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CERN July 4t 2012 (ATLAS and CMS)
“A new particle of mass 125 GeV ”
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Why Is the Higgs particle important?

Fundamental structure of matter ?é;}%é%
Key particle in theory of matter i s
Outstanding particle

The forces of nature
Interaction of particles and forces
Role of Higgs field in unified field theory

Study of early universe
Highest energy density since first instants
Info on origin of universe

‘God particle’



Overview

| The Higgs boson
Particle physics and the Standard Model

Il The Large Hadron Collider
What, why, how

11 The discovery
A new particle at the LHC

IV The future
Physics beyond the Standard Model




| Early particle physics (1900-1912)
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* Discovery of the atom (1908) W
Einstein-Perrin (expected) v

 Discovery of the nucleus (1911) sEuEE
Rutherford Backscattering (surprise) N

Positive, tiny core

Fly in the cathedral Browniammotion

Negative electrons outside
Fundamental particles (1895)

* What holds electrons in place?
« What holds nucleus together?

« What causes radioactivity? b



Atoms and chemistry

Discovery of the proton (1918)
Particles of +ve charge inside nucleus

Explains periodic table
Atoms of different elements have
different number of protons in nucleus

Number protons = number electrons (2)
Determines chemical properties

Discovery of the neutron (1932)
Uncharged particle in nucleus
Explains atomic masses and isotopes

What holds nucleus together?
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Strong nuclear force (1934)

New force >> electromagnetic
Independent of electric charge (p+, n)
Extremely short range

Quantum theory
New particle associated with force
Acts on protons and neutrons

Yukawa pion w, my m*

Discovered 1947 (cosmic rays)

Hideki Yukawa



Weak nuclear force (1934)

"

Radioactive decay of nucleus
Changes number of protons in nuc
Neutrons changing to protons?

Beta decay of the neutron 0

H H = =

n—>p +e +vy

New particle: neutrino
Discovered 1956

Fermi’s theory of the weak force
Four interacting particles

H H = =




Four forces of nature (1930s)

# Force of gravity
Long range
Holds cosmos together

# Electromagnetic force
Electricity + magnetism

Holds atoms together

# Strong nuclear force

Holds nucleus together

# \Weak nuclear force / \L
Responsible for radioactivity (Fermi) - = —

El;c‘trm&
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New elementary particles (1940-50)

Vacuum
chamber

high frequency |
input |

R

e

E19593 Encyclopasdia Brritannica, Inc.

Particle accelerators

Cosmic rays

Pions, muons, neutrinos, antiparticles

n+_)”++v O



Walton: accelerator physics

Cockcroft and Walton: linear accelerator

Protons used to split the nucleus (1932)
5 G AN RN o S R (2

Verified mass-energy (E= mc?)
New way of creating particles?

Nobel prize (1956) Cavendish lab, Cambridge



High-energy physics

Accelerate charged particles to high velocity

High voltage

Collisions

High energy density

New particles observed

Not ‘inside’ original particles

m = E/c?

E=mC

The energy of the colliding proton and antiproton
s transformed into the masses of the much more
massive top and antitop quarks.



Particle Zoo (1950s, 1960s)
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Over 100 ‘elementary’ particles



Anti-particles

Dirac equation for the electron
# Twin solutions
# Negative energy values?

n Particles of opposite charge (1928)
# Anti-electrons (detected 1932)
# Anti-particles for all particles

# Energy creates matter and anti-matter
Why is the universe made of matter?




New model:

Too many particles

Protons not fundamental
Made up of smaller particles

New fundamental particles
Quarks (fractional charge)

Hadrons: particles containing quarks
Baryons (3 quarks) mesons (2 quarks)

Prediction of (2-

downquar

J

3r

gown que

QuarkTheory

up quark

Proton
D quark
Pq Neutron
Nucleus

Gell-Mann, Zweig




Finding quarks

Stanford/MIT 1969
m Scattering experiments (similar to RBS)
# Three centres of mass inside proton
# Strong force = inter-quark force!

# Defining property = colour
® Strange behaviour
# Quark confinement

coupling

quark separation

The energy required to produce a separation far exceeds
the of a quark-antiquark pair


http://hyperphysics.phy-astr.gsu.edu/hbase/relativ/releng.html

Six quarks 1970s —1990s

. N
m 30 years experiments
g chag ' t
1 Six different quarks < ] b
(u,d,S,C,b,t) O Astrange bottom
2 V I V
# Six corresponding leptons o SaNectinc fo
o
(& u 7,0,0,0,) D muél
11 III

# Gen I: all of ordinary matter The Generations of Matter

m Gen Il, Il redundant? New periodic table



Bosons and the Standard Model

Bosons: particles associated with forces

Electromagnetic force mediated by photons
Strong force mediated by gluons

Weak force mediated by W and Z bosons
Problems constructing theory of weak force

H B = =

# Em + w: single interaction above 100 GeV
# Quantum field causes symmetry breaking
m Separates em, weak interactions

# Endows W, Z bosons with mass

w Called the Hiqggs field

Satyendra Nath Bose

CONSTITUENTS

Strong

Gluon

Electro

Magnetic

Weak

Photon

W & Z Bosons

Gravity

Graviton

Quarks

S =

«® =
c-—r

S o

Leptons

S =
£ a




The Standard Model (1970-90s

# Strong force = quark force (QCD) MATTE R FORCE

# EM + weak force = electroweak force . '-
# Higgs field causes e-w symmetry breaking -, u a n
# Gives particle masses . u a B .
m Matter particles: fermions (1/2 integer spin) Quarks " . Gauge Bosons

-

‘Force’ particles: bosons (integer spin)
e O
Experimental tests a ' ‘Higgs Boson?

# Top, bottom , charm, strange quarks Leptons T AL AT G

# Leptons
# W+, Z% bosons Higgs boson outstanding




The Hiaos field

W Electro-weak symmetry breaking
# Mediated by scalar field

# Hiqggs field

m Generates mass for W, Z bosons

W and Z bosons (CERN, 1983) s = !
Kibble, Guralnik, Hagen, Englert, Brout

. - | Energy l
# Generates mass for all massive particles l |

m Associated particle : scalar boson
® Higgs boson

Particle masses not specified 'h[hmmnll“lH“HM' l_ﬁ]]]

0 |ggs-
Field




H

H

H

H

The Higgs field

Particles acquire mass by
interaction with the field

Some particles don’t interact (massless)
Photons travel at the speed of light

Heaviest particles interact most
Top quarks

Self-interaction = Higgs boson

Mass not specified by SM




Il The Large Hadron Collider

Particle accelerator (8TeV)
High-energy collisions (10%%/s)
Huge energy density

Create new particles

m= E/c?

Detect particle decays

Four particle detectors




How

Two proton beams
E=(4+4)TeV

v = speed of light
10%2 collisions/sec

H
H
H
H

Relative beam sizes around IP1 (Atlas) in collision

o

Ultra high vacuum
Low temp: 1.6 K
® Superconducting magnets

o

LEP tunnel: 27 km
Luminosity: 5.8 fb!




Around the ring at the LHC

CERN Accelerators

(not to scale)

 Nine accelerators

e Cumulative acceleration

0.999999c by here

* \elocity increase?

« K.E=1/2mv?

« Mass increase x1000 —

s
rennGs & Gran Sasso (1)

0.87c by here

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnlLine DEvice

m — mo PSH: Proton Synchrotron Booster
P5: Proton Synchrotron
V 2 LINAC: LiNear ACcelerator
1 A T 2 LEIR: Low Encrgy lon Ring ol LI, 5 Db, O1: 0
C CNGS: Cern Neutrinos to Gran Sasso T e e Tivewm, BT e

Start the protons out here



Particle detectors

Detectors at crossing pts

« CMS  multi-purpose

« ATLAS multi-purpose

v Octant3  /

« ALICE quark-gluon plasma

 LHC-b antimatter decay




Particle detection

# Tracking device
Measures particle momentum

# Calorimeter
Measures particle energy

#t ldentification detector
Measures particle velocity
Cerenkov radiation

# Analysis of decay tracks
GRID computing

ATI.AS

EXPERIMENT
htip://atlos.ch




111 A Higgs at the LHC?

P e e Search for the Higgs Particle

2 g Status as of March 2009
Mass not specified? ,
95% confidence level
# Close windows of possibility Excued by Fodedty — Excudedly
LEP Experiments Tevatron Indirect Measurements
95% conficence level Experiments 9% conficence level

# 120-160 GeV (1999)

m Set by mass of top quark, Z boson

# Search...running out of space! 00 114120 40 60 110 180185 200 Gevlc?

Higgs mass values



Higgs production in LHC collisions

associated production with W/Z: ¢ —V + H
vector boson fusion: ¢qq— V'V* —qq+ H
gluon — gluon fusion: g9 — H

associated production with heavy quarks :  ¢g,q7 — QQ + H

g q
V x
H
q v
q

9 TOO00—— ()
®----- H 1 in a billion collisions

9 TOOOO——



Detect Higgs by decay products

* Most particles interact with Higgs

 \ariety of decay channels

» Massive particles more likely
» Difficult to detect from background

 Needle in a haystack

Needle in haystack of needles

High luminosity required
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Huge number of collisions
Data analysis

# World Wide Web (1992)
Platform for sharing data

# GRID (2012)
Distributed computing

# \World-wide network

# Huge increase in computing power




Higgs search at LHC (2011)
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April-July 2012: 8 TeV, 5.8 fb!

YO
+
P Top quark loop p* = Topauarkioop Zo L
\,Nw g o onid
Higgs Boson i ) \Higgs Boson
Gluon Fusion Top Quark/W Boson loop 4@uon Fusion 2
L 7
p Z L
yo

Measure energy of photons emitted




# Data

——— Sig+Bkg Fit (m_=126.5 GeV)
Bkg (4th order polynomial)

Events / 2 GaV

Results (July, 2012 o

{5=8 TeV, J’Ldt:ﬁ ot

L 1 I L L Ll I 1 'l L L I L L L L I L L L L I L 1
110 120 130 140 150

H— yy (8TeV,5.3fb?) g
5
0
rrrryrrrryrrorpyrrrrprrrryT T T Ty r T T T T T %
© AL ]! S | }  Data S/B Weighted
CMS (s=7TeV.L=5.1f"'{s=8TeV,L=5.31b
_I L] I 1 L] LI I 1 L] L) ]
> - .
o ® Unweighted
o 5 w1500F
1500 z
2012 Exp. V=7 Tel: Lot - 481" g 0
— 2012 Obs. \s=8TeV: | Ldi=50" 2 i R
gmon_ T ]
D m,, (GeV) ]
2011 Exp. 2011-2012 Exp. E}
— 2011 Obs. — 20112012 Ob, B } Data
= 500__ S+B Fit
_ | e B Fit Component
\I\\lIIIIIIII\I\II|||I|\‘\\II|||I||I\\I m -I::1U
110 115 120 125 130 135 140 145 150 6"_) [ B 20
]

m,, [GeV]

o




[ T l T T T L) I T I L) ) I L] T Ll Ll
L ® Data ATLAS

- Background 22"’ .

- Il Backg . HozZ'sa)

[ - Background Z+jets, tt

o |:| Signal (mF=125 GeV)

[ 77 Syst.Unc.

RGSU“ZS (JUIy, 2012) 155_f§=?TeV:JLdt=4.be"

[ (s =8TeV:|Ldt=5.8fb"

Events/5 GeV
¥
;]

)
o

H—ZZ (8TeV,5.3fb)

_ - 1 o — - 1
o i EMS Is=7TeV,L=511" V(s=8TeV,L=531t 100 150 200 250
3 - w/ my, [GeV]
© i
:;v s o
D'10 E CMS GE=7RVL=51b" E=BTeV L=55m"
t_U - - LI L L N LA
(&) = i v 20 g 16 ¢ Data EE- Ky»08 73
o 10° E ‘,. o | Ezx o S i
g % ~ 1Oz zz =af i1
- ' % F [ Jmy=125GeV T af ]
B . 121~ = 3 7
3= T 3 [1h] r w2 N
10 : '..V —— Observed o 10F 'E_] L“ /—u ]
- % === Expected for SM Higgs Boson C o 120 140 1(5(956‘\!):
104 "' —— 7TeV Observed .
g K 8 TeV Observed
- Y 4o
10'5 |||||||||||||| |||‘F|||||| ||||||||||||||
110 115 120 125 130 135 140 145 150
m, (GeV) 0
80 100 120 140 160 180

m,, (GeV)



Results

all decay channels

[ATL'AS] 2014 3 20'12
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ATLAS 20‘11 -2012 | -ig

\s=7TeV: [Ldt =4.648f" L1E2e

j . ~ ) 1 — Observed
\s=8TeV: JLdt =5.8-59fb ---- Bkg. Expected

95% CL Limit on u

Results summary

CL, Limits

- New particle °

. Mass 126 +/- 0.5 GeV e YOk

----- Sig. Expected
—— Observed

......................................................

. Zero charge

- Integer spin (zero?)

. Scalar boson
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IV Next at the LHC

Characterization of new boson
Branching ratios, spin
Deviations from theory?

Supersymmetry

Numerous Higgs?

Other supersymmetric particles
Implications for unification

Cosmology

Dark matter particles?
Dark energy?

Higher dimensions?
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temperature
10°7K 10188

eloctromoanetic |
force 1

* Success of electro-weak unification
 Extend program to all interactions?
 Theory of everything

* No-go theorems (1960s)

» Relation between bosons and fermions?

Supersymmetric

"shadow" particles

« Supersymmetry (1970s)

...............................

% S so% 5

* New families of particles o " o
:w EM in "
Broken symmetry — particles not seen " » EM

Heavy particles (LHC?) R o = b b T ouiim—

8 10 12 14 16
10" Gev 10" GaV




LHC and cosmology

closer to the Big Bang

particle accelerater . time mhiuc
recreate ot mcroscopic scele the physics seon after the Big Bang

10%% 10" 10%  3min 15 Dition
Timo afer Big Bang



Cosmology at the LHC

74% Dark Energy

- Snapshot of early universe
Highest energy density since BB

- Dark matter particles?
Neutralinos (SUSY)

(G V‘F\?\He TERASCALE
- Dark energy ? eiccrrowent uniicaTIoN ‘@/.

CLECTROMAGNETIC FORCE N2
St A e S el A A e e A ST A 19702 . :

BIG BANG

RRRRRRRRRRRRRRRRRR

nnnnnnnnnnn

- Higher dimensions?
Kaluza Klein particles

- String theory? T=10¥K, t = 1x10*%s, V = football



Summary (2012)

temperature

New particle detected at LHC WA 10t%K
Mass 126 +/- 0.5 GeV

Zero charge, integer spin (zero?)

GUT force

Consistent with Higgs boson

I electromoanedlc !
force

Confirmation of e-w unification

prasant

Particle theory right so far v o ey LR A

En route to a theory of everything ? Slides on Antimatter




Epilogue: CERN and Ireland

European Centre for Particle Research

# World leader

# 20 member states

# 10 associate states

# 80 nations, 500 univ.

# Ireland not a member

No particle physics in Ireland.....almost
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