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The Higgs Boson




Objective of Particle Physics

* |s as old as mankind:
— Where do we come from?
— What are we?
— Where are we going?

* |n line with Galileo, Newton, Einstein

What is the heart of matter?

Fundamental structures & laws in nature

From the largest dimensions ...to the smallest
in the universe... dimensions in microcosm




'‘Big Bang” in the Laboratory
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A fraction of a second after the Big At the LHC: Select and control
Bang: All particles have high '

_ individual collisions (we call them
energy (temperature) and collide events) and record them
uncontrolled




Four Fundamental Interactions
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The Standard Model of Particle Physics
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A Time Machine
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12-15 Billion Years
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Age of the Universe




A Magnifying Glass
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A Discovery Machine

HIGGS BOSON

The HIGGS BOSON is
the theoretical particle of
the Higgs mechanism,
which physicists believe
will reveal how all
matter in the universe
gets its mass. Many
scientists hope that the
Large Hadron
Collider in Geneva,
Switzerland, which

collides particles at
99.99% the speed of

%

%ﬁ@‘ light, will detect
09 the elusive Higgs

y Boson
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Whool felt, fleece with gravel fill
for maximum mass.
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LHC — Two Important Parameters
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ATLAS

* A camera with a 100 million pixels

» Shutter speed of 40 million times per
second — operating ~24/7

» Sophisticated filtering to keep only 0.001%
of the coolest pics!

1 observed Higgs event in a trillion (10'2) pp collisons



Detectors are Huge...




Eiffel

tower
CMS

CMS is 30% heavier than the Eiffel tower




Muon

Spectrometer
Leptons
- eMT
Quarks = jets
— b,c lightjets
 Top quark
- t->W+b
Hadronic ) PhOton_ _
Calorimeter  Gluon = jet
« W& Zbosons
: * Higgs boson
e e ’ The dashed tracks *  Neutrinos =
- are invisible to Missing momentum
the detector
« New Physics ?
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e y" Truth about the Proton




How We Imagine a pp Collision




Feynman Diagram

“collision event”
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Real Life is More Complex...

Final state radiation (FSR)

Pile-up Interaction

©
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Proton bunch 1

@

underlying event
(e.g. other parton-parton

Hard-scattering
Interaction

outgoing parton
Initial state radiation (ISR)



What do We See IN the Detector?




Z Mass Hypothesis
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Run Number: 204769, Event Number: 24947130
Date: 2012-06-10 08:17:12 UTC



Events / GeV

Data - Fit

The Birth of a Particle
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Events / 2 GeV

Events - Fitted bkg
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The Higgs Boson!
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The Standard Model Appears Complete, But..
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There are UnansfVE=leKeIIzE[e]slS

Nl wra/ness Dark Matder
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And More Puzzles

Quantum gravity
Matter-antimatter asymmetry
Pattern of masses and mixings

Unification






More Science Revolutions in Store for us?

Copernican revolution

Relativity

Quantum Mechanics

* Physics beyond the Standard Model (SM)?



Analogy: Standard Model and Newtonian Physics
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Standard Model and New Physics
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Why is the Higgs Mass so small?

ﬁ
Observed Predicted

Observed M? 1032 times smaller than predicted

Higgs



An Aside: even worse in Cosmology

ﬁ
Observed Predicted

Observed cosmological constant 10'2° times smaller than predicted



The Problem with Hierarchies

You can think of the Higgs mass as the difference between two numbers

0.4 0.7
%

0 1

0.7-0.4=0.3 = O(1)



Now Scale Example up by 1032

36127890984789307394520932878928933023 -
36127890984789307394520932878928917398 =
= m?y, = 1257

Unnatural cancellation or fine-tuning: O(1032) - O(10%?) = O(1)

In analogy to: 0.7 — 0.4 # O(10-3?)

m2, in GeV?



Fine-Tuning

Imagine a radio and you have to fine-adjust the
knob to 1 part in 1032 in order to tune the channel






Fine-Tuning not Observed in Nature

« Angle of moon and sun agree to 1:10?
— Ok with 1% fine-tuning

? moon

gl sun

« Imagine they were equal to 1:1032

* Obvious question: what mechanism sets their
precise distance (of 10-19m!)



Summary or Naturalness

* Two very different scales involved —
hierarchy problem

« There is fine-tuning of 1 part in 1032

 This Iis unnatural



Mrs. SUSY
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Planck scale™

Fundamental scalar
length scale



Two Mechanisms to Establish Naturalness

1. Symmetry



Two Mechanisms to Establish Naturalness

2. Modified cut-off scale



Two Grand Ideas &

Quarks GO

A new symmetry / (u ]
Nucleon 00
.- . Proton
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A new cut-off scale

Compositeness or extra dimensions

\

€ Supersymmetric
"shadow " particles

|
/ Molecule



Supersymmetry

Standard particles SUSY particles
| Ve A.e A A :
ujd ch tJ u c¢c t
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,‘ dy s b Higgs d s b
W ’ :
' Quarks . Leptons . Force particles Squarks 0 Sleptons o SUSY force

particles

New symmetry between bosons and fermions

(Symmetry needs to be broken)



SUSY — Other Fixes to the Standard Model

7 39 DARK ENERGY

\23% DARK MATTER

D o

3.6% INTERGALACTIC GAS
0.4% STARS, ETC.

Dark matter candidate

(R-parity conserving)




SUSY — Other Fixes to the Standard Model
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Where is SUSY?

Squark-gluino-neutralino model, m(i?) =0 GeV
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Minimum SUSY Requirement for Naturalness

* Only the supersymmetric partner of the
top quark (referred to as “stop”) is light

* The heavier the stop the more fine-tuning

» Stop of ~1 TeV means ~1% fine-tuning



Stops






Confronting Data with the Stop Hypothesis

The dominant background:

Events / 50 GeV

Data/SM
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M_o [G eV]
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Stop— Charm + Dark Matter
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The Trick: Recoll




Patterns

ldentifying Charm — Recognizing




Machine Learning — Image Recognition
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Charm Pattern

* Primary vertex

\n/,l

—  Tracks — traces of

charged particles
~ ged p

* Properties of tracks
allow one to distinguish
charm, bottom, light



Machine Learning — Charm Identification
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Charm Bottom Light



M_o [GeV]

300

250

200

150

ﬂﬂ production,¥1—> t Z? / T1—> Wb 52? / f1—> C 5{? Status: SUSY 2013

- ATLAS Preliminary L, =20-21fb"1s=8TeV L, =47f"1s=7 TeV_T]

S 0Lt >t 0L CONF-2013-024 OL [1208.1447]
—H 1Lttty 1L CONF-2013-037 1L [1208.2590]
= 2L t Ay 2L CONF-2013-065 2L [1209.4186]
B oL t —~W b x 2L CONF-2013-048

- OL mono- Jet/C tag,t —c X 0L mono-jet/c-tag CONF-2013-068
CDF 2.6 fb"'[1203.4171]

— Observed limits ==== Expected limits
All limits at 95% CL

— = —
—

d

Boosted top
quarks

| 200 300 400 500 600 700



Conclusion

Naturalness and Dark Matter point to new physics Iin
reach of the LHC

— Higher energy, more luminosity

The grand ideas to solve the puzzles of the Universe
are our guides in designing our searches

Goal: discover new physics if it is in our data
— Not a trivial task — complex data

— Cast a wide net

— Fully exploit the potential of our exquisite data
— Open to innovations: new tools, new concepts

We won't give up!



We Might be this Close!
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Thank You!



