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?r&sev\ﬁwd&aj particle physics research represents man’s mosk
ambitious and most orqanized effort to answer this question

Earlier answers ko bhis riddle ncluded bhe solukion Prc)pc:)sed
by Anaximenes of Miletus

in the original version of the theory = all forms of matter

are obtained by condensing or rarefying air
Later = a “chemistry” was constructed using the four elements
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Periodic Table
Everyone is familiar with answer Mendeleev came up with

Later

28 cenburies
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View paimﬁs

¢ Anaximene’s model of fundamental structure of matter
is clearly conceptually superior because of its simplicity
and economy in number of building blocks

e It has one fakal probtﬁm: Lk is wrong

o Mendeleev’s answer is right but ik is koo tompli&a&ecﬁx

to represent the “ultimate” or fundamental solution
0 The proliferation of elements and apparent systematics

in orqanization of periodic table strongly sugqgest substructure

& We khnow now bthat elements in Mendeleev’s kable are indeed

builk up of more fundamental electrons and nuclei
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Building Blocks and Interaction Rules

Today = accepted model for elementary particle physics views
quarks and leptons as basic constituents of ordinary matter
particles interact via four known basic forces

> qgravitational, elecktromagnetic, strong, and weale >

that can be characterized own the basis of following four criteria:

o bypes of particles that experience force

¢ relative strenqgth of force

e range over which the force is effective

e hature of particles that mediate force
(Pkc«&oms, gluons, W, Z, graviton)
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Relative strength of four forces
for kwo protons inside a nucleus

Type Relative Strength Field Particle
Strong 1 gluons

Electromagnetic 10~ photon
Weak 107 w= Z°

Gravitational 10738 graviton
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From grey stones to colored quarkes

Beware of quantum ducks

"T've discovercd what | believe

to be the elementary basic particle: a small stone.” qu,&r‘f QMO\TQ qu&rwt“
{mmmmttv i‘.’:h&rgﬁd spin-1/< strongly interacting ob jects

qq (quark + antiquark) mesons integral spin — Bose statistics }

qqq (three quarks) baryons half-integral spin — Fermi statistics
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=

up
down

strange
charm
bottom

top

2 1
3 3
1 1
3 3
1 1
3 3
2 1
3 3
1 1
3 3
1 1
3 3

charge @, baryon number B, strangeness §, chram c,
“beauﬁv” or bottommness b, and “truth” or topness t
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QCD
Quarks are fermions with spin-1/2
and therefore should obey exclusion principle

Yet for three particular barvov\s (U, A L

and ()7 = 333) all Ehree quarks would have same qu&h&um

numbers and at least two guarks have their spin in same
direction because there are only two choices

= spla up (T) or spin dowin (¢)

This would seem to violate exclusion principle!

Not long after quark theory was proposed it was sugqested
that quarks possess another “charge” which enables them
to interact strongly with one ancther

This “charge" is a three—fold deqree of freedom which
has come to be khown as color m field theory has taken
on name of qu&h&um ﬁhramodvmamws or QCD

Thursday, September 8, 2011




Barvoms and Mesons

O Each gquark flavor can have three colors usually designated
red, green, and blue 47
(antiguarks are colored antired, antigreen, antiblue) 1

AV
L Anti-
\ Blue

O Baryons are made up of three gquarks m one with each color

O Mesowns consist of a quark-antiguark pair of a E&T&@uiar
color and iks anticolor e.q. PR

O Both baryons and mesons are thus colorless or white
O Because color is different for each guark m it serves to

dLsﬁMguiSh Fhenmt and allows exclusion Frimﬁpt@; o hold

O Even though quark color was originally an "ad hoc” idea
= it soon became central feature of theory determining
force binding quarks together in hadrons
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LQF’&W\S

Leptons are fractionally spin-1/2particles
which do not strongly interact
they come in three fLavors:

No Electric Charge

Electron-Neutrino (v, ) Muon-Neutrino (Vu)
Nancy

- LESS MASS
Negative Electric Charge

Electron (e)
Elly

Each flavor has an associated neubrine
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Unless otherwise skaked  we work with nakural
(particle physicist's) Heaviside-Lorentz (HL) units with

e

~ 1/137
ALL SI units can then be @_xpressed i electron Volt (eV) mametv

Ilm ~51x100eV' 1s ~15x10%eV" 1kg ~56x10% eV
1A ~1244 eV 1G ~1.95x1072%V?, 1K ~862x 1075 eV|

e =0.1973GeVim with 1fm=10""m

Thursday, September 8, 2011



What we lnow experimemhuj

Electromagneti

Photon N\
/ ) )

M Muon
"°"° -1 0 Neutrin

: Atoms
Electrong A0 Electro Light
Neutrin Mesons Chemistry
Baryons Nuclei Electronics

Quarks itati Weak

Electric Chamge
Bosons
Bottowe_ e Top
1/3 2/3 ' (W,Z)

:A
-
L
.

Solar system geuu’or:"decay :
Galsxles etaradioactivity ¢

Black holes Neutrino interactions
eachquarnk:R 8 G 3colouwrs Burning of the sun

—_—— — ecc il

Makter and interactions that manifest down to distances

h
der (1077 SHiR ) fie
e ) I~ e 1) Tev

L
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gravitational force

tleckroweal ?’QM

force ' @ |

S

Electromaqnetic force

strong nuclear force

W

'éKM atﬁx g <

d. l/ml Kn@

" -
S' | = VeaV sV e

b') OV

PR TUPY ()

1-4°/2 AN

Thursday, September 8, 2011

Eleckroweale

unificakion

strong force

g Y

7R
Phains

J

¢/

%,
.
el

",7
>

4,

%
.t,/)
T



Some @.xperimenht Limitations of SM

Where is the Higqs?

Help! I'm stuck in
DARK MATTER!

-~

\ -

TR EE UL Jorie makter?
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Direct detection of WIMPs

CRESST

-In recent talks by members of the CRESST collaboration, a 4.6c excess over known
backgrounds has been reported (paper expected soon)

-The excess events appear in the oxygen band, implying a low WIMP mass

-The best fit point was reported to be m=13 GeV, with 6=3x10° cm?, although these
values are likely 1o be surrounded by considerable error bars

-Official results and corresponding paper are planned for TAUP meeting in September

_ , ) , ___ __|

This slide is courtesy of Dawn Hooper (presented at SUSY 11, o%/31/11)

Press conference call for %p?‘:ambar & w Le today

CRESSTs signal region w http://arXiv.org/abs/0906.1271
in comnsiderable tension exclusion with Limiks from XENON and CDMS
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Some theoretical Limitations of the SM

H/ i ' Hiermahv prab!.em

(mpyg < 1TeV is ‘unnatural”)

HAVE YoU SEEN NoT YET, BUT
THE GRAVIToN ? [T MAY NoT BE
.| FAR AWAY !

;\A , ]
%o @§‘@

4,

clectromagnetic

;  electroweak

1k does nob even consider khe

Stroig interactions are not
gravitational force as part of the game |

really ‘unified’ within SM
ka SQVQT’QL “f@.\'MiOM ‘f&ME«“«QS? Q?LEPET’T'ON

¢
. NE i REPETITION
Why so many parameters (19)? And
REPETITION

Thursday, September 8, 2011



Particle Colliders

Since the years after World War II particle accelerators have
been a principal means of investigating structure of nuclei

Accelerated particles are Projea&it&s that Frobe interior of
huclet/proton they strilke and their constituents

Important factor is that faster moving projectiles can reveal
more detail about nuclet

Wavelength of itnhcoming particles is given bj de Broglie's
wavelength formula A = h/p showing that ® the qreater
the momentum p of bombarding particle w the shorter the
wavelength and the finer the detail that can be obtained
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Scattering Cross Section

>hypothetical area expressing likelihood of interaction between particles
Concept derived from purely classical picture of (large number of)
point-like projectiles directed to area that includes a solid target
interaction occurs (with 100% probability) if projectile hits solid
and not ot all (0% probability) if ik misses

m tobal nberaction probo\biuﬁj for single prq}eﬁﬁi@; defined as

ratio of area of the section of the sc;:»i.ici’ to total tarqeted area

; |
cross seckion w O

Particles that have been scabbtered
would have been locaked in
avim&e_r had sphere not been Ehere

= V

interactions beam

In a time { the beam of particles
travel a distance L = vt

Thursday, September 8, 2011



Beam of intensity I
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Large Hadrown Collider vs Teva&rom_

—_— =

z oy X

7. "" 3
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IS Mgt - iy
'""l'i... R i&-{r:f‘l " . _

“‘u#_}t‘ ‘ o
OProton-proton collider OProton-antiproton collider
OMax. ¥V 5 = 14 TeV TMox. s = 196 TeV

(currently Vs = 7 TeV)
OFfeak luminosity 10* em? s OPeak luminosity ~4 1072 em? 57
(already reached: 2 10% cm 51
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‘, Large Hadron Collider .~ ‘

;\’ 27 km circumference e ) *: g Lake
| 20 i v e s 5. . (Geneva
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cover/stu

A Héggspr&&iiﬁ
O For all masses up to 1 TeV n a Skandard Model scenario

Q It is desiqned ko look for generic new physics signals
ok the TeV scale:

r objective: dis

O High center-of-mass energy (= 1TeV) in collisions between
elementary constituents
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LHC7

T ———— ?ra&c—&wpro&on collisions ak /s = 7TeV

| e o  From March 3obh until 6tk November

| .._M (LML&L&L tests & Fkvsws at\/s=0.9 2.36 TeV
Lo | b:j @Md R009)

- . | Pb-Pb collisions at 2.76 TeV/ nucleon
= ) during 1 month (¥th Nov-16th Dec 2010)

zer "bi,roi.eszlé'm loing, 3§ Ton

Provide ¥.37 ia LNC

Largest superconducting magnet system:

~NFO00 magnebs (1232 cii;poi.e.s,
400 quo\drupai.es,m.)

Proton

refrigerated with liquid He ot 19 K [ZHEY

{quark, gluon)

Great techinological challenge i nmany

aspects (magnets, cryogenics, vacuum,...)
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LHC calorimeter

| &r&tl«éihg
chamber

electromagnetic

eléetrons B calorimetber

! »“;ﬁ‘

. neutrons)),
photons

muons

e
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Two gev\emtmpurpose experimemﬁs-:=fﬂATLAS & CMS
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Two\ge,y\gr L-purpose experiments: AT
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Twao 3@@&1 purpose expemmem%s* AT

&;L,Ms

:‘.‘ » - : I '\\
20 S
b. ﬁ : ’ '
, . Total weight 14000 t * s N
P i Overall diameter 15 m
b 4 Overall length
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-
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T 17

Empkasis on excellent resolution (ﬁmergj, momentum, mass)
of electrons, Pho&ov\s, MUOWNS
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Two general-purpose experiments: ATLAS & CMS

R T 2 SR > - B i S
: v ! s—-' T i Y. - ‘ . ik :
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Two gev\emt--purpose exper&mév\&sz ATLAS & CMS
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Two general-purpose experiments: ATLAS & CMS

i

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

A " = -
m .
\ I I | :
ye p | | | \.
/ I :

|
|

,f

Toroid Magnets Solenoiyd Magnet SCT Tracker Pixel Detector TRT Tracker
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Two general-purpose experiments: ATLAS & CMS

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter ‘; 3% countries, 174 |
, | | tnstibtutions, 3000 scientists, |
1000 students |

I“ /
Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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Two general-purpose experiments: ATLAS & CMS

B AR BE——
Muon Detectors Tile Calorimeter Liguid Argon Calorimeter ‘; . . 32’ CC}MM&T‘&@.S, 1?4' . |

‘ ' | instibutions, 3000 scientists, |
I | 1000 students |
' ——

| |
¢ —
—

e - N

N Enmphasis on excellent jet and missig-ET (MET) resolution, %

particle identification and standalone muon reconstruction [—
1\ J
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LHC7 data /Y

CMS Experiment at LHC, CERN
Data recorded: Tue May 25 06:24:04 2010jCEST
Run/Event; 136100 / 103078800
Lumi section: 348

o
¢

[

@ AL,

CMS Dporimort & e LNC, CORN
L3 Flaeted J000 1500 OF 1 DT
MVt TIN00N (ATII00

Caaridate Dt Cuta Fraet

mulkijet event

dijet events
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CMS mulki-jet event

Transverse view of evenkt
with 10 objects (jets)
L highlighted with magenta cones

QQQQQQ

Zoom on vertex regiown

in view parallel to beam-line
ALL jets come from same primary vertex
(red dot) 0
despite humber of pile-up vertices
(blue dots)

Nominal beam-sgo& position

s showin with an orange dot
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CMS Multi-jeb event (contd)

5N

(o8

N ‘

-

HﬁI1||Il’IIIIIII|I|IIIIlmllII‘I"IIl).l"fl'-llllllV'HIIyIF\LHlHI‘I

A1l

CMS Experiment at/bHC, CERN
-4 Datarecorded: Saf Apr 23-08°05:38 2011 EDT
cpp—RunfEvent: 163352 1196371106

11 /1 A

-4 -2
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ALICE & LHCD
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Heavv o collistons ak LHC: ALICE

Size: 16 x 26 meters ) ( Drift ) ( Pixel )
Weight: 10,000 tons

Detectors: 18

Ir-:ur;r;Eﬁt"'-l
CHAMBERS'

— L MAGNET
(P I__JJ. i = ” I -

II
[ ARSORBER )

Many different sub-detectors
some of them covering small solid angle
buk very specialized i particle identification/counting
| for heavy ion collisions
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Skudies in the b sector ab LHC: LHCD

LHCDP is General Purpose Detector
in the forward direction (2 < n< &)

(designed to take data @ 2 x 102em™ s71)

n = —In tan(60/2)
angle wrt beam direction
[see PDCG]
Well suited for flavor physics:
* Large bb (& cc)cross sections

* ALL B hadron species available |
* Long decay flight

; N cking stations Fa
| HECAL, ECAL and Preshowesr /SPD P e ek U - J
{ i Trigger = ¥ e energy and |
~IHEOR afo'r b hadrons R —
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Provisional Course Qutline
(Please note this may be revised during the course
to makch coverage of material during lectures, ete.)
1sk week: Lagrangian Field Theory
ch'\ weelk: Dirac Equation & Perturbation Theory

3rd week: Gauge Symmetries & Higgs Mechanism
4th week: Standard Model of Particle Physics
5&!4 week: Electrodynamics of Spinless Particles

| 6&!« weel: Ei.e«z:?:rodvmamucs of Spin 7 Particles
(bejomd the trees m dimensional reqularization)

7th weelk: Skructure of Hadrons, Deep Inelastic Scattering, Parton Model
wth weel: Midkerm-exam (October 27)
oOth weelk: QCD Improveo& Parton Model
10th weelk: Electroweale Theorvj
(charged and neutral currents - radiative corrections)
11th weelk: Neutrino QOscillations
12kh weelk: Midterm-exam (December 1)

13th weel: New ‘kasics ab Fhe TeV-scale? What aboul darle makber?
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