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The Standard Model
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https://en.wikipedia.org/wiki/Fundamental_force
https://en.wikipedia.org/wiki/Universe
https://en.wikipedia.org/wiki/Elementary_particle

Is this all there is to know?

- The Standard Model is an extremely successful theory, but it leaves many
questions unanswered.

- |s the Higgs the only responsible for electroweak symmetry breaking
(EWSB), the mechanism which is responsible for generating the masses of
the fundamental particles

- A few, but major, pieces are missing in the puzzle:

Dark Matter

Dark
27%

- Neutrino masses (and flavour oscillation) not predicted energy
68%

- Matter-antimatter imbalance

Ordinary
. (o . Matter
- Unification of forces 5%

- No gravity
- Dark Matter, Energy? Ordinary matter only 5%

- Naturalness or hierarchy problem:

Brookhaven .
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I (\ - Observed M2y44s 1032 times smaller than predicted



Higgs as a tool for discovery
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Coupling to invisible particles?
(neutrinos, dark matter)
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Higgs as a tool for discovery
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Mass Coupling to invisible particles?
(neutrinos, dark matter)
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From the detector to the physics results

40 million collisions per second
Detector

Reconstruction

40 MHz 1KHz

Publication Sophisticated filtering to l
keep only 0.001% of events

Data analysis

Background

# events

Relevant quantity

I k? Brookhaven

National Labaratory 1 observed Higgs event in a trillion (1072) pp collisions



Simplified Detector Transverse View

H->bb reconstruction Muon Spectrometer

PR}
- )
-

-
...
-~

track jet

ghost-assoeia\tion

ing
Weakly decaying b-hadron: 7~1.5 x 10-'2 s and mass ~
5 GeV

- A b-hadron with pT~30 GeV has decay length of

3mm ==> Measurable displace vertex!

most b-hadrons decay to c-hadrons — tertiary vertex in
b-hadron decay chain

zz

Higgs BR + Total Uncert

Approximately 40% of b-hadron decays are semi-
leptonic

Use all this information to design b-taggers! all ML

based M, [GeV]

I k? Brookhaven
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HH combination

ATLAS-CONF-2022-050

The Higgs self-interaction is an extremely interesting
process to measure at the LHC:
Deviations from SM (ka=1) well motivated by cosmology (e.g.

EWK baryogengesis).

Direct access to A through Higgs pair creation
Accessible only with HL-LHC statistics, but important deviations
could already be probed with the Run 2+3 datasets.

Combining the results is necessary for observation.
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Moving ahead

ioning of the upgrades
ure runs

do
dmpwe
00 300 400 500 o0 Foo €00 Low muy essential to constrain trilinear coupling Ka
mur[GeV] Trigger on low pr events critical at HL-LHC:

- Tracking at trigger level is Conditions at the HL-LHC, with an average of 200
essential to control rates while simultaneous collisions (pile-up) per bunch
maintaining good efficiency for crossing expected, will be challenging for
relevant physics processes experiments (s = 14 TeV, <e>=200, ITK-like geometry

Less Tracks mean less
resources needed for
subsequent tracking steps
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o
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“Real-time particle tracking with Deep Learning on FPGAs"
(LDRD-19-027): Developed new tracking algorithms using ML
algorithms

Ntracks/Event @ 98% efficiency
3
D
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N atl ona I La b 0 ratD ry étandard Neural Network NN track finding+

Algorithm for Track finding  based track finding NN overlap removal
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Reconstructing boson decays

e Low mass: the boson has relative
low momentum in the lab frame so

large

nauar we are able to reconstruct one jet

separation

for each quark

Increasing

pT * High mass: the boson has high
momentum in the lab frame - the
outgoing quarks are very close so

small

- the jets begin to merge

separation

Use a large radius jet to pick all the radiation from the decay



Distinguishing signal from background

Boson jets

* Two narrow regions with high
energy for each quark

 Each of the quark carries
comparable fraction of the
boson momentum in the lab
frame

« Jet mass originates from the
boson mass, i.e. peaked

—————
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QCD jets

* Narrow region with high energy
density

* High energy density region has
most of the momentum of the jet

» Jet mass originates from the
spread of the energy deposition
by the single parton/any final
state radiation, i.e. essentially
random

——————
aaaaa

; -
~~~-—--—’

At very high mass the two narrow regions from the boson decay will start to
overlap in the detector. New algorithms needed!
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Boosted boson tagging concepts

* Grooming (different techniques available):

 Signal: take out jet constituents that don’t belong to the signal decay
* Remove soft comp. PU+UE
e Tagging:

» Use differences in Signal and Background jet characteristics to reject background
jets

Grooming

ﬂ..
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H->bb tagging

Tracks from
Primary fragmentation
Interaction —
Vertex —

D-meson/baryon

B-meson
A X,2,Q -baryon

Weakly decaying b-hadron: T~1.5 x 10-'2 s and mass ~ 5 GeV

— A b-hadron with pT~30 GeV has decay length of:

L = Bvyer = (7_)07- ~ 3mm | - Measurable displace vertex!
| m

e [Vcbl >> [Vubl = most b-hadrons decay to c-hadrons

— c-hadron 1~0.4 - 1.0 x 10-12s — tertiary vertex in b-hadron decay chain
* Approximately
— ~10% (b—1) directly and ~10% (b—c—1), where |=e,u

e Use all this information to design b-taggers!

|4



H->bb tagging

Displaced
cks

Secondary

B-tagging Algorithms: Lifetime based

— Impact parameter algorithm

Exploit (in)compatibility of track with PV
— Inclusive Secondary vertex algorithm

. . . . . Large R=1.0 jet
Determination of single inclusive weak b-hadron decay vertex

R=0.3 track jets

* Lepton-ID based * Large Rjets:
. _ » Tag small (R=0.3 or 0.2) jets made of tracks
* MVA combinations (charged particles)

Can we do better? ==

Exploit the whole H->bb
ematic especially at high mass
with a multivariate technique

ing I5



° Trig. Objs.

Electrons

Cells Taus
- Jets

Topoclusters Muons
MET

Muons

Global Event Proc

CTP

eE Interface

Global Trigger GEP
TD A Q FELIX

risk with the proposed structure is due to the

Trackers The msi

Trigger uncertainty in the projected trigger rates for hadronic objects

ITK Cal output rate/latency
e D] 4t 1 =200

Level-0
40MHz

Global Trigger
|

* Particularly affected are the rates for EMISS triggers and jet

triggers, for which the thresholds are expected to be even

higher than the current ones.

Level-1

1 MHz / 60 ps
' e This can be mitigated by adding a hardware-level trigger that
e : E‘ie“tFF”ilte: : t . et uses regional tracks built from the tracking detector and sends
 ow ==~ * Datato DAG/Event Fifler the information to the Global Trigger ==> in the plans but not
| Output 10 kHz ATLAS approved

Permanent Storage . . . .
* This would open up the possibility for a rudimentary primary

vertex selection, allowing for additional hadronic background
rejection and b-tagging

* Linkto Laboratory Directed Research and Development (LDRD)
grant to study real-time tracking using Machine Learning

in a short time > 60 M/s: techniques. The first year (FY19) is dedicated to performance

Need Hardware Track Finding studies to assess the feasibility of doing tracking at us latencies

(first level of Trigger) for HL-LHC. 16

Many tracks (of charged particles) to find



Two grand ideas

Two very different scales involved - -

hierarchy problem / O
Nucleon °
2 ) " Proton

@ Nucleus

A new symmetry

Particles

1

A new cut-off scale:
Compositeness or extra dimensions

|
/ Molecule
y

|7



Higgs as a tool for discovery

- Many extension of the Standard Model predict new particles decaying into pair

of bosons
: X W/Z /H
Searches for new resonances decaying
into pairs of bosons
* Look for a peak on a smooth
background H
‘% « While the presence of resonances is the most
2 dramatic signal for new phenomena, they may be

too heavy or broad to be clearly seen at the LHC.
Moment of joy

/ BSM resonance
4 ‘\

I k? Brookhaven MGSS Mass [GeV] 10-100 TeV .

National Laboratory
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H+HH combination

Aunn contributes to single-Higgs at NLO EW
corrections (indirect constrain)

- H+HH combination provides the most
stringent constraints

- Exp only confidence interval is 5% better
than HH (most sensitive), 78% better than
H

- Assumption on k¢can be relaxed w/o losing
sensitivity Ky

- More generic model (all coupling moditiers
floating) with less model dependences is
investigated and still gives strong constraints

k? Brookhaven

National Laboratory
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Coupling-strength
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ATLAS Run 2
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LHC HIGGS XS WG 2013

-

Higgs BR + Total Uncer

Higgs boson production at the LHC

Gluon Fusion Vector Boson Fusion

) )
TOOO0O0

| R W/Z G— — — 800 023% 0.15%
(00000 q q 7z* |

’ 2.6%
OH ggF ~ 49 pb OvB™ 3.8 pb

180 200
M, [GeV]

Higgs-Strahlung ttH Production

Ow/z+H "~ 1.4/0.9 pb OwH ~ 0.5 pb

Note, we typically provide (o - BR)obs

experimental results in terms of: = (0 - BR)sm H=1 (gtgggz:\éa&%r:jg?rse&i with 16




