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What do we want from Particle Physics?

Well, but do “ ”
can really be
treated as “ 77

What is the appropriate mathematical description for these objects?

R.D.Matheus



Particles: Small and Fast!

A

We need a theory for
small and fast stuff!
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Particles: Small and Fast!

Speed (energy)

A

QFT

? (Quantum

Field Theory)
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Fields

Many types of Fields are possible:
* Scalar. Ex: Temperature, Energy
* Vector. Ex: Electric, Velocities in some fluid or gas
* and more...



5 _ Fields

Example: temperature of oceans (scalar field)
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Fields

Example: salinity of oceans (scalar field)




Fields

Example: ocean currents (vector field)

Current

-,




Can we build a combined field that encapsulates every oceanic property?
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We did it for particles!

Particles



We did it for particles!

These fields encode not only the probabilities of finding particles in a region of space-time,
but also information on velocity, spin, and other quantum numbers.

The simplest consistent Quantum & Relativistic description we know!



~Relativistic & Quantum Fields

We get interesting effects both from the quantum side and the relativistic side. A couple of
examples:

* Quantized excitations with a relativistic dispersion relation ( )
* Anti-particles are obligatory! Total number of particles change with time!




~Relativistic & Quantum Fields

(»]

(note what happens when these excitations cross each other)
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~Relativistic & Quantum Fields

We get interesting effects both from the quantum side and the relativistic side. A couple of
examples:

* Complex Fields

Phase
Module

However, our observations are REAL, and do not depend on this phase

¥
Symmetry!!l g



Role of Symmetries in Physics
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- Role of Symmetries in Physics

Before the XX century:

Simplification

Laws of Nature =~ =) Symmetries —m—) . . :
(sometime essential for a solution)

Newton’s Gravitation

...force is proportional to the masses and inversely proportional do the square of the distance between bodies

o

Spherical Symmetry!

¢



- Role of Symmetries in Physics

Start of XX century: roles start to change

Symmetry — Laws of Nature

Relativity (Special and General) is derived for symmetry principles
(laws should be reference frame independent)




- Role of Symmetries in Physics

Start of XX century: roles start to change

Symmetry — Laws of Nature

Relativity (Special and General) is derived for symmetry principles
(laws should be reference frame independent)

L
» Symmetries imply =0

Translations in space ‘ Momentum conservation

Translations in time === Energy conservation

Rotations in 3D mmmm) Angular momentum conservation
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- Role of Symmetries in Physics

Start of XX century: roles start to change

Symmetry — Laws of Nature
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- Role of Symmetries in Physics

Start of XX century: roles start to change

Symmetry — Laws of Nature

Newton’s Gravitation
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Spherical Symmetry mmm==) [orce depends only on distance



Symmetries mmmp Restrictions

o H+0









- Role of Symmetries in Physics

l Complex Field: Z=+i=re’ Theory must be

symmetric

Noether: Symmetry = Conserved Quantity



- Role of Symmetries in Physics

l Complex Field: Z=+i=re’ Theory must be

symmetric

Noether: Symmetry = Conserved Quantity

Conservation of



- Role of Symmetries in Physics

n Complex Field: Z=+i=re’ Theory must be

symmetric

Noether: Symmetry = Conserved Quantity

Conservation of

Complex fields describe charged particles!

(the electron field also describes particles, fields of this type are called
, and are different from vector or scalar fields)




- Global vs Local Symmetries

Z,=r, el Z,=r,e’(")

Z i) fa=raelt

Global Transformation



- Global vs Local Symmetries

lerlei( ) Zz=r2e’( )

Z4:r4ei( )
23=r3ei( )

Global Transformation

Conservation of



- Global vs Local Symmetries
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Z4:r4ei( )
Zy=ryel( )

Local Transformation
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- Global vs Local Symmetries

lerlei( ) ZZ=r2ei( )

Z4:r4ei( )
Zy=ryel( )

Local Transformation



Local Symmetries and Gauge Bosons

Complex Field\ /

Impossible! }X

Local Phase transformation



Local Symmetries and Gauge Bosons

Local Phase transformation

Complex Field\ /

Impossible! Q:Q
. ¢

must be introduced!
The theory with these two fields is symmetric .




Local Symmetries and Gauge Bosons

Complex Field Local Phase transformation

Impossible! Q:Q
A

must be introduced!
The theory with these two fields is symmetric ‘

* Vector Field -
* Field excitations =
* Interaction is closely related to the



Local Symmetries and Gauge Bosons

(»] (»]

Vocabulary: , and









Quantum Electrodynam1cs (QED)

futon

Gauge Coupling constant e or o

e
elétron

Local
Phase Boson

N4

Group Theory: QED

Transformation




Quantum Electrodynamics (QED)

e

elétron Y »
foton
Local Gauge
Phase Boson
Transformation
Group Theory:
Minimal
Substitution
Classic ,Y
Electromagnetism Quantize e
foton
eléetron




Quantum Chromodynamics (QCD)

Quarks

What holds the quarks together?

SU(3) charged SU(3)
Gauge Boson




Electroweak Model (GWS)

Decaimento Beta:
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Simetria Local:
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Bdsons de Gauge de
SU(2), x U(1), Z Y

boson Z foton

A MODEL OF LEPTONS* VV
Steven Weinbergf
oratory for Nuc sics Department,
Mass: setts Insti idge, Massachuseits




The Standard Model (SM)

Férmions Bosons

Q=23 SU(2)LX U(l)
fnton
Quarks Q=-1/3 SU(3)
SU(3)

SU(2),

U(1),
1° geracgéo

SU(2), x U(1),




The Standard Model (SM)

Férmions Bosons

Q=213 SU(2), x U(1),
fnton

I"I'E! tri I"Iﬂ

SU(2),x U(1),

SU(2),
U(1)

1° geracédo



The Standard Model (SM)

Férmions Bosons

Y Gauge Bosons

e &
neutrino
do tau

Le pto ns elétron

1" geragdo 2° geragdo 3" geracéo



The Standard Model (SM)

Is that all? Can we go home?

Well, time to recall some facts:
? “Gauge Bosons HAVE NO MASS”

... let’s take a look.




The Standard Model (SM)

Férmions
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The Standard Model (SM)

Is that all? Can we go home?

Well, time to recall some facts:
? “Gauge Bosons HAVE NO MASS”

... let’s take a look.

W and Z bosons have all the symmetries predicted by SU(2), x U(1),, but they
have MASS




The Standard Model (SM)

Is that all? Can we go home?

Well, time to recall some facts:
? “Gauge Bosons HAVE NO MASS”

... let’s take a look.

W and Z bosons have all the symmetries predicted by SU(2), x U(1),, but they
have MASS

That is not all: the SU(2), symmetry forbids fermion masses too! Let’s see...




- The Standard Model (SM)

13 G oy Rasons

2,3 MeV 173,5 GeV
fnton

95 MeV

4,2 GeV
strange
QA= 1q p ﬂ
5 MeV 106 MeVv 1 1,8 GeV

1" geragdo - ycrayau 3° geragdo

48M
Q=-1/3




The Higgs Boson

Symmetries work! Masses are forbidden!



The Higgs Boson

Symmetries work! Masses are forbidden!

Spontaneous Symmetry Breaking:

Water droplet (in space)



The Higgs Boson

Symmetries work! Masses are forbidden!

Spontaneous Symmetry Breaking:
“Smaller” rotational symmetry

Cold

(lowest
energy
state)

But have we really symmetry?

Water droplet (in space)



The Higgs Boson

Symmetries work! Masses are forbidden!

All possible and equally
Spontaneous Symmetry Breaking: probable

(lowest
energy
state)

But have we really symmetry?
It is just manifested in a more subtle way

Water droplet (in space)



The Higgs Boson

SU(2), x U(1),

Scalar Field:

Lowest energy state (Vacuum), does not respect symmetry



The Higgs Boson

SU(2), x U(1),

Scalar Field:

Lowest energy state (Vacuum), does not respect symmetry



The Higgs Boson

Scalar Field: [l g SU(2), x U(1),

Lowest energy state (Vacuum), does not respect symmetry

Vacuum Expectation Value ( )!
No particles here!

Vacuum of the H field
(symmetry breaking)
(246 GeV)

Normal Vacuum




The Higgs Boson
Any field that interacts with H will constantly “feel” this VEV

Non interacting Low Interaction

O >

view: even if we allow that “bump” to move at light speed, the effective speed on the
interacting case will be smaller than c. Only massive particles can do that.









The Higgs Boson
Any field that interacts with H will constantly “feel” this VEV

Low Interaction High Interaction

>] >

The effect grows with larger interaction (and here the pictorial view fails us).









The Higgs Boson

Fermions Bosons

& a

Z

Zboson

Q=213

Q=-173

Higgs
boson
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~ Looking for new particles







~ Heavy Particles Decay

Decay: o %

Before After

> &g




- Heavy Particles Decay

Be careful!

Decay does not imply “composition”!




Heavy Particles Decay

~0 MeV

‘ "sl 10,5 MeV

95 MeV (

11300 MeV Qi
-—




Heavy Particles Decay

This is balanced by kinetic energy for the decay products!



Heavy Particles Decay

Before After
&
| y _
g Q} LE:=me?

If | carefully measure the energy/momentum of the decay products
| can



Reconstructing the Higgs

As a example, let’s look at one of the simplest Higgs

125 GeV




Reconstructing the Higgs

As a example, let’s look at one of the simplest Higgs

125 GeV

!

N

Well, | just have to find two photons with
added energy of 125 GeV.



~ Reconstructing the Higgs

What photons would you choose?
e NN e R, S )

R.D.Matheus



Reconstructing the Higgs

What photons would you choose?

Two obvious problems:

e Photons can add to 125 GeV | How do | know is
really a Higgs?

 What if | didn’t know what the mass is? (in fact
and usually )



Crazy person game

, most are able to choose a random number between 1 and 10

One of them , in the sense the he/she always choose the same number
The crazy person prefers to remain (and we don’t want to anger a crazy
person)

We ask the whole group to choose number in anonymous way, and only do



Crazy person game

First sampling (each person deposited one choice):

100 answers

H# count




Crazy person game

10 samplings (each person deposited 10 choices):

1,000 answers

H# count




Crazy person game

100 samplings

I 10,000 answers

H# count




Crazy person game

1,000 samplings

100k answers

H# count

9000 -



Crazy person game

10,000 samplings

1 million answers

H# count

92000 -



Crazy person game

A loucura fica 6bvia depois de um numero suficientemente grande
de repeticoes

1,000 answers 1 million answers




~ Finding the Higgs Boson

CMS CMS Experiment at the LHC, CERN
‘ ’ Data recorded: 2012-May-13 20:08:14.621490 GMT
Y Run/Event: 194108 / 564224000

. , "\\\.»\%‘ . R.D.Matheus



Finding the Higgs Boson

CMS Preliminary

+ Data
[ 1m,=126 GeV
relimina DZT.~‘ZE
H—yy channe .Z*X

Events / GeV

_[ Ldt=04d b MI bs, 201

ATLAS

200 300 400 600 800
m,, [GeV]




Finding the Higgs Boson

First signs in Dec/2011, and finally in Jul 4t"/2012:

—e— S/B Weighted Data

\s=7TeV,L=5.1fb" S+B Fit
s=8TeV L =53 fb'1 Bkg Fit Component
N IS = ev,L=o. | +16

[ +20




Finding the Higgs Boson

First signs in Dec/2011, and finally in Jul 4t"/2012:

Selected diphoton sample

° Data 2011 and 2012
Sig + Bkg inclusive fit (mH =126.5 GeV)

Events / GeV

4th order polynomial

\s=7TeV, f Ldt = 4.8 b”

s=8TeV, f Ldt=5.9b"

+
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