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The Standard Model:

A Ridiculous Primer




The Standard Model

Higgs-Quark Interactions in the Standard Model
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One key parameter of the standard model is the Higgs
mass, measured to be my = (124.97 + 0.24) GeV
using ATLAS and CMS Experiment data from
2010-2016.
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The Standard Model

Higgs-Quark Interactions in the Standard Model
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g The partial width of the Higgs decay to (heavy) quarks

e ¢% 2 can be written as [1]:
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strong coupling constant, Higgs mass, and most quark
properties.

One key parameter of the standard model is the Higgs
mass, measured to be my = (124.97 + 0.24) GeV
using ATLAS and CMS Experiment data from
2010-2016.
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mass, measured to be my = (124.97 + 0.24) GeV
using ATLAS and CMS Experiment data from
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The partial width of the Higgs decay to (heavy) quarks
can be written as [1]:

3G,
427
where Ag4q and Ay hide all the corrections due to the

strong coupling constant, Higgs mass, and most quark
properties.

r(H - qa) My (M) {1 gt A%}

The rate of H® — bb is expected to be about 60%, and
is the single-largest decay mode of the Higgs particle.
It went unobserved in earlier LHC data due to the diffi-
culty of identifying this Higgs decay.
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The Large Hadron Colllder and the ATLAS Experlment

The Large Hadron Colllder and the

ATLAS Experiment
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The ATLAS Detector — Schematic Overview

Muon D Tile C Liquid Argon Calorimeter Ma]or SMU COﬂtrlbUthﬂS'

» Liquid Argon Calorimeter

» Original readout electronics, Phase |
and Phase Il upgrade readout
electronics

» Operations and Monitoring

» Trigger/Data Acquisition

» Data Quality Monitoring Framework

» Core Software Development and
Maintenance

» Trigger Rate Prediction Monitoring

Toroid Magnets ~ Solenoid Magnet  SCT Tracker Pixel Detector TRT Tracker » Bottom-quark-initiated jet triggers

and online track reconstruction

systems

(bold items are places where my students, post-doctoral researchers, and | have played/are
playing major roles; bold-underlined are active and ongoing contributions)




. ThelageHadronColiderandthe ATLAS Experiment
p — p Collision Data Collected by the ATLAS Experiment
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. ThelageHadronColiderandthe ATLAS Experiment
p — p Collision Data Collected by the ATLAS Experiment
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A rough way of use the chart:

Lxo=N (1)

Read integrated luminosity (L) off chart at any
time; get o, the prediction of the cross-section of
a physical process, from your friendly
neighborhood theorist (e.g.

a(pp — H) ~ 60 x 10%fb at /s = 13 TeV).
Estimate the number of occurrances of that
process in your data set. For example, for each
1fb~! the LHC produces 60 x 10° Higgs bosons
at /s =13 TeV.
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A rough way of use the chart:

Lxo=N (1)

Read integrated luminosity (L) off chart at any
time; get o, the prediction of the cross-section of
a physical process, from your friendly
neighborhood theorist (e.g.

a(pp — H) ~ 60 x 10%fb at /s = 13 TeV).
Estimate the number of occurrances of that
process in your data set. For example, for each
1fb~! the LHC produces 60 x 10° Higgs bosons
at /s =13 TeV.

For the current running period, 2015-2018, we anticipate having ~ 150fb~", which would give us access to
~ 9 million Higgs particles — this is just what the collider would deliver, not what we would capture with

ATLAS.



The Higgs-Bottom Quark Landscape
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2010-2012: The Run 1 LHC Perspective on Higgs Couplings
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We learned about the bottom-quark and Higgs
interaction in Run 1 [2] without ever laying eyes,
reliably, on a single Higgs particle decaying to
bottom quarks (e.g. H° — bb). This was done
via quantum mechanical processes like this:

9

g

where bottom quarks “running in the loop”
influence the rate of the above process, and have
consequences for how often we observed Higgs
bosons being produced in Run 1.




The Higgs-Bottom Quark Landscape Within the Standard Model

2015-2018: Run 2 and the “Edge of a Major Success”

OATLAS

EXPERIMENT
Candudate Event:
b) + W( v)

The “gold-plated” approach to direct observation of
H® — bbis pp — (W, Z)H® with W — ¢Tv, Z — v,
or Z — ¢T¢[3, 4]. By itself, this method is still not
definitive but is rapidly approaching that point.
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or Z — (*¢~[3, 4]. By itself, this method is still not
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.~ Thetiggs-Bottom QuarkLandscape  Within the StandardModel
2015-2018: Run 2 and the “Edge of a Major Success”
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SMU has contributed to discovery by this approach via
software framework development and leadership (e.g.
speeding development through automated builds of the
“Hbb” analysis software and improved analysis soft-
ware) and improved modeling of a major background
process, pp — tt. PH.D. THESIS: PEILONG WANG



H — bb as a tool for new discoveries: “The Tail of the Higgs” and other stories
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H — bb as a tool for new discoveries: “The Tail of the Higgs” and other stories
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H — bb as a tool for new discoveries: “The Tail of the Higgs” and other stories

ISR

tory to pioneer this analysis in ATLAS, recognizing that there
are significant physics improvements to be made in this anal-
ysis to improve its scope (e.g. addition of top quark reso-
nances from {t and single-top production. PH.D. THESIS:
MATTHEW FEICKERT)
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PATLAS

EXPERIMENT
Candidate Event:
pp— H(=bb) + W(=11v)

. =% Run: 338712 Event: 335908183
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So Much To Say

Every one of the items below is an area where a student could walk in and get started on
something of importance to the future of Higgs physics.

» Bottom-quark identification in dense environments: as the LHC collision intensity
climbs over the next 20 years, it will become more important to work harder to “tag”
the presence of bottom quarks from Higgs decay in increasingly information-dense
environments.
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So Much To Say

Every one of the items below is an area where a student could walk in and get started on
something of importance to the future of Higgs physics.

» Bottom-quark identification in dense environments: as the LHC collision intensity
climbs over the next 20 years, it will become more important to work harder to “tag”
the presence of bottom quarks from Higgs decay in increasingly information-dense
environments.

» “Xbb” tagging, quark/gluon jet-tagging, charm tagging, hadron-level tagging, deep
learning applications in jet identification

» Bottom-quark-initiated jet triggers: Heavy quarks and signs of new physics may
go hand-in-hand; securing data with such signatures right at the time of data-taking
grows in importance over the next 20 years.

» Implementation of new jet-tagging algorithms in the online system, use of the new
hardware-based charged particle reconstruction systems (FTK and HTT), deployment of
algorithms in the new ATLAS framework ("AthenaMT"), physics needs and impact of
design choices.
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coupling as directly observable at the conclusion of Run 2 data analysis (ca.
2019-2020)
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Every one of the items below is an area where a student could walk in and get started on
something of importance to the future of Higgs physics.

» H° — bb as a tool: we will have definitively established the Higgs-bottom quark
coupling as directly observable at the conclusion of Run 2 data analysis (ca.
2019-2020)

» increased emphasis on probing rare Higgs production processes now that its largest
decay mode is reliably established, use of this decay mode for a new round of Higgs
property measurements, and emphasis on using this decay mode to distinguish Higgs
decays from possible new particles/signatures involving bottom quarks (the “Higgs as
background” problem)



SMU ATLAS Group Website

What is ATLAS?

ATLAS stands for A Torokdal LHG Apparatus” and is

SMU ATLAS Contributions

https://www.physics.smu.edu/web/research/atlas.html



https://www.physics.smu.edu/web/research/atlas.html

My ATLAS Research Page

https://www.physics.smu.edu/sekula/atlas/



https://www.physics.smu.edu/sekula/atlas/

YATLAS

EXPERIMENT
Candidate Event:
pp—H(=bb) + W(-=pv)
Run: 338712 Event: 335908183
2017-10-19 23:31:18 CEST
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Expected Higgs Decays — Standard Model Picture

A visual representation of the expected
pattern of decay for my = 125 GeV. The
areas of final-states are relatively
proportional to the expected rate of

H — bb.

Solid lines indicate channels that have
been directly observed in data as of the
spring of 2017. Dashed lines indicate
those channels that had not yet been
observed at that time.

OmE I O N O omom

Zy Wy




H — bb Example Feynman Diagrams

=]

The Feynman diagrams above are from Ref. [1]. These illustrate examples of the
leading-order QCD corrections to the Born-level (tree-level) diagram with a single vertex.




H — bb Partial Width
In the standard model, the partial width of the Higgs decay to (heavy) quarks is given at

NNLO in QCD by [1]:
r(H—qq) = 3G, My m2(My) [1+A +A2} 2)
4\/571_ q qQq H
where
2
Moy = 5.67—+(35 94 — 1 36Nf)
3
+(164.14 — 25, 77Nf+026N2) (3)
and
A 2 M A mz
A2:%17——I——I 4

s



Comments on the partial width in the standard model

10
» The partial width depends on L ' ' ' '

well-established fundamental constants,
the running quark mass, and the mass
of the Higgs boson et With pole mass

» The established Higgs mass is
125.09 GeV based on the Run 1
ATLAS+CMS combination

» At the measured value of the mass, the
full width is 4.100 MeV (with an
uncertainty of about 2%)

» Focus on the “Full QCD curve” - at

i i 1 | | | | 1
measured my, I'pp ~ 2.5 MeV yielding 100 110 120 130 140 150 160

Bpp ~ 60% My [GeV]




State-of-the-art branching ratio calculation

The state-of-the-art branching fraction calculations for H — bb include next-to-leading
order (NLO) electroweak corrections, as well as massless QCD corrections up to
NNNNLO (c.f. Ref. [5, 6]). The current prediction in the SM for my = 125.09 GeV is:

B(H — bb) = 0.5809 -t 0.65%(THU) " 3722 (PU)(mq) 5772 (PU) () (5)

where “THU” refers to theory undertainties due to missing higher-order corrections,

“PU(mq)” to parametric uncertainties from the quark masses, and “PU(as)” to parametric
uncertainties from the strong coupling constant.



Production Mechanisms

QWV q ot

q \‘H q v
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H | — WH 1.369

9 00000 9 OO0 —— Q ZH 08824

Mode Cross-section (pb)
ggF 48.52

ttH 0.5065
bbH 0.4863
The above are the leading-order diagrams [1] for the (v/s = 13 TeV [5))

leading Higgs production mechanisms at the LHC.
Clock-wise from upper-left, these are: vector boson
associated (VBA) production, vector boson fusion
(VBF), (tt/bb)H production, and gluon fusion (ggF).
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