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PARTICLE PHYSICS

Quest to understand fundamental aspects of Nature

tructure within
the Atom
Quark

Size <107'%m

Nucleus Electron
Slze=10"‘m\ Size <107"8m

Neutron

and
=~ Proton

Size ~10-°m

Size = 107m

If the proton and neutrons in this picture were

10 cm across, then the quarks and electrons

would be less than 0.1 mm in size and the
tire atom would be about 10 km acro
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ACCELERATORS AS MICROSCOPES

Optical Microscope (A ~ 0.6 um )
Electron Microsope (A = 0.2 nm)

HEP Microscope (Particle Accelerator) (A ~ 1/E) (E is Beam Energy)

@ LEP (CERN, Europe), Tevatron (Fermilab, USA): E 2 100GeV X\~ 10"Ym
@ Large Hadron Collider (LHC - CERN, Europe): E = 14000 GeV A\ ~ 10¥m

NB: mp =~ 1GeV

Physics operating at A =~ 1071"m scale — Standard Model (SM)

How do we probe this? E = mc? — new particles!
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ACCELERATOR SCHEMATIC
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PARTICLE DETECTORS
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Key:
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Electron

Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
————— Photon
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Electromagnetic
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silicon
Tracker

Hadron Superconducting
Calorimeter Solencid

Transverse slice
through CMS

Iron return yoke Interspersed
with Muon chambers
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EVENT RECONSTRUCTION

b Jet

Neutrino

DO Single Top Event (Tevatron)



What we expect to find at the Large Hadron Collider (LHC)
The Standard Model (SM)

OUTLINE

© THE STANDARD MODEL (SM)



What we expect to find at the Large Hadron Collider (LHC)
The Standard Model (SM)

THE STANDARD MODEL (SM)

[particleadventure.org]

Building blocks:
FERMIONS ;npai;ter constituents

force carriers

BOSONS spin=0,1, 2, ...

Y= PGP
Unified Electroweak spi A Strong (color) spin =1

Electric
Name Mass Electric
o - S

Yy et (0-0.13)x10-° 3 A

@ electron 0.000511
midde (0.009-0.13)x10-9

&) muon 0.106 &) svenoe
Vi nectinge | (0.04-0.14)x10-9

o

T tau 1.777

Composites: proton - uud ; neutron - udd

i

On the hunt for the Higgs boson
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STANDARD MODEL INTERACTIONS

Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Gravitational Weak. Electromagnetic Strong
Interaction Interactlon(EIectroweak) Interaction Interaction
Mass — Energy Flavor Electric Charge Color Charge
All Quarks, Leptons Electrically Charged Quarks, Gluons

Graviton — =0
(not yet observed) w+ w- Z Y Gluons

10-41 0.8 1 25
10-41 10-4 1 60
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PARTICLE PHYSICS THEORY FRAMEWORK

EXAMPLE

Implications
@ Special Relativity @ Lorentz Invariance
@ Quantum Mechanics . . .
Q . _ @ 4-dimensional Space-Time
@ Space-Time Symmetries 5
_ e E=mc
@ Internal Symmetries

Natural Units: ¢ =1
Measure E, m in GeV
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PARTICLE PHYSICS THEORY FRAMEWORK

SpeCia| Relathlty Implications
Quantum Mechanics

@ Uncertainty Principle

AEAt> h
Virtual Particles

Space-Time Symmetries

Internal Symmetries

Dirac : QM + Sp. Rel. = Anti-matter
electron (e7) « positron (e*)
proton (p) < antiproton (p)
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PARTICLE PHYSICS THEORY FRAMEWORK

Special Relativity

Quantum Mechanics Implications

Space-Time Symmetries
P y @ Momentum Conserved

Internal Symmetries

Dirac : QM + Sp. Rel. = Anti-matter
electron (e™) « positron (e™)
proton (p) < antiproton (p)
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PARTICLE PHYSICS THEORY FRAMEWORK

Special Relativity Imolicati
mplications

Quantum Mechanics
Space-Time Symmetries o Charge Conserved
Internal Symmetries @ Some Internal Symm broken

Dirac : QM + Sp. Rel. = Anti-matter
electron (e™) « positron (e™)
proton (p) < antiproton (p)
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UNSTABLE PARTICLES (Ec: MuoN p~ & ANTIMUON )

Heavier cousins of e~ & e™

e Q(n) = Q(e)  So p interacts same as e
o my, ~ 207 me
me = 0.510098910(13) x 103 GeV ; m,, = 0.1056583668(38) GeV

Unstable, so Decays with lifetime

o 7, = 2.197034(21) us

Anomolous Magnetic Moment
e (g —2)/2=0.00116592080 (63)
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VIRTUAL PARTICLES

o 1~ Decay

o p (g2)

w

Theory and Measurement agree!
@ 1 part in 10° test of the Standard Model theory
@ Seeing small disagreement in the last 3 digits - New Physics?
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STANDARD MODEL (SM) THEORETICAL
STRUCTURE

e Standard Model (SM)

o Quantum Field Theory (QFT)
o Gauge symmetry (Internal Symmetry)
o SU(3) ® SU(2) ® U(1) gauge group

o Strong & EM & Weak forces

Eg: EM is invariance under local U(1) transformations : QED : Massless v
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STANDARD MODEL (SM) THEORETICAL
STRUCTURE

e Standard Model (SM)

o Quantum Field Theory (QFT)
o Gauge symmetry (Internal Symmetry)
o SU(3) ® SU(2) ® U(1) gauge group

o Strong & EM & Weak forces
Eg: EM is invariance under local U(1) transformations : QED : Massless v

Spontaneously broken Gauge Symmetry = Massive gauge boson
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The Standard Model (SM)

SPONTANEOUS SYMMETRY BREAKING (SSB)

SSB : Ground State NOT Symm , Microscopic laws Symm

Aside: Eg: In Condensed Matter Systems : Spont. Magnetization

TN LY /./4/'//:/
7l//¢\ AN
‘/.\__" AN /'/4
[Fig by F. Heylighen]

@ In Analogy to this, in QFT,

e Vacuum Expectation Value (VEV) of a field breaks Internal Symm

o SM Higgs VEV breaks EW Symm
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THE ROLE OF THE HIGGS BOSON IN THE SM

Spontaneous Electroweak Symmetry Breaking : (Give masses to W* | Z)

Give fermions mass
Unital’ize WW Scattering [Lee, Quigg, Thacker, 1977]
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THE ROLE OF THE HIGGS BOSON IN THE SM

Spontaneous Electroweak Symmetry Breaking : (Give masses to W* | Z)
Give fermions mass

Unital’ize WW Scattering [Lee, Quigg, Thacker, 1977]

But... a fundamental scalar comes with its own problems. More on this later.
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THE ROLE OF THE HIGGS BOSON IN THE SM

Spontaneous Electroweak Symmetry Breaking : (Give masses to W* | Z)

Give fermions mass
Unital’ize WW Scattering [Lee, Quigg, Thacker, 1977]

But... a fundamental scalar comes with its own problems. More on this later.

The hunt for the Higgs is on!
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THE LARGE HADRON COLLIDER (LHC)

Will we find the Higgs? ... and more?

LHC at CER

= i CERN

= amLAS Auce
| peintt 5 Point 2

14,000 GeV Energy
First collisions in Nov 2009
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LHC MAGNETS

Dipole Magnets (14.3m)

5000 Dipole magnets (14.2m)
Superconducting (1.9K) Liquid Helium
8.33 Tesla field

Nominal Current 11796A

Stored Energy 7.1 MJ/magnet (1.1 GJ total)
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ATLAS DETECTOR

Muon Detectors Electromagnetic Calorimeters

Solenoid

Forward Calorimeters

End Cap Toroid
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CMS DETECTOR

WOORCIAWEERS | [ ER THAGKER
C o 7

VERY FORWARD
CALORMETER

Total Weight : 14500 1
uerall diamtor: 1460 m —
Staral ameter: 120 mm
Magnetic field : 4 Tesia

RETURN YORE
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LHC HIGGS SIGNIFICANCE

Higgs Significance at the LHC

a0

20

cMms, 30 fb ™"

GaH, HOWW S j

Total significance

sqatzm’

Statistical Significance

“5gat 101"

a

L . L P
100 200 300 400 500 8020
my(GeV/c™)

Signal significance

H - ww” vy
H 72 - lw
© H - WW - Ivjj

ATLAS

JLat=30"
(no Kefactors)

10’
my, (GeV)
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Beyond the SM

BuT... THE SM 1S NOT WITHOUT PROBLEMS

Gauge hierarchy problem
@ Higgs sector unstable (quadratic divergence)
Fermion mass hierarchy problem
@ Flavor symmetry?
@ Challenge : Tiny neutrino masses
@ Is neutrino Majorana or is it Dirac?
Cosmology connection
@ What is the dark matter
@ Inadequate source of CP vioation for observed baryon asymmetry

@ Cosmological constant problem
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Beyond the SM

HIERARCHY PROBLEM IN DETAIL

LEP indicates that the Higgs boson is light

-z My, = 154 GeV
6 _
5 Alyoq = i
— 0.02758+0.00035
0.02749+0.00012
4 incl. low Q? data -
<
2 - -
1 - -
0 Excluded /: Preliminary
an 100 ann

LD —%m% R No symmetry protecting the Higgs mass!

3y2 A2
_-16W2/\

__h 2 _
omyp =
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Supersymmetry
Extra-dimensions : Warped or Flat
Strong dynamics (Note AdS-CFT correspondence)

Little Higgs
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Beyond the SM

NEW PHYSICS POSSIBILITIES

Belief that something should cure these problems. But what?
Supersymmetry

Extra-dimensions : Warped or Flat
Strong dynamics (Note AdS-CFT correspondence)

Little Higgs

Neutrino mass connection and lepton number violation

Dark Matter signals (Missing Energy)
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PARTICLE PHYSICS AND THE UNIVERSE
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Dark Matter

EVIDENCE FOR DARK MATTER (DM)

3 [T T T T
No Big Bang

Supernovae

Clusters

0 1 2 3
Qy

Bullet Cluster [Hubble4+Chandra, NASA, ESA, CXC, M. Bradac (UCSB), and S. Allen (Stanford)]

On = 0.222 + 0.02 roc 081
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Dark Matter

PARTICLE DARK MATTER (DM)

Self-Annihilation cross-section gives present DM Relic density

(4

g
SM
P

(G
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Dark Matter

DIRECT DETECTION

| én

X

| bsu

DATA ligediop tobottom o plt
o= COMSSowa) 000 S 7RG thesh) i
i

Eddwas fnd i, 62k d 2002+
kg-daysNal Am. Mod. 35gmawiDAMA 1996
WARP23L S5 K0 days5 eV theshold

ZEPLINT] (e 2007) resit

CRESST. 7somiaycawo4

SOV {Soun) 20042005 Ge(7 ke threshol)

BN Bz X erelysy +2008 Ge
XENGON10 2007 &n)ua 136 ke
OIS Soudn 2007 ed

asouian
“ST@Snolab)
i FV o)
XENONIT oeagi o 7 oposre)
LUX/ZEP 3 Tonhe LX& Proj
LUXIZEP 20 tomne L Xe Proy S tomeen

Cross-section [cm“] (normalised to nucleon)

48|, N P e

WIMP Mass [GeV/c2l
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Dark Matter

DARK MATTER AT THE LHC?

Missing momentum!

ET scale: 29 GeV
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Dark Matter

CONCLUSIONS

Compelling arguments for new physics at the LHC
e Higgs discovery expected
@ Physics responsible for stability of EW scale
Exciting Times !

Cosmology connection

Unexpected physics shows up?
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2
Resonable to demand 5’"—”2 2 0.1
my,

@ Forty gloop = Anp S25TeV
@ So new physics should show up before this
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NEW PHYSICS EXPECTATION

2
Resonable to demand 6’"—”2 2 0.1
my,

@ Forty gloop = Anp S25TeV
@ So new physics should show up before this

Why didn’t LEP collider see hints of this :
S, T parameters, Zbb, .. W, Z,~

“LEP paradox” , “Little hierarchy problem”

Why not more convincing FCNC deviations?

No dynamical explanation? Landscape of vacuua?
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Backup slides

LHC pPDF

Keep in mind parton distribution function (pdf)

5y . Anantam

VB 001 X 1

X = >
T VS5=14TeV
[Anandam,Soper,CTEQ)]
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NEW PHYSICS POSSIBILITIES

Belief that something should cure these problems. But what?

Supersymmetry S Youn 2008

Extra-dimensions : Warped or Flat
[Agashe, Davoudiasl, SG, Han, Huang, Perez, Si, Soni, 2007, 08] [Cao, SG, Yuan, 2003]

Strong dynamics (Note AdS-CFT correspondence)
Little Higgs
Neutrino mass connection and lepton number violation
[EDM with Triplet Higgs: de Gouvea, SG, 2005]

Dark Matter signals (Missing Energy)
[SG, Jung, Lee, Wells, 2008, 09]
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SUPERSYMMETRY (SUSY)

SUSY: Fermions < Bosons : (Doubles particle spectrum)

h lL.tR , Nt tR
! 1
- -~ \ 7/ =
i + 0
V2 h ,i%i h

A? divergence cancelled
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SUPERSYMMETRY (SUSY)

SUSY: Fermions < Bosons : (Doubles particle spectrum)

A? divergence cancelled

Proton stability needs R, symmetry =-Dark Matter!
Gauge Coupling Unification - GUT SUSY 50(10)

Includes vg = Neutrino seesaw mass
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SUSY BREAKING

SUSY has to be broken

@ Spectrum depends on SUSY Breaking/Mediation + RGE

@ Minimal Supersymmetric SM (MSSM) general parametrization
MSSM predicts a LIGHT Higgs. At tree level: my < mz.

e But LEP bound mj 2 114 GeV

o Sizable one loop correction: dm? < = 2.y m? log T2 ’”1’"2
LEP Higgs bound needs heavy stop = Increased fine tunmg
FCNC effects in b — s5s7

[SG,Yuan,2004]
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SUSY AT LHC

o Cascade decays

e Missing energy signals

Mg (GEY)

[ATLAS Physics TDR]

e Can we determine the spin and couplings to show SUSY?

o Angular distributions
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EG: 5-D WARPED EXTRA-DIMENSIONS

[Randall, Sundrum, 99]

ds? = e 2l (n,, dx"dx") 4 dy?

y=0
uv

Prediction: A Kaluza-Klein tower of states .... Look for it at the LHC

2nd KK
1st KK
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WARPED EX-DiMm AT LHC

Look for heavy Kaluza-Klein (KK) states : KK Gluon, Graviton, W, Z
LEP precision electroweak constraints = V' > 2 TeV
Example: W' — XX pp — W' — tb — Whbb — (vbb

BRW'" " -~ XX)

0.0001 0
1 15 2 25 3 35 4 45 5 500 1000 15002000 2500 3000 3500 4000 4500 5000

My [TeV] Mty
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U(1)x HIDDEN SECTOR

Coupled to SM (us) via the Higgs [SG. Jung, Lee, Wells:2008, 2009]
Accidental Z, symmetry : ¢p — — , SM — SM

@ So 1) cosmologically stable = Dark Matter

Direct Detection? Hidden sector signature at the LHC?
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HIDDEN SECTOR DARK MATTER AT LHC

[SG, Lee, Wells:2009]

10
0.8
0.6

1007200300 400 500 600 700 100 200 300 400 500
M, (GeV) m, (GeV)

Look for LHC signal in pp — jj + ET



