53TeV only u* and ", A = m(q") 1700.10440
K] E Excited quark b* - bg - 1b1j - 36.1 1805.09299
i § Excitedlepton ¢* 3eu - 203 A-30TeV 14112921
Excited lepton v* Beut - - 203 A=16TeV 1411.2921
Type Ill Seesaw Ten >2]  Yes 798 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2] - 361 32TeV m(Wr) = 4.1TeV, g — gr 1809.11105
% | Higos triplet H= — it 234eu(SS) - - 36 870 GeV. DY production 1710.09748
£ Higgs triplet H=* — ¢t Beput - - 20.3 DY production, B(H;* — £7) = 1 1411.2921
O | Multi-charged particles - - - 361 | muliicharged particle mass 122TeV DY production, g = 1812.03673
Magnetic monopoles - - — 344 | monopolemass 237 TeV DY production, g = 18, spin 1/2 1905.10130
Vs=13TeV  5=13TeV L L
partial data full data 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
‘FSmall-radius (large-radius) jets are denoted by the letter j (J).
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‘ The LHC timeline

LHC HL-LHC

LS1 EYETS LS2 LS3

13 TeV 13-14 TeV 14 TeV
Diodes C o — e enEMQY
splice consolidation cryolimit LIV Installation

HL-LH
7Tev 8TeV button colli s interaction ) . C
R2E project regions 11 T dipole coll. installation

5 to 7.5 x nominal Lumi

Civil Eng. P1-P5

= E'? IIIIIM

ATLAS - CMS

radiation
experiment upgrade phase 1 damage ATLAS - CMS
FEIEICES nominal Lumi w ALICE - LHCb ' 2 x nominal Lumi : LSlpaiace
75% nominal Lumi Updiade
integrated E{[)[IK o]
-1 b N

* The experiments are currently undergoing Phase-| of the planned upgrades in order to
improve and/or maintain trigger rates and data taking capabilities.

* These are relatively early days: HL-LHC integrated luminosity goal of 3000-4000 fb-1.

» But the energy reach won't increase significantly and it will take some time until we double
the current integrated luminosity:

* ltis critical to keep developing new analysis ideas and methods to fully explore the Run 2 data.39



New techniques



ATL-PHYS-PUB-2017-015
Inputs to jet reconstruction JETM-2018-06

+  Tracking information can be incorporated into jet substructure to benefit from better spatial
resolution of the tracker in addition the excellent energy resolution of the calorimeter.
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+  New “Unified Flow Objects” will provide optimal performance across a wide kinematic range

and in dense environments typical of high pr jets. 41


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-015/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-06/

ATL-PHYS-PUB-2020-019

Dedicated Higgs boson taggers

H—bb

» Mature techniques in place for identifying individual b-jets using deep neural networks,
optimised for vast kinematic range.
» Can take on step further and train classifier neural networks directly on boosted H—bb jets
against main expected backgrounds (coming from top and QCD processes):
» Exploiting flavour information correlations within Higgs candidate.
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Dedicated Higgs boson taggers

H—1T

2007.14811

» Exploring calorimetric shower shapes and tracking information to distinguish between
TT pairs (when both 1-leptons decay hadronically) and QCD background.
« BDT trained to classify Higgs to 1T jets against background dominated data.
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https://arxiv.org/abs/2007.14811

Broadening the scope



Broadening the scope B G y

» What if we extend the search phase-space by not assuming Standard Model bosons?
* First exploration by ATLAS with 2015+2016 data:
« Y—XH where X is unknown: assumption is that it decays to jets and has a mass in
the range 50 GeV to O(1 TeV), Phys. Lett. B 779 (2018) 24.

« Can be taken further by searching for A—BC events with no assumption on either
particle:

* A task for anomaly detection techniques!
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https://www.sciencedirect.com/science/article/pii/S0370269318300509

PhysRevlett.125.131801

Generic search A—BC

Weak supervision with CWolLa s o

>

» Generic search for new resonances via anomaly detection procedure:

 Suited for massive resonance decay with di-jet topology, using with large-radius jets.
« CWolLa method: Classification WithOut LAbels (PhysRevLett.121.241803).

« Train neural networks to distinguish between signal region and sidebands in data.

4

SB - SR ' SB

# events
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.241803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.131801

Generic search A—BC

Weak supervision with CWolLa

B c

>

» Generic search for new resonances via anomaly detection procedure:
 Suited for massive resonance decay with di-jet topology, using with large-radius jets.

PhysRevlett.125.131801

« CWolLa method: Classification WithOut LAbels (PhysRevLett.121.241803).
« Train neural networks to distinguish between signal region and sidebands in data.
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NNs trained with data for each myy signal region.

Fits performed to a subset of the my, distribution

"\ after cut on NN output at efficiencies of 1%, 10%.

Model-dependent: exclusions covering new

regions of phase-space.
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Summary



Summary

« The LHC experiments are in a great position to tackle some of the questions left

unanswered by the Standard Model.
» There is a plethora of experimental results placing constraints on SM extensions that

predict diboson resonances.

» Focus here was on fully-hadronic searches at very high masses, part of a broad and
comprehensive search programme.

* Progress depends on the development of new analysis ideas and methods to keep

exploring the LHC data for New Physics:

* Improved “tagging” techniques to extract more sensitivity from the Run 2 dataset.

» Anomaly detection for broadening the scope of analyses.

 ...alot more that couldn't fit in this talk.

Thank you for your attention!
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PhysRevD.76.036006

Theoretical scenarios (I)

Warped Extra Dimensions / bulk “RS" model
» Extension of Randall Sundrum models: gravity propagates in warped extra dimension.
* The original RS model confines SM particles to a 4D brane, in the bulk RS model the SM
particles extend into the “bulk”.
» The most distinctive feature of this scenario is the existence of spin-2 Kaluza-Klein (KK)
gravitons whose masses and couplings to the SM are set by the TeV scale.
» Couplings to light fermions suppressed.
* Gluon-gluon fusion dominant production channel.

bulk

Fermion Higgs
g w K

G*

Gauge Boson

= R 52

V4



https://arxiv.org/pdf/hep-ph/0701186.pdf

] ] JHEP09(2014)060
Theoretical scenarios (ll)

Heavy Vector Triplets

« Benchmark models are defined according to different parameter values.

Model A: gV = 1: Extended gauge symmetry, with comparable branching ratios into bosons and fermions.
Model B: gV = 3: Strongly coupled scenarios, suppressed branching ratios into fermions

VBF model: Couplings to fermions set to zero, couplings to boson similar to Model A.

For Models A and B, intrinsic width assumed much narrower than detector resolution: ~2.5%

10°
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1 T 10
2 S
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10°
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Figure 2.1: Upper panel: Branching Ratios for the two body decays of the neutral vector V° for
the benchmarks Ag, =1 (left) and By, —3 (right). Lower panel: Total widths corresponding to different
values of the coupling gy in the models A (left) and B (right).


https://link.springer.com/article/10.1007/JHEP09(2014)060

‘ Jet substructure

«  The D2P=1 variable is useful in identifying

jets with two-prong substructures.

- Defined from n-point energy correlation

functions:

Ecri(B) = Z PT;s
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PERF-2015-03
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2015-03/

ATL-PHYS-PUB-2017-015
Jet mass JETM-2018-06
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-015/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-06/

‘ Sensitivity based optimisation https://arxiv.org/pdfiphysics/0308063.pdf

« Significance measure independent of cross-section of new processes:

¢/(a/2 + VB),

€ = per signal jet / event efficiency
a = number of standard-deviations corresponding to a one-sided Gaussian distribution
B = number of background jets / events after selection

o7
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‘ VHqqbb (I1)
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Large-R jet mass window [GeV]
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Exclusive centre-of-mass (CoM)

+  EECambridge algorithm on calorimeter constituents after boost to large-R jet rest frame, run in exclusive
mode with number of subjets Nsj=2.

+  Based on angular separation yjj=2(1-cos8j).

«  Track-to-subjet association is also based on their angular separation in the CoM frame (contrast with dR
association used for other algorithms)
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Dedicated Higgs boson taggers

H—1T

Table 1: Discriminating variables used in the di-r identification BDT, aimed at rejecting the background from quark-
and gluon-initiated jets. Here, LRJ refers to the seeding large-radius jet of the di-7 object, sj; and sj, stand for the
first and second sub-jets ordered in pr, respectively, and tracks refer to those matched to a sub-jet (7 track), unless

2007.14811

specified otherwise.

Variable

Definition

siy siy Siz Sia
EAR<0.1 /EAR<0.2 and EAR<0.1 /EAR<042

pr/PFY and (pY' +p)/PFY

log(z pélgo-tracks / p%RJ

ARmax(track, sj;) and ARmax(track, sj,)

SIpE*AR(track, sj,)]/ 5 p*
[Pk AR iso-track )]/ 5 plgock

tracks, sj; tracks, sj,
log(mg q.1') and log(mg 4 1°)

tracks, sj;

Ks, 5j
Rt ) and log(mtrac S, S_]Z)

log(m AR<0.2

108(1431 4 ncl) a0 1081432 o D)

sub-jets
tracks

si1

tracks and n,

n

Ratios of the energy deposited in the core to that in the full cone, for
the sub-jets sj; and sj,, respectively

Ratio of the pr of sj; to the di-7 seeding large-radius jet pr and ratio
of the scalar pr sum of the two leading sub-jets to the di-t seeding
large-radius jet pr, respectively

Logarithm of the ratio of the scalar pr sum of the iso-tracks to the di-t
seeding large-radius jet p

Largest separation of a track from its associated sub-jet axis, for the
sub-jets sj; and sj2, respectively

pr-weighted AR of the tracks matched to sj, with respect to its axis
pr-weighted sum of AR between iso-tracks and the nearest sub-jet axis

Logarithms of the invariant mass of the tracks in the core of sj; and sj;,
respectively

Logarithms of the invariant mass of the tracks with AR < 0.2 from the
axis of sj; and sj,, respectively

Logarithms of the closest distance in the transverse plane between the
primary vertex and the leading track of sj; and sj;, respectively

Number of tracks matched to sj; and to all sub-jets, respectively
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https://arxiv.org/abs/2007.14811

‘ A—BC with weak supervision Non-ATLAS figures taken from GERN
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Trials Factors
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« Trials factor for discovery potential with large numbers of bins
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