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Introduction

e The role of an experimentalist is to piece together all the elements in the chain
that links theory and data.
e How do all these pieces come together?
e Main topics:
1. Event reconstruction
2. Full and fast detector simulation & data-driven correction methods

3. Case study: measuring the WH cross-section
1. Simulation-based backgrounds, global fit,

4. Case study: searching for new physics resonances
1. Data-driven background estimation methods
2. Anomaly detection



What physics comes out of LHC data®

Total, fiducial* cross-sections

ATLAS Preliminary = = == Data

Vs=13.6 TeV,29f5' | Statistical Uncertainty

Y4 Total Uncertainty
—=a— Predicted

This measurement
16.9+ 0.7 (stat.) + 0.8 (sys.) pb

Sherpa qqZZ NLO + ggZZ LOx1.7(*)
17.0'7 (sys.) pb

MATRIX qqZZ NNLO + ggZZ NLO(*)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-17/

What physics comes out of LHC data? o

Upper limits on the production of new particles

Search for long-lived
particles decaying to
a pair of muons
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95% CL upper limit on B(H—=Z,Z.)
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https://cms.cern/news/long-lived-particles-light-lhc-run-3-data

What physics comes out of LHC data?

Fundamental properties of particles, e.g. Higgs boson mass

T L L L [T T
ATLAS Preliminary e+ Total Stat.only |  Combination
Run1: /s =7-8TeV,25fb~!, Run 2: \/s = 13 TeV, 140 fb~!

Total (Stat. only)

Run1 H — vy F———e— 126.02 + 0.51 (+ 0.43) GeV
Run1 H — 4/ e 124.51 + 0.52 (+ 0.52) GeV
Run2 H — vy —e—i 125.17 £ 0.14 (£ 0.11) GeV
Run2 H — 4¢ I—O—II 124.99 + 0.19 (+ 0.18) GeV
Run 142 H — v e 125.22 + 0.14 (+ 0.11) GeV
Run1+2 H — 4/ e 124.94 + 0.18 (+ 0.17) GeV
Run 1 Combined —e— 125.38 + 0.41 (+ 0.37) GeV
Run 2 Combined I-OI-| 125.10 + 0.11 (+ 0.09) GeV
Run 1+2 Combined I—l-l 125.11 £ 0.11 (+ 0.09) GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-16/

What's in a plot?
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What's in a plot?
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What's in a plot?

« Data
Simulation

Y an invariant mass
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What's in a plot?
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Trigger and Data Acquisition: a simplified picture

Data Acquisition
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Taken from ATLAS Lectures on DAQ, Trigger, Data Processing Workflow: slides, slides, slides
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https://indico.cern.ch/event/1366447/attachments/2795088/4901362/DAQ_ATLAS_Lecture_Simone_Sottocornola.pdf
https://indico.cern.ch/event/1366443/attachments/2795091/4930454/ATLAS_trigger_lecture.pdf
https://indico.cern.ch/event/1341242

Event Reconstruction

» Going from raw data to analysis objects.
» Important: data and simulation pass through the same reconstruction algorithms.

Run: 266919

* Raw data reconstructed into: —~ll &5 [3°TeV Contre-of-nass energy  2015-0.0¢ 00:21:28
 Tracks N
e Calorimeter deposits
» Which are then reconstructed into
“physics” objects:
» Jets, electrons, muons, taus
* Photons, missing transverse energy

{&patLAS

EXPERIMENT




From hits to physics: tracking
lonisation loss ’—\

_ « Efficiently and precisely reconstructing charged particles
@ Seeding

» Under a non-uniform magnetic field (equations of
motion have to be solved numerically)
Track finding - With hundreds to thousands of particles per event.
Bremsstrahiung  With tight CPU timing constraints.
Track fitting
« Used in almost every element of reconstruction.
Hadronig Int.
B
/

\\

Vertex reconstruction Pile up removal Jet flavour tagging

16



Challenge: pile-up

A Z boson decays to 2
muons in an event with

ATLAS el

EXPERIMENT

Run Number: 336852, Event Number: 883966264

Date: 2017-09-29 09:19:23 CEST ﬁ =13 TeV

< p > =mean number of interactions per crossing

17



Challenge: pile-up

A Z boson decays to 2
muons in an event with
65 (!) additional pile-up
collisions.

Track pr > 100 MeV

V3§ =13 TeV
Track pr > 1 GeV

Track pr > 5 GeV ST VO ATLAS

EXPERIMENT

Run Number: 336852, Event Number: 883966264 (i 4 > =mean number of interactions per crossing
Date: 2017-09-29 09:19:23 CEST

18



From hits to physics: clustering

» Three-dimensional topological clustering (topo-clustering)

of individual calorimeter cell signals.

« Algorithm sensitive to the nature of the shower producing

the cluster signal:

paper

» EM showers are more compact, smaller intrinsic fluctuations

+ HADdronic shower have larger shower-by-shower
fluctuations and are located deeper in the calorimeter.

shower width [Ry,]

7 sin ¢ [mm]

| T ST
6 8 10 1

2 14 16 18 20 22

x [mm]

Interplay of bremsstrahlung

and e*e™ pair production up to shower
maximum - ionizations (e%), Compton
scattering (y), photo-effect (y)

wer spread projected on ' (mm)

|tan 6] x sin ¢

GEANT4 Simulatio:

0.05

-0.05

ATLAS simulation 2010

| Pythia6.425 "
L dijet event °

[
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e Shaauana e e S
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https://d-nb.info/1139087649/34

Towards Jetography

From hits to physics: clustering

ATLAS Prellmlnary Simulation H
W—)WZ mw—2 8 TeV; p?'=300 GeV antl-kT

gsz_ e e s
B
 Calorimeter topoclusters are one of the ingredients to jet =t
clustering o
2.2.5 The anti-k; algorithm 35— E
One can generalise the k; and Cambridge/Aachen distance measures as [33]: 25_ 5 10°
2 C 107
di; = min(p;? J)tp) R2 ; AR = (yi —y5)* + (6 — 8))°, (10a) i ) 0
dip = pi¥, (10Db) GE R | . - 1
4 -1 1 3 y4
A o Y g, et g e Y e
i i s B S
g L el we]| 7 oo B Different techniques to handle pile-up:
- % 3 o . 90 E - At const.ituent-level, e.g. subtracting low-
co B T@TE LR L L3 et le ] pt constituents
IR . - At jet-level, subtracting energy density x
RN 1 T 2 ee jet area, cut on jet timing, etc...
2.y @ % 4 2 ®% {®e ]
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https://arxiv.org/abs/0906.1833
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Physics analyses at the LHC

The power of factorisation of physics at different energy scales.

Inclusive* cross-section
for the production of the
final state X in the
collision of hadrons hq,hs

Ohyhy—X = Z dea debféll (xa’ M}%)f[ﬁlz(xb’ MI%) '|'dq)ab—>X

Differential partonic
cross-section

d6 (P, y» UF)
d® ;. x

a,be{q,g}

95 Parton distribution

Partons a,b in the PDF functions (PDFs) at
with momentum factorisation scale y%

fraction xa,Xp

* inclusive since no specific kinematic configuration or particle multiplicity is specified



From collisions to physics results

Theory and data can be linked through precise simulations of:
* The hard scatter interaction
* The parton showering and hadronization
* The detector itself

The goal is to have a twin set of collision data to compare to the real collisions.

z kP B e AR
% 5 N &Y ( .
2 ¥, %A LY " 5 Q}%
Theory -
Hard scattering Decay Parton shower Underyling Hadronisation Simulation Digitisation Reconstruction

event

23



geometry @)
boundary /

secondaries
[

Detector simulation (1) S 2 S SN

step G4Track

No. of steps « simulation time
Simulation of the passage of particles through the detectors.
Particle ionisation in the trackers
Energy deposition in the calorimeters A problem...

Run 3 (u=55) Run 4 (4=88-140) Run 5 (1=165-200)
T T T T T T

Intermediate particle decays, radiation and scattering... T 8OFTAm ASPreiminary | =

3 70:_ 2020 Computing Model - CPU . =

. . . . ] F o Baseline g 3
Typically done using the GEANT4 software, taking into = 60 - R ' N
c - Y Aggressive B

account: '%_ 5QE-— Sustained budget model y o-® =
. . . £ - (+10% +20% capacity/year) __,—“""""‘ 3

Dense hit content in the inner trackers. 3 40F E
Electromagnetic and hadronic shower development. S a0 E
Effect of the magnetic fields. B ook E
Complex geometry with multiple sub-detectors, support structures, £ 10 E
cooling pipes, cables, ... s | | , , | | E

OI 11 111 11 L1 11 11 111 1

2020 2022 2024 2026 2028 2030 2032 2034

Year

One of the most computational expensive steps in the entire Monte Carlo generation
chain: ~40% of ATLAS resources in Rurp2.



Detector simulation (lI)

Can also be done using a fast simulation:

Parameterising the calorimeter response to single particles
(smearing 4-vectors)

New: improved methods using machine learning!

e.g.
Generative
Adversarial
Networks
(GANSs)

» Fast simulation provides speed gains of O(500) for calorimeter simulation!

Conditional WGAN-GP

Latent Dense Dense Dense Dense
Space (50) 50 100 200 NVoxel

Discriminator
Output

RelU RelU RelU RelU

Generator
Output

—

Dense Dense Dense Dense
NVoxel NVoxel NVoxel NVoxel
Linear RelU ReLU ReLU

5.

Calorimeter energy response to photons
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— Geant4
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-SOFT-PUB-2020-006/




What's in

Real Physics

a plot?

Simulated Physics

( Particle Collider ) ( Event generator
LHC

Pythia, Herwig

)

Detector, Trigger & DAQ

ATLAS, CMS, ...

Geant4

Detector simulation

N L

~

Athena, ...

J

Event reconstruction

¥

N\

Physics Analysis
ROOT, python, ...

—

T T | T 1T | L T T 1T | T 1T | T T T T
i ATLAS ¢ Data
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What's in a plot?

Real Physics Simulated Physics S e
(D) L ® Data :
Particle Collider Event generator O 120 _ﬁT_’)LéZS* 4 NI Higgs boson (125 GeV)
LHC Pythia, Herwig Q L Vs=13TeV, 139 fb' [ tZXZX’ " -
4(2 r p B Z-jets, tt .
GCJ 100 B 7 VA UnJc;natitnty ]
Detector, Trigger & DAQ Detector simulation AT C ]
ATLAS, CMS, ... Geant4 80— |
\ / 60 -
é ) 40? ]
Event reconstruction L ]
Athena, ... i ]
20—
¥ I

Physics Analysis

ROOT, python, ... 11 0 1 20 130 140 150 160

Are we forgetting something? My, [GeV]28
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300 "il)atwl_

Overlaying pile-up collisions g X 5
2 2500 (5-136TeV,66 " dlsl'r/'b ul .e‘(fo
§on mm2os on
e Pile-up comes “for free” in our data. It needs to be g 1505_ B Totah (=465 E
modelled in our Monte Carlo as well, for a fair 3
comparison to data. 8 100p ]
e In ATLAS Run 3, this is done by MC pile-up overlay: “ sof E}
e Minimum-bias and single neutrino events are E 15

OO

20 30 40 50 60 70
Mean Number of Interactions per Crossing

generated using Pythia8.

e GEANT4 is run on these events to simulate detector
response.

e Digitisation is then run on a combination of these
events, including shifts in time to reproduce in-time
and out-of-time pile-up.

e The digitisation output of a pile-up event is then
overlaid with the hard-scatter MC.

e Proton bunch structure and luminosity based on
that of real data.

. . : = ber of int i [
Taking from ATLAS Lectures on Data Processing Workflow: slides < # > =mean number of interactions per crossing29


https://indico.cern.ch/event/1341242

What else?

MC WARNING

e The real world need to be reflected in the Monte Carlo simulation.
e E.g. a section of the calorimeter readout dies and cannot be repaired until the
detector is opened during an LHC shutdown.
e If this impacts x% of the data, we need a representative slice of the problem in our MC.
e But x is usually hard to know until we know how much data we will collect until the
shutdown. At that point we need to reprocess the MC.
e Even then, MC often doesn’t describe the data.
e Improving MC (e.g. via tuning of input parameters) is an ever on-going (and time
consuming task.
e Another way to deal with inaccurate modeling is to correct / calibrate the MC.

e \We can correct:
e An efficiency (event-level correction).
e An object’s energy scale or resolution (object-level correction).

30



Example #1: tag & probe method

107

> E " ‘ " E
. . . . 8§ [ ATLAS Tight probes ]
e How efficiently do we identify an electron? 2 ol Vem TR TV SR
g % L g%t:anbackground %
! L —— Background ]
+: 10° E
e Tag - ]
104§ é
103; _;
Z 5
1ol 700 150 200 2;30
e Probe Meve- [GEV]
For example, the identification efficiency can be calculated
Use a Standard Model candle like Z — ee as:
v We know the Z decays to one electron and a positron probe is identified
v We know the Z invariant mass very well € =
v We “tag” one electron and study the “probe” electron all probes

Only the tag electron is used to select events.
EGAM-2021-01 31



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EGAM-2021-01/

Example #1: tag & probe method

e How efficiently do we identify an electron?

> SRR A R R L UL I I
2 - ATLAS ] . . .
S 1 E-13Tev, 139" = * Electrons are identified with tracks and EM
g ogﬁo%bﬂi%;fm E topo-clusters.
= e . L : :
g . o e = e Id efficiency shown as a function of electron n:
5 B, The & S S + Also studied as a function of electron Er, pile-up...
2 - - il S . . . .. .
0.7 o Electrons, E_ >4 GeV 'O - » Data and simulation have different efficiencies, an
= - . ;
06E - ;ata!kﬂgg:sg E approximately 5% effect.
_ Aa edium - . . .
osEt ® Tght ]  Weights or scale-factors are derived as a function
% 1.08E S -_ R ennemae ofn, Er, ...
& O.OQSE" e % « We reweight the simulation to achieve the same
0.85 A S efficiencies as in the data.
08 Total... ' ' ' ' ' ' '

S TSR P TOTe

2 15 1 05 0 05 1 15 2

b

unc. [%]

o) e e ——

pT

=3

EGAM-2021-01



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EGAM-2021-01/

Example #2: smearing the MC

e How well do we measure the momenta of muons?

* Muons are typically reconstructed using the ATLAS
inner detector and the muon spectrometer.
» Each detector has its own momentum resolution:
o(pr)

(Combined Muon]/

Muon Spectrometer

=ry/pr®r®r,-pr

Standalone Muon Pr
Fluctuatlonslof Intrinsic resolution
energy loss in Multiple effects from spatial
material scattering, B resolution of hits

lnhomogengltles, and res. misalignment
(Segment-Tagged Muon local radial
displacements

* We smear the MC (depending on detector region) to
reproduce the muon momentum resolution and scale of

(Calo-Tagged Muon)

data at high precision.

arXiv:1407.3935 33



https://arxiv.org/pdf/1407.3935.pdf

Example #2:. smearing the MC

e How well do we measure the momenta of muons?

> ><-|| OIS LA B B B B B T T T LA L B B B B B B Q 4 F T T T T T |
o - ATLAS . Chain1,CBmuons E1.004F ATLAS Z =
= 1000— BE —+— Dat — - F CBmuons 3
= - Vs=8TeV :Id/ifa = 55 1.0021 i
~ B " B E 4 -
N | L=2031b" [ Background . 1W&#&¢3§
Q T s Uncorrected MC —| - -
= 800_ i 0998  \s_gTev ® Corrected MC E
L = - 0.996F L=203f0" O Uncorrected MC
600/ — = =
p : = —
JI¥Y n E— _E
U ] oL = ‘ j : ; i -
= = - ]
_ - £ 1.004F Jhy =
" £_1.002F E
E a8z £ ]
CS) 1.056 .- i L eees E 3 11 #5-0002%20,5% co_0e2000000et0getete Sete®e e,
S - srveen St e s et E T 0 " 0arB 0000000000000, e
© 0_95? Sy et 3 0.998- OOOO oooo . . oo oooO =
8 o8 29 3 31 32 33 34 0.996F o orrection tncertainty %
e ) ) ‘ ) %3

m,, [GeV] 2 -1 0 1 2

arXiv:1407.3935 Leading muon 1
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Example #3: measuring tag rates, fake rates

e How do we identify b-jets?

» b-jets contain the decay particles of long-
lived b-hadrons and some additional
particles

« Key properties:

+ Relatively large b-hadron mass ~5 GeV
 Significant b-hadron lifetime ~1.5 ps

* This leads to unique characteristics that
distinguish them from light (u,d,s,g) and to a
lesser extent charm (c) jets:

* Asecondary vertex
« Tracks with large impact parameters
« Leptons from the b-hadron decay

b-jet

Displaced
Tracks

Secondary
Vertex

Prompt
Tracks

Jet
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Example #3: measuring tag and mis-tag rates

e State-of-the-art b-tagging in ATLAS

Pooled graph

representation ¥ 1 - ”

GNN '5. ] Jet flavour I S 1 t a b J et -

_ & § prediction - - [

2 Is it a c-jet®?

Is it a light-jet?
-
£ 2 Y a“ci Track origin
—»| s |—» — — — —| 32 |—> L
Es =5 predictions
= z
Combined Intial track Conditional track \
Inputs representation representation
0% Vert s T T T T T T T

> 9 ertex 3 10’ [ ATLAS Simulation Preliminary o DLArbiets  —— GN1 biets |
|z E — predictions o} %% acar - Oirvies  — ont i |
107 1
107k 1
10 1
10 E
10 E
Jet 10°F i 1
axis ot LLELE ]

D, = log Py
ATL-PHYS-PUB-2022-027 Jerpe+ (1=f) - py | 36
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Example #3: measuring tag and mis-tag rates

e How efficiently do we tag a b-jet?

BR(t—Wb)~99.7%

FTAG-2018-01

Use a highly-enriched sample of top-pair events
to:

e  Measure the jet flavour composition.

e  Measure the b-tagging efficiency vs jet pr.
Invariant mass of each of the top systems:

o My =My p

o My =My,
Real top-pair events will have m;; ,,m;, ,

distributions with an upper limit around the top-quark
mass of 172.5 GeV
° In practice smaller due to the undetected
neutrino.
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Example #3: measuring tag and mis-tag rates

High bb purity region

e How efficiently do we tag a b-jet? & [ atias s-13Tev. 05100 | ] Ems CATLAS (5-13TeV, 805" |
o 3 o
z E—Il?sta E 2
& &

BR(t—Wb)~99.7%

1 o1
------- € €
- 512 1 By

e ety P N =
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Example #3: measuring tag and mis-tag rates

e How efficiently do we tag a b-jet?

BR(t—Wb)~99.7%

b-jet tagging efficiency
o
~
T

|- T T T
E ATLAS Vs=13TeV, 805"

MV2, g, = 70% single-cut OP

—+- Data (stat. unc.)
Data (total unc.)

FTAG-2018-01

06 __fimC
C 1 L 1 L
0 0.5 1 1.5 2 25
Jet In|

b-jet tagging efficiency SF

-
-
[

- ATLAS Vs =13 TeV, 805 b
- MV2, g =70% single-cut OP
1.05;—

-
Y

-

- et :
_—— ——

e  Scale-factors to correct b-tagging efficiency in MC as a function of
pseudo-rapidity (also transverse momentum).

0.95;—
0.9_— =
0 85:— —4— Scale factor (stat. unc.) 3
F Scale factor (total unc.) ]
al 1 1 1 | |
0% —""05 1 15 2 25
Jet In|
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Example #3: measuring tag and mis-tag rates

e And how often do we tag a light or a c-jet instead (mis-tag)?

r 24— 77T
Tracks from % - [ Total Uncertainty .
Primary fragmentation D mesvon/ baryon L 2'2:_21_7‘1':?6\/ 139 o Systematic Uncertainty ]
. E 5= , _ o ot oF ’ 3
m Interactlonég S 20Fzix1 jet sample, ™| < 2.5 _fm‘,‘igft p§P§§2?;T‘5nC_ -
Vertex 8 1 8:_DL1r €, = 60 % Single Cut OP  w= Total Stat. Uncertainty
B-meson " = 1-OL antik R=0.4 particle flow jets ~ ==MC Stat. Uncertainty
AXIZ QO baryon ) 16F -+-Data Stat. Uncertainty
AT oXE T o 5 .o .
[e] C ]
£ 12F :

=) C

Tracks from Hadronic interactions - 10k

Primary fragmentation KA decays 0.8F-

. . . s’ E

Light-jets s iNTaeYeates é’ &» < Y P R S E T A B
Vertex > Y — ete- o 0 50 100 150 200 250 300
»
] > Jet P, [GeV]
Pixel Layers

e  Scale-factors to correct light mis-tag rate in MC as a function of jet
transverse momentum.






The grid

e Processing data and simulation poses huge Ter2 sites
computing, storage and analysis challenges.
e We rely on the World LHC Computing Grid (WLCG),
and international organisation of computing centres.
e Tier-0: the CERN Data Centre where O(100) PB
of data are stored on magnetic tapes.
e Tier 1: 14 large data centres for intensive
computing tasks and secondary storage.
e Tier 2: ~160 smaller processing centres, like
universities or labs that can provide storage and
computing power for specific analysis tasks.

Tier-1 sites
Connected by >100 Gb/s links

PIC

SARA-NIKHEF
Amsterdam, NL
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The grid

e Processing data and simulation poses huge
computing, storage and analysis challenges.
e We rely on the World LHC Computing Grid (WLCG),
and international organisation of computing centres.
e Tier-0: the CERN Data Centre where O(100) PB
of data are stored on magnetic tapes.
e Tier 1: 14 large data centres for intensive
computing tasks and secondary storage.
e Tier 2: ~160 smaller processing centres, like
universities or labs that can provide storage and
computing power for specific analysis tasks.

An ATLAS example:

DACD
AOD
HITS
RDO
EVNT

RAW

ESD
DESD
log
no_name
XT
HIST
DRAW
user

NTUP

129 PB
80.2 PB
51.4 PB
179 PB
13.0 PB
11.9 PB
2.27 PB
1.52 PB
143 PB
1.24 PB
1.00 PB
886 TB
787 TB
697 TB
263 1B
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Case study: let's measure the WH cross-section

@ Physics motivation
* Precise measurements of the cross-section and decays of Higgs boson as a
test of Standard Model predictions and probe of New Physics.

4

# events

Let’s focus on “boosted” topologies...

>
Transverse momentum of the Higgs Boson
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Case study: let's measure the WH cross-section

@ Signal characterization

SM Higgs Boson decay modes

Decay channel Branching ratio

H — yy 2.27 x 1073
H—ZZ 2.62 x 1072
H-Wwtw- 2.14 x 1071
H —71rr~ 6.27 x10~2
H —bb 5.84 x 1071
H — Zy 1.53 x 1073
H—ptp 2.18 x 1074

W boson decay modes ... (r:/n)

tty [b] (10.86+
etv (10.71+
utv (10.63+
Tty (11.38+
hadrons (67.41+

0.09) %
0.16) %
0.15) %
0.21) %
0.27) %

T


https://pdg.lbl.gov/

Case study: let's measure the WH cross-section

@ Signal characterisation

& Large branching ratio
& Lots of background

¥ One charged lepton &> Small branching ratio

v One neutrino & Easy to trigger on

Let’s explore other options later in the talk.*’



Case study: let's measure the WH cross-section

@ Signal characterisation

Small-radius jets | Large-radius jet

LRE<

Boosted jets: Increasing transverse momentum, p;

v One charged lepton
v Missing transverse energy
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Case study: let's measure the WH cross-section

Background: it is crucial to correctly estimate the
expected background and its uncertainty.
Common strategy (for many backgrounds):

2. Use data to correct and
constrain MC estimate. *

* when there is an appropriate
control region.

o (nb)

proton - (anti)proton cross sections

10° |

O
zz
M,=125 GeV {

[ wis2012
o

O-lol

Tevatron

'LHC!

=

K

events / sec for £ = 10®° cm™s
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Case study: let's measure the WH cross-section

& What are the (dominant) backgrounds? How can we reduce them?

WZ production

W—tlv
v' One charged lepton

v 1large-R jet v Missing transverse energy

v W/ 2 b-tags
v 1/%
v EtMiss
Z—bb
@

. Can take advantage of different invariant mass of Z and H (if mass resolution allows it) 50



Case study: let's measure the WH cross-section

& What are the (dominant) backgrounds? How can we reduce them?

W+jets production

v 1large-R jet

v W/ 2 b-tags <
v 1/%
v EtMiss
W—iv

v One charged lepton
v Missing transverse energy

. Can take advantage of different kinematics of gluon vs Higgs decay
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Case study: let's measure the WH cross-section

& What are the (dominant) backgrounds? How can we reduce them?

v
v
4
v

1 large-R jet
2 b-tags
17+
EtMiss

(Semi-leptonic) Top-pair production

T

QM—

. Can take advantage of the extra b-jet.

v, Wolv

v' One charged lepton
v Missing transverse energy
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Case study: let's measure the WH cross-section

@ Event selection: regions with high signal efficiency = signal region(s) M= mass of
the large-
> I B B B 'HlllD;t;Hl]Hlll_ %160f|"'|s'"|"'|"'"'_le;t;"w"w"'t J .
1) - ATLAS - ] 15 - ATLA ——_— . radius jet
S 900 o i3 7ev, 139" -\I;!"’ H-bb (u,,=0.72) 7 © {140 {s=13Tev, 139 1" I VH, H-bb (u,,=0.72) -
- - . iboson (u__=0.91) _| - C . Diboson (u__=0.91) | ‘
@ L 1lep., > 1large-R jets, SR i vz | > - 1lep., > 1large-R jets, SR it vz .
S 400/ 250 GeV <p! <400 Gev we ] S 120[— py > 400 GeV wt -
L|>J C Il W+jets 7 L|>J - Bl W+jets .
L Bl Z+jets . 100— B Z+jets ]
r Multijet B C Multijet ]
3001~ Uncertainty ] 80~ Uncertainty T
B 3@ = — VH, H—bb x 2 i - — VH, H—bb x 2 .
200__ ; . _ 60_— —+— %ﬁ? —
B —4- ] - 3
— 7 40 =
100 = — =

g
. F T I T 17T { T 7T I L I L | T T I L { 17T I T 3 . F T | L | L { T T T { L I L I L | L I L { T T T
Bi15F E Bi15F -+ _% E
Q\L_ 1 z—.m._.\\ — ~ \\+ﬁ.a—.——-.ﬁvwﬁ.’?\\ N . % Q\‘: 1 f . M\\\Mﬁﬂ—# S5 NS e f
£ 05 & E 805 F £
(U : E 1 | | —— J | - | | - | I - | | —— | | —— ‘ | —— | 1 E (U ) E 1 | L1 | L1 J L1l ‘ L1 | L1 | L1 | L1 | | J 11
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Case study: let's measure the WH cross-section

@ Event selection: regions with high background purity = control region(s)

> L N N DA LA R ELAL L ELRL > 0T T T T T T T T T T T
& 400 ATLAS —e—Data 4 & - ATLAS —e—Data -
= E (s=13Tev, 139" W VH, HoBb (1, =072) o  is-13TeV, 139 b -:;H’ H-bb (u,,=0.72) ]
?‘2 350? 1lep., > 1 large-R jets, top CR t, s+t chan —; ?‘2 80| lep > 1large-R jets, top CR Wi N
§ 300: 250 GeV < p! < 400 GeV -w_t 3 § - pY =400 GeV -:\Inv+|j?st a
- +jets -] - ultije T
w F Multijet . w B Uncertainty ]
250 Uncertainty — 60— — VH, H—bb x 2 I
£ — VH, H—bb x 2 ] B NS ]
200 é*_%ﬁ&%\_ - N + % * ]
E LT - 3 40— DR S ]
150— éb’*g* — r * T
- 4+ s E i " ]
100 4 = ool f#ﬁ N
E o <+ ] - s
= N = SN \
e ——— | L STee 1 B * 4“ .
R S e e e e aaRE S5 E _+_
[0 [0
n:_ 1 A*_*—‘——‘—W—h_.;ﬁ*\_\’_\\ s*h\ B CI_ 1 }_# _;_*;{_*1# . ‘H“*—**’ S 4_\\\ SN *
%0-5;w.H|..‘\...|".|H.|.H|..,\...\T§ %0-5
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m, [GeV] m, [GeV]



Case study: let's measure the WH cross-section

@ Background from non-prompt / fake leptons: . »€
* Non-prompt: from semi-leptonic decay of hadrons or photon ID+{(_: W v
conversions. SIS s
« Fake leptons from misidentified jets. <s

* \Very challenging to model these processes in simulation:

» Depend strongly on details of physics simulation, often in non- v — ote-
perturbative regions. ' I |
* Depend on modeling of material composition and response. Pixel Layers
* Very low probability for hadronic jets to fake a lepton, yet multi-jet cross
section is huge and simulating this effect would be prohibitive.
Isolation:
calo and track lepton

activity in a
cone around
the lepton

v Non-prompt leptons can be reduced

ANA-EGAM-2019-01 by requiring isolated leptons. -



https://cds.cern.ch/record/2842463/files/ANA-EGAM-2019-01-PAPER.pdf

Case study: let's measure the WH cross-section

@ Background from non-prompt / fake leptons:
* Use data-driven methods!
* E.g. template method:

« Extract a background template from a control region enriched

in multi-jet events.
« Built by inverting the lepton isolation and missing
transverse energy requirements.
+ Assumption: shape SR =shape CR

 Determine its normalisation in fits to the W transverse mass

500

400

Events / 10 GeV

300

200

distribution in the signal region. g'ﬁ
gos
1 CR °
¢
/4 ¢ Irmiss miss +++ 5
m = \/ZpTET (1 — cos A (£, Ei™) | -2
t
++H+”
MC ++
44 R
my’ mr

Catias | Sepam ]
L {5 =13 Tev, 139 fo" I VH, H5bb (i, =0.72) 7
L 3 [ Diboson (n,_=0.91) |
[ 1lep., > 1large-R jets, SR i vz i
[ 250 GeV < p: < 400 GeV wit ]
r Il W+jets
C Bl Z+jets
r Multijet
L [ Uncertainty ]
- i ' — VH, H—bb x 2

~+

\\\\\

¢
{

60 80 100 120 140 160 180 200
m, [GeV]

% in the electron channel
(with a 55% uncertainty)
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Case study: let's measure the WH cross-section

& Analysis specific: improvements to the invariant mass resolution

My = Mpp = Mass of
the large-radius jet

(Higgs candidate)

Events / 5 GeV

ATLAS Simulation o
{s=13TeV, 139 fi' g
qq— ZH— libb !
2 lep., > 1 large-R jets, SR o
p! > 400 GeV ot
1
1
1

o0 Standard Calibration (std.)
A Muon-in-jet Correction
o Kinematic Fit

o [GeV] (Gs(d'-c)/cs(d‘

—— 153 0%
— 129 16%
-..--88 42%

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

:;5:;—'-7‘" e ° Ll Ll L |‘ l T e T
0 20 40 60 80 100 120 140 160 180 200

BT TTT[TTTT[TTTTTTTT[TTTTTTTTTTTTTT]
I I I I I I I

m, [GeV]

v Correct b-jets semi-leptonic
decays with muon four-vector.

v Correct for missing energy from
neutrinos.

v In the ZH(llbb) channel, a
kinematic fit.

In the end, a 42% improvement.

b-jet
10%)  pejet
(~10%)

lepton
(1%) lepton 57
(~1%)



Case study: let's measure the VH cross-section

& All together now!

* The data, the simulated and data-
driven backgrounds, as well as the
Higgs boson signal go into a
likelihood fit of the signal and
control regions, considering
theoretical and experimental
uncertainties.

HIGG-2018-52
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Case study: let's measure the VH cross-section

movement between N Jets

One - Within each lepton multiplicity

Jet Calibration Uncertainties

utilize mixture
of bkgds to
extract norms
Two Zero

uncertainty

120 V pT (GeV)
movement in boost
V pT uncertainties

Extrapolate norm from (high stats) low — high V pT

movement btwx analyses
via lepton reconstruction
uncertainties.

Jet Production in Generators
i.e. ISR, showering
extrapolate norm from high — low jet N

Higgs N jets
3
125 Mbb 2
movement in di-jet mass
Jet Calibration Uncertainties

Generator Showering etc
extrapolate sideband — signal region 1 2
movement between M b-tags
b-jet tagging uncertainty (per flavor)
flavor fractions in Generators
use interplay between regions

M b-tags

Within each N jet M b-tag bir.
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Case study: let's measure the VH cross-section

& All together now EZSOZ_'AT'L'A's' T e
. . r Vs=13TeVv, 139" Il VH, H—bb (. =0.72) ]

In this case, a strength parameter of © [ ostuzieptons 9 Diboson (i.,=0.91)

the Signal iS measured: ~ 200 = 1/arge-R jets, 2 b-tags 1] B-only uncertainty

p¥ > 250 GeV

°meas +0.39
Hve = =0.72755
Osm

» We take advantage of the diboson peak
for validation, before unblinding the :
data. ~60 80 100 120 140 160 180 200

m, [GeV]

II/I//'/rP"IIIlIIIIlIIIIlIIIIlII

HIGG-2018-52 %0
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https://arxiv.org/abs/1707.06958
https://arxiv.org/abs/2007.05293

Case study: searches for new resonances

e Let's make it more interesting...
v Make it a resonance: W' — WH

v Make it all hadronic &

W’, Z’: heavier versions of the
W and Z bosons
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# events

https://arxiv.org/abs/1707.06958
https://arxiv.org/abs/2007.05293

Case study: searches for new resonances

@ Signal characterization:
2 large-radius jets: 1 boosted H—Dbb jet and 1 boosted
W—qq jet
» Aresonant peak above the multijet background, ~TeV scale

eg.3TeVV P >$< P

% A

Mass
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Case study: searches for new resonances

& Dominant background: multi-jet production
* Huge cross-section!

» Tagging of boosted Higgs and boosted W bosons rejects a lot of background, but what
remains is tricky and expensive to simulate precisely.

Before hadronic tagging

Large
reduction

CD background ; . .
%esonantgsigﬁa, We do a fully data-driven background estimation

S

 In other words, we interpolate or extrapolate from a
background dominated CR into a SR.

* We use data directly (in some cases using MC but
only in defining regions or checking assumptions).

...... Large

# of events (log-axis)

Di-boson mass (log-axis)
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E.g. f,g = mass, missing ET, ...

Example #1: the ABCD method

1. Pick two observables fand g which are: C A

™ Approximately statistically independent for the
background.

Q—

™ Effective discriminators of signal vs background. D B
2. Apply thresholds on these observables to define 4
regions:
« A: signal region
* B, C, D: background regions
3. If fand g are independent then the background in A
can be predicted from the other three regions:
NN,
= N,

A

N; = number of events in region i

64
See arXiv:2007.14400 for a ML+ABCD method



https://arxiv.org/pdf/2007.14400.pdf

Example #2: multi-dimensional reweighting with ML

» Let’'s say we extrapolate the background from control region to signal region.
» We cross-check modelling in validation region and observe discrepancies.

- Then, do a reweighting: use one sample with distribution p-(x) to model sample py(x), via a

density ratio r(x)

$ pyr(x) = datain
validation region

pcr(x)=data
template from CR

A

$ pyr(x) = datain
validation region

ho i
template from CR +

Pyr(X) = r(x)pcgx)

[
»

var;

v

var;

How do we determine r(x)?
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Example #2: multi-dimensional reweighting with ML

» Likelihood-ratio trick: a classification model (NN, BDT, ...) trained to discriminate between samples
A and B can also estimate their probabilities.

h(x) is the classifier output

A A A A

$ pyr(x) = datain
validation region

pcr(x)=data
template from CR

$ pyr(x) = datain
validation region

ho i
template from CR +

r(x)

v

[
>

Reweighted
Pcr(x)

$ pyr(x) = datain
validation region

$ pyr(x) = datain
validation region

t 44 b4

Reweighted
Pcr(x)




Normalized entries / bin

Data / Pred

Example #2: multi-dimensional reweighting with ML
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Before BDT reweighing
After BDT reweighting
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Case study: searches for new resonances

- > S L B e e A —
o Results: 8 'UE ATLAS Preliminary 4 data
8 10°E ys=13TeV 36.1 b [ Multiet
5 10° 1-tag ZH ] Other Backgrounds
T
o 3
7)) o XX uncertainty
E -=--- HVT Model AZ' (2 TeV) x 50
@ |
()
+H*

Mass

Data / Pred

Finally, we have a background model for the signal
region (shape and yields) and systematic uncertainties
on that model, to compare against data.

Signs of new physics / statistical

fluctuations?
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https://arxiv.org/abs/1707.06958
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When do announce a discovery?

« To find out if our data is compatible with the presence of new physics, we can compute
the probability for our observation with no signal present.

* Suppose we observe np background events and ns signal events.
*  Suppose n=np+ng is distributed according to a Poisson distribution

with mean s+b: P(n: s,b) = (s+b)" ,—(s+b)

n!

e Ifb=0.5 and n=5, do we claim discovery?

p-value = P(n > 5:b=0.5,s =0) = 1.7 x 10~
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https://arxiv.org/abs/1707.06958
https://arxiv.org/abs/2007.05293

Case study: searches for new resonances

™ Interpreting the results in the absence of an excess:
Upper limits on the cross-section of the signal
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ATLAS Diboson Searches - 95% CL Exclusion Limits

ATLAS Preliminary

Status: March 2023 L£=139fb! Vs=13TeV
Model Channel® Strategy* Limit Reference
Bulk RS (kzre = 35, Ap =3TeV) R — WW,ZZ — wqq, {vqq, tlqq resolved, boosted I I I Eur. Phys. J. C 80 (2020) 1165
Bulk RS (knre = 35, Ag = 3 TeV) R—> WW - evuv resolved ATLAS-CONF-2022-066
%y Bulk RS (kzre = 35, Ag = 3TeV) R— WW,ZZ - qqqq boosted JHEP 06 (2020) 042
-u§> RS1 (k/Mp; = 0.01) Gkk = Yy resolved | ] Phys. Lett. B 822 (2021) 136651
é RS1 (k/Mp; = 0.05) Grk =7y resolved Phys. Lett. B.822 (2021) 136651
S RSt (k/Mp =0.1) Gk =y resolved Phys. Lett. B 822 (2021) 136651
g Bulk RS (k/Mp; = 1.0) Gk — ZZ — Lot wet resolved Eur. Phys. J. C 81 (2021) 332
n Bulkk RS (k/ﬁp, =1.0) Gk = WW - evuy resolved 0.3-1.3 TeV ATLAS-CONF-2022-066
Bulk RS (k/Mp, = 1.0) Gk = WW, ZZ - vvqq, tvqq, ttqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
Bulk RS (k/Mp = 1.0) Gkx —» WW, ZZ - qqqq boosted JHEP 06 (2020) 042
HVT model A W — WZ - et resolved arXivi2207.03925
HVT model A W’ > WZ - wqq, tvqq, tlqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model A W’ — WH — tvbb resolved, boosted arXiv:2207.00230
HVT model A W — WZ - qqqq boosted JHEP 06 (2020) 042
HVT model A W’ — WH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model A Z' > WW - evuy resolved ATLAS-CONF-2022-066
HVT model A Z' - WW — tvqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model A Z' — ZH — vvbb, ttbb resolved, boosted arXiv:2207.00230
- HVT model A Z' > WW - qqqq boosted JHEP 06 (2020) 042
§ HVT model A Z' — ZH — qqbb boosted Phys. Rev. D 102 (2020) 112008
8 HVT model B W' — WZ - 't resolved arXiv:2207.03925
q§7 HVT model B W' = WZ — vvqq, {vqq, tlqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
S HVT model B W’ — WH = (vbb resolved, boosted arXiv:2207.00230
HVT model B W — WZ — qqqq boosted JHEP 06 (2020) 042
HVT model B W’ — WH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model B Z' > WW - evuv resolved ATLAS-CONF-2022-066
HVT model B Z' - WW - tvqq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT model B Z' — ZH — vvbb, ttbb resolved, boosted arXiv:2207.00230
HVT model B Z' - WW - qqqq boosted JHEP 06 (2020) 042
HVT model B Z' — ZH — qqbb boosted Phys. Rev. D 102 (2020) 112008
HVT model C W' — WZ - tvt't resolved 1 o.:;l-o.34 TeV . \ | . | | . arXivi2207.03925
0.5 1 15 2 2.5 3 3.5 4 4.5

HVT model A: gr = —0.55, gy = —0.56

HVT model B: gr = 0.14, gy = 2.9

HVT model C:gr =0, gn =1

*small-radius (large-radius) jets are used in resolved (boosted) events
fwith ¢ =y, e

Excluded mass range [TeV]



ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

Status: March 2023

ATLAS Pr

JLdt=(36-139) b

N

Model 6y Jetst ET™ [ram] Limit Refer
T T T
. ADDGux +g/q Oeuty 1-4j Yes 139 [Mg H2TeV n=2 2102
l‘l:) ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n =3 HLZNLO 1707
£ ADDGBH - 2j - 139 | My 94TeV n=6 1910
T | ADD BH multijet - 23] - 36 | My 955TeV  n=6,Mp=3TeV, rot BH 1512
©  RS1Gkk —yy ¥ - - 139 [ Gk mass 45TeV kM =01 2102
B | BukRS Goc— Wwizz multi-channel 36.1 | Gy mass 23TeV Mo =10 1808
Bulk RS gy — tt 21b,>14/2) Yes 361 [ &k mass 387TeV Tjm=15% 1804
2UED/ RPP leu 22b23] Yes 361 KK mass 1.8 TeV Tier (1.1). BAMY) - tt) =1 1803
SSM Z' — £t 2epn - - 139 | Z'mass 51TeV 1903
o  SSMZ' oo 27 - - 361 |Z'mass 2.42TeV 1708
€ Leptophobic Z’ — bb - 2b - 361 |2 mass 24 TeV 1805
Leptophobic 2 — tt Oeu 21b622J Yes 139 | Z'mass 41Tev rim=12% 2005
SSM W' — ¢ Ten - Yes 139 | Wmass 6.0 TeV 1906
©  SSMW v 1T - Yes 139 | W mass 5.0 TeV ATLAS.CO
S SSMW' - th - 21b=1d - 139 | W' mass 44 TeV ATLAS-CO
& HVT W' — WZ model B O2eyu  2j/1J Yes 139 |Wrmass 43TeV e 2004
G WVTW > WZo e modelC Ben 2] (VBF) Yes 139 | Wemass 340 GeV. svan=1g=0 2207
HVT 2/ — WW model B Te, 201 Yes 139 |Zmass 39TeV o= 2004
LRSM Wi — uNg 2u 1J - 80 | Wemass 5.0TeV m(Ne) ~ 0.5TeV, g1 — g» 1904
Clqqqq - 2j - 37.0 |A 21.8TeV 7, 1703
Clitqq 2ep - - 139 [a 358TeV i, 2008
Cleebs 2¢ b - 139 | 18TeV a1 2105
Cluubs 2y b - 139 | 20TeV &=1 2105
Cl tttt zlepn 21b,21] Yes 36.1 A 2.57 TeV. |Cael = 47 1811
Axial-vector med. (Dirac DM) - 2j - 139 | 38TeV 8,025, g,=1, m(x)=10TeV | ATL-PHYS-f
= Pseudo-scalarmed. (DiracDM) Oey, 7,y 1-4]  Yes 139 | Minea 376 GeV' =1, &=1, m(x)=1 GeV 2102
QS Vectormed. Z/-2HDM (Dirac DM) 0 e, 26 Yes 139 |ma 3.0Tev . 82=08, m(x)=100 GeV 2108
Pseudo-scalar med. 2HDM+a__ multi-channel 139 |ma 800 GeV tanp=1, g =1, mlx)=10 GeV. ATLAS-CO
Scalar LQ 1% gen 22  Yes 139 [IQiass 18 TeV p=1 2008
Scalar LQ 2 gen 22j Yes 139 [LQmass 1.7 Tev. B=1 2006
Scalar LQ 3" gen b Yes 139 L% mass, 1.49 TeV. BLQY —~ br) =1 2303
. 9  scalarLQ 3 gen 22),22b  Yes 139 [ LQ; mass 1.24TeV BLQ; —» ) =1 2004
2 | =\ ScalarLQ3 gen 1r21)21b - 139 | Lod mass “anma g e e
Scalar LQ 3 gen 17 0-2j,2b Yes 139 LO% mass
Vector LQ mix gen hannel 1j,>1b  Yes 139 [LQjmass
Veotor LQ 3" gen 2eut  21b  Yes 139 |LOymass
VLQ TT - Zt + X 2e/2uf>3eu 21b,21] 139 | Tiass
VLQ BB — Wt/ Zb+ X multi-channe! 361 |Bmass
VLQ Toi3Teal o > We+ X 2(SS)28eq21b21] Yes 361 | Tspmass
VLQ T — Ht/Zt Teu >1b,>3] Yes 139 T mass
10 VIQ Y - Wh feu  21b=1] Yes 361 |Ymass
VLQ B - Hb Oey 226,21,21 - 139 |Bmass
VLL¥ — ZrjHr mulii-channel =1 Yes 139 |‘mass
T &| Excited quark g — qg - 2j - 139 |amass
B E Excitedquark g — gy 1y 1j - 36.7 | aqmass
& Excited quark b* — bg - 1b1j - 139 | b mass
Excited lepton 7 27 22 139 " mass
Type Il Seesaw 234eu  22]  Yes 139 [NUimass
LRSM Majorana v " 2j — 361 |Npmass
a Higgs triplet H** — W*W* 23.4 e,y (SS) various Yes 139 H** mass.
£ | Higgs triplet H== — (¢ 234e,u(SS) - = 139 | HE mas
O  Multi-charged particles - - - 139 | mutticharged particle mass
Magnetic monopoles - - - 34.4 | monopole mass
Vs=13TeV  Vs=13TeV
partial data full data 107t

~

“Only a selection of the available mass limits on new states or phenomena is shown.
‘+Small-radius (large-radius) jets are denoted by the letter j (J)
.
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PRD 92 (2015) 052002
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Run 236.1 fb™ H— aa-
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Run236.1fb" H— aa-
JHEP 10 (2018) 031

Run 2 36.1 fb™ H- aa-
PRD 102 (2020) 112006
Run236.7 fb” H— aa-
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ATLAS-CONF-2021-00¢
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ATLAS Preliminary
GM Model, 95% CL limits
IG =13 TeV, 139 fp"

800

[ gg/bb H/A, H/A — 1t
139 fo'
Phys. Rev. Lett. 125 (2020) 051801
[ tb) H', H' — v, 36.1 fb'
JHEP 09 (2018) 139
[0 b(b) H/A, HA — bb
27.8fo"
Phys. Rev. D 102 (2020) 032004
O H - 2ZZ > 4wy, 139 b
Eur. Phys. J. C 81 (2021) 332
A —Zh,h—bb, 139 fb
arXiv:2207.00230
[ tb) H', H' - tb, 139 fb™
JHEP 06 (2021) 145
O H->WW s Iviv, 36.1 b
Eur. Phys. J. C 78 (2018) 24
H — hh — 4b/bbyy/bbtt
126 - 139 fb”!
ATLAS-CONF-2021-052
=== h couplings [k, Ky, %4
36.1-79.8fb"
Phys. Rev. D 101 (2020) 012002
[ ttHA, HA > tt, 139 b
ATLAS-CONF-2022-008

1 R VV (semi-leptonic)
Eur. Phys. J. C 80 (2020) 1
|l - wz
ATLAS-CONF-2022-005
{0 - zz 4
Eur. Phys. J. G 81 (2021) 3
[ e HH S wwww
JHEP 06 (2021) 146
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ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

Status: March 2023

ATLAS Pr

JLdt=(36-139) b

Vs

Model 6y Jetst ET™ [ram] Limit Refer
T T

T ADD Gk + g/ Oeury 1-4] Yes 139 |Mg H2TeV n=2 2102

l‘l:) ADD non-resonant yy 2y - 36.7 Ms 8.6 TeV n =3 HLZNLO 1707

£ ADDGBH - 2j 139 M 9.4 TeV 6 1910

T | ADD BH multijet - 23] 36 | My 955TeV  n=6,Mp=3TeV, rot BH 1512

©  RS1Gk —y 2y - 139 | Guxmass 45TeV 7, 2100

B | BukRS Goc— Wwizz multi-channel 36.1 |Gy mass 23TeV 1808

Bulk RS gy — tt 21b,>14/2) Yes 361 [ &k mass 387TeV Tjm=15% 1804

2UED/RPP lepu 22b.23] Yes 361 |KkKmass 1.8 TeV. Tier (1,1), (A = 1) =1 1803

SSM Z' — £t 2ep - 139 | Z'mass 51 TeV. 1903

o  SSMZ' oo 27 - 361 | 2'mass 2.42TeV 1708

€ Leptophobic Z’ — bb - 2b 361 |2 mass 24 TeV 1805

Leptophobic 2 — tt Oeu 21b622J Yes 139 | Z'mass 41 TeV rim=12% 2005

SSM W' — tv e - Yes 139 | Wmass 6.0 TeV 1906

©  SSMW v 1T - Yes 139 | W mass 5.0 TeV ATLAS-CO

S SSMW' - th - =1b, 214 139 | W' mass 44 TeV ATLAS-CO

& HVT W' — WZ model B O2eyu  2j/1J Yes 139 |Wrmass 43TeV EY 2004

G WVTW > WZo e modelC Ben 2] (VBF) Yes 139 | Wemass 340 GeV. v 2207

HVT 2/ — WW model B Te, 201 Yes 139 |Zmass 39TeV o= 2004

LRSM Wi — uNg 2u 1J 80 | Wemass 5.0TeV m(Ne) ~ 0.5TeV, g1 — g» 1904

Cl gqq9 - 2 37.0 |A 21.8TeV 7, 1703

Clitqq 2ep - 139 [a 58TV 2008

Cleebs 2¢ b 139 |A 18TeV a1 2105

Clupubs 2y b 139 |A 20TeV &=1 2105

Cl tttt zlepn 21b,21] Yes 36.1 A 2.57 TeV. |Cael = 47 1811

Axial-vector med. (Dirac DM) (1)=10Tev  [ATLPHYST

E Pseudo-scalar med. (Dirac DM) m(y)=1 GeV 2102
Ve

f we're not looking in the right places?

Scg
o
Scq
= scq
Scd
Vedk
Vector LQ 3! gen 2euT >1b
VLQTT = Zt + X 2el2ul>3eu 21b.21] - 139 |Tmass
L@ viaBss - wyzb+x multi-channe! 36.1  [Bmass
TS VIQTssTeslTes > Wet X 2(SS)28eu>1b 1] Yes 361 |Tssmass
SE vQT-Hzt Teu >1b>3] Yes 139 |Tmass
‘g& vLQ Y — Wb leu 21b21] Yes 361 Y mass
== viaB-Hb en 225,21, 21 139 | Bmass
VLL¥ — ZrjHr mulii-channel =1 Yes 139 |‘mass
T &| Excited quark g — qg - 2 139 [iaiass
B E Excitedquark g — gy 1y 1j 36.7 | q mass
& Excited quark b* — bg - 1b,1] 139 | b mass
Excited lepton «* 2r >2j 139 | e mass
Type Il Seesaw 234en  22)  Yes 139 |NUimass
LRSM Majorana v " 2j 36.1 | Ne mass.
®  Higostriplet H** - W*W*  234.e4(SS) various Yes 139 | HE mass
£ Higgs triplet H== — (¢ 234eu(SS) - 139 | HE m
O  Multi-charged particles - - 139 | mutticharged particle mass
Magnetic monopoles - - 34.4 | monopole mass
Vs=13TeV  Vs=13TeV
partial data full data 107t

“Only a selection of the available mass limits on new states or phenomena is shown.
‘+Small-radius (large-radius) jets are denoted by the letter j (J)
.
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Bonus: anomaly detection

Weak supervision

mixed sample 2

N

»
>

dN/dmyes
mixed sample 1

Features of B, C

# events

https://arxiv.org/abs/2005.02983

Didet Mass

CERN seminar

Mixed Sample 2

®eee®

(] (616161616 (G16]CI66)
ge08S | |eges
CWolLa |gee06| |060006
Classification
Without Labels \0 1 /
I Classifier I
74


https://indico.cern.ch/event/853615/attachments/2037283/3411394/CWoLa_5.13.20_v2.pdf
https://arxiv.org/abs/2005.02983
http://www.apple.com/uk

https://arxiv.org/abs/2105.09274v1

Bonus: anoma Iy detection https://arxiv.org/abs/2306.03637

Unsupervised learning

2D search mX,mY

2 024F T T T T T T
Anomaly score for identifying X S 0.0 [oaa ATLAS
/ o (.pf — Dakets /s =13 TeV, 139 fb™"
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https://arxiv.org/abs/2105.09274v1
http://www.apple.com/uk
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Stay tuned for Run 3 and beyond!

Run: 207620
Event: 101402870
Date: 2012-07-29
Time: 00:05:11 UTC






Delivered Luminosity [fb]

The LHC datasets
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Aside: standard deviation

* If one measures the same quantity X many times, always using the same

method, and if all sources of uncertainty are small and random, then the results

measurements, and in accordance with the normal, or bell-shaped, curve:

"Normal distribution” 2 ;o2
f(z|p,0%) = Jangz€ 7
o

0.2 03

34.1% 34.1%

00 01

Approximately 68% of measurements will fall within |0 below or above the true value.
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Aside: standard deviation

Alternatively, if one makes this measurement only once (with the same method),

there is a 68% probability that the result will be in the range X¢ruet0.

"Normal distribution™

02 03 04

0.0 01

)

|

34.1% 34.1%
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Aside: standard deviation

* Most measurements obey normal distribution statistics.
* If one observes a large deviation from expectation, one can quantify the level of

disagreement based on the probability of such observation:

observed expected

0.4

0.2 03

34.1% 34.1%

00 01

The significance of this particular measurement being in
disagreement with expectation is >30.
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Aside: standard deviation

* Most measurements obey normal distribution statistics.
* If one observes a large deviation from expectation, one can quantify the level of

disagreement based on the probability of such observation:

expected observed

0.4

0.2 03

34.1% 34.1%

00 01

Note: 50 corresponds to 0.000057% probability!



Ingredients for boosted boson tagging
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Ingredients for boosted boson tagging

/ .

Mass
Substructure

Flavour

Normalised Entries
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A—BC with weak supervision
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