The Standard Model of
ParticlePhysics



The building of -
Standard Modefs
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Our jobis to seghings simply, tounderstand a
greatmany complicatedohenomenan a unified
way, In terms of a few simplerinciples S. Weinberg

Everythistpoulche made as simple as possible I #
simplen. Einstein |

matter how smart you are. If it doesn't ag ; <%
experiment, It'SRvrEQAGn -
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100yearsof
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|
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S 1925 1953 ‘ 1966 Theory
\ |
Yukawa theory for strong int. YangMills theories, CPT  EW lagrangian
1935 1954 ‘ 1967
\ | (L |
Diracequation, e, P universality of Fermi weak int. Goldstone  Hypothesisof ¢
1930 1947 ‘ 1961 ‘ 1970
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QFT Majoranan Feynman QED SU(3) Renormalizability of gauge field theories
1927 1937 1948 1959 1972
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strong interactionbeta spectrum
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cosmic rays
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C and P violation in weak interactions
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p° K free antine n,
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\
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ation J/Y , charmedparticles N, = 3, b particles

4 1974 1990
\
Weak NC gluon jets n oscillations Higgs boson
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semiconductor detectors, spark chamber
1949

\
flash tube chambers, first GeV linear acc

1955
coincidence method
1929 betatron ==Coolingring
\ 1941 1967
emulsions \
1930 liquid scintillator counters ~ Multiwire proportional chamber
N 1950 1968 Technolog
Cyclotron, | ]
Geiger counter Van de Graaff nuclear reactor Colliding beams beginning of the Si era >
1906 1931 1943 1956 1970
Crookes' tubes, \ \ | ]
cathode rays cloud chamber Tcherenkov synchrotron Bubble chamber Streamer chamber Acc of polarized particles
1896 1910 1934 1944 1953 1964 1978

Progress in our knowledge of ttentent and dynamics
of the Universe at the fundamental level requires
intertwinedtheoretical, experimental and technologlmaakthroughs
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Threeexamples

Higgsmechanism
1964

Diracequation universality of Fermi weak int.  Gsw Wlagrangian
1930 1947 1959 1967

Unexpectedutput
of theorydrives Unexpected
experimentaldiscovery experimental EatCk anctlﬁrth
discoveryis SUE ST
1832 implemented oS Ne andexperiments Ecisd

) in theory Ws and Z
Experiment o 1983
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Whenunexpectedoutput of theory drivesexperimentadiscovery
Context

Quantum Field Theory unionof 9 (Galilearguantum formalism) andXclassicatelativistic
formalism) new length scale: = newdomain of physicef

A highenergies for which creation and annihilation of particles have fmbsible
A E=mc? gives theansformation rate between matter arehergy
A quantummechanics deals with the probabilities governingtthasformation.

Why fields2/arying numbeof particles for a system in evoluticemdl S A y & S yhoe8a\nEy @rénciple forbids to
localise objects toprecisely so:
A Lagrangiamlescription (energy instead of applied forces)

A Four timespace coordinatdJsualquantum formalismé = operatorwhile 0= parameternot Lorentzcovariant. If
operatorT,the Hamiltoniarhas no fundamental staté = parameterand operators = functionsf & Y operator
fields.

Y Lagrangiamlensitiesf (%(o)ﬁ %{o))
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Non-relativistic quantuntase equationfor a free particlequantification of classical expression

0 —°with: 00 "o andn©® ‘PY > [ N8
Relativistic case, firsttro nw & 0 WnH @ o nY —— [ (T)é Y
fl -1 1 « -a& @ ,rehabilitatedas theperfectlycorrectlagrangiarfor a free spin @article.

Order2 with respect to timalerivation
Relativistic cassgcondry: linearizebyfactorizingn n &@ @ ¢ 1 a4 n & q).

8 unknown parameters and constrains:linear term inf (Lorentz invariance) ie. =

YC ) phl ) o 11 mfor_ .

Brilliant solution; Ci H\DF (n n)

(Fey O)r avecr

T T T 7T
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Planewavesolution atrest, then Lorentzboostto anymomentum
P Tt ( ) —

n P
6 JOo & — |6 Jyo ol v Jo o — |v Jo ol
C ) . m p
o) T
« At first [Diracthoughtthat the spin, or thantrisicangularmomentumthat the equationdemandedwasthe key, andhat
the spinwasthe fundamentalconsequencef relativisticquantummechanicsHowevey the puzzle ohegativeenergieshat

the equationpresented whenit wassolved eventuallyshowedthat the cruciaideanecessaryo wed guantummechanicand
relativitytogetherwasthe existence ontiparticles»

« If we defineP as thepartity operatorwhichchanges theignof the three spatial directions, T as the time revergaération
whichchanges the direction of the flow of time, ainthllyC as chargeonjugatiorwhichchangegarticlesto antiparticlesand
vice versathen operating on a statevith P and Tisthe sameas operating on the statgith C,thatisPT=0G

« In other wordsthis operationPTwhichchanges thaignof everythingis reallya relativistictransformation, orathera Lorentz
transformation extendedacrosshe spacelikeegionby demandinghat the energyis greaterthanO. »

R. Feynman, The 1986 Dimmemoriallectures.
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The four canonical solutions are:

P Tt
n P
6 JO ae —, |6 JO aade L)
C ) —
(3 -
o 0]
b JO aoaw —,|b O &oFe —
I P
P Tl

A particle can then be describedibfty) ¢Q 806 @ and an antparticle by (@) ¢Q 80 w.
5 A Nlagtafgiaris then (with¢ 1 1)
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In 1931, Dirapostulatesantimatter.
In 1932, Carl Andersaliscoverst!

Sourcecosmicrays (Hess 1912)
Detector:cloud chambe(Wilson 191

Magneticfield + Lead plate to rule out

energy loss the hypothesis of an :

in the materialy electron travelling in ik, : N ).

electricalcharge the opposite direction * ks _ - e
Out of 1300 photographs, fifteen have s, | o
positive tracks 5 BB

g< 2g,and m < 20n,
Anderson PhysicaReview43, 491 (1933)
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1931, Dirac, antimatteiQuantised singularities in the electromagnetic fiddProc. R.
Soclond A

1932 Andersonobservation of positro;he Positive ElectroRhysicaReview4d3, 491

1932, Blackett an@cchialinielectronpositron paircreation Photography of
Penetrating Corpuscular Radiatidlature 130, 363 (1932)

1934, JoliotCurie b+ decay(andartificialradioactivity, Comptes rendus
hebdomadaires des séances de I'Académie des sciences, 15 janvier 1934

1955 Chamberlain & Segre, antiprot@bservation of AntiprotonBhys. Rev. 100, 947

1956 Cork et al., antineutrorintineutrondProducedrom Antiprotons in Charge
Exchange Collisioi3hysRev 104, 1193

1995 Oelertet al., antithydrogen Production of anthydrogenPhys.LettB368 (1996)
251-258
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Gaugeheoriese.g Electromagnetism

Maxwell equations & " (B & nEE "0 -— (EEE§ -— -pEO
m O O O
S | . 0O m o0 o
a Ay 1 2 manglisngedti-symmetrical rank 2 tens® o & - 5 anda4-
@ 0O 0 Tt

vectord (o e

Equati_orlls ()and (i) 8 ~~ ®and® "% -—, with%oscalar potential andPvector
potential.

aAyl2oablisng@ 1 5 T & withd (%)
Interms of potentiald, T 6 1 (T 6 ) -0

Potentials determined ufp a global gradienb o0 T "Jw ) followsalsoO T 0 e
0 e

These changed potentials which do not affect the fields @@uge transformation§6c® %o
-—hPO ® "Qwhere"Qs any function of the spadéne coordinates).
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fl (‘1 &) invariantunderglobal gauge transformation (U(1){&) © Q (&) with a a global phase

Locality(independence of distant points in spa¥e)nvariance by local phase changéy) © Q (W
Derivativepart of thelagrangiariransforms lik¢ @ © Q | 11 (@ 1| oV

the lagrangiarof a free particle is not locally invariant.

Topreservdocalinvariancenew gauge vector field, covariant derivatve 1 Qg witho ©0 T |.
fl (' 'O &) invariantunder local transformation.

Completdagrangian"free" term for thevectorfield fl 00— & with'O T 0 T o (field
tensor)

"0"0 invariantbyd © 6 1 | ,but—% 8 ©°© —5b 1| (8 1) —° & Y masslessfield

Thisis electromagnetisin
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fl w(@oO a)y -00
U
i w(Rt da)y -00 RNy wp

Free fermion  Free photon  Couplingof a Noether

currento NW W
with gaugefield 0
and amplitude g

QEDelementaryertex O g
> q 0



Andwhatl didforgetii 2 Y SY U A 2y X
(%uantumdyn_amicsrequiresa_d_escriptiorbasedon alagrangiardensity functionof the fields and
their first derivativesAskthat it is
1. Invarianundersymmetries
Lorentzcovariant, and local invariance for galgyenmetries
2. Atmostguadraticin thefields(i.e.renormalizablég
3. Dealingwith positiveenergies

Youggft qdarticlesandtheir antiparticlesdescribdedy quantummumbers in interactionwith massless
gaugefields

spacetime symmetryY spin, mass
Internalgaugesymmetriedike U(1)Y electriccharge

And conservatiofaws(b 2 S (I kh8okel} &a monument omathematicathought» A. Einstein).
1954:recipeby Yang&Millgo build quantumdynamics
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Whoorderedthat?

Unexpectedliscoveryto implementin the model

Context
Rutherford: sizef nucleiincompatiblewith Coulomlrepulsion

Heisenberg: n and p boumy permanent electron exchange but this kind of exchange
does not conserve spin.

1935, Yukawa: postulate of bosamshanged betweep and nin nuclei.
no & p* n
o —
h 0] I‘] i h N
é e é “ % p+

Three spin 0 bosons in three states of charge

boson mass related to the range of the interaction, size of nuclet®¥% m ~200
MeV/c2.
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1936, observation of a new type of rays in a clchamber
with curvatureintermediatebetweenthoseof the electrons
andothertypes ofparticleslike p, intwo charge statey

Mass greatethanm, but smaller tharm,, hence their

6GSYLI2 N} N&Eoo§® YS §

m,< m <m,

C.D. Andersonand S.H.NeddermeyerCloudChamber
Observations of Cosmic Rays at 4300 Meters Elevation and Ne

Seal evel

S.H.NeddermeyeandC.D. AndersonNoteon the Nature of
CosmieRayParticles

Confirmation in 1937:

J. C. Street and E.SievensonNewEvidence for the Existence of ;
Particle of Mass Intermediate Between the ProtonEdadtron

. Cloud-chamber picture of a meson. From Street and Stevenson




Thesenewparticlesdecaytheir
lifetime is measuredoy comparing
fluxes adifferentaltitudeswith
cloudchambers

B. Rossi, NHilberry and J. Barton Hoag,
The Variation of the Hard Component of
Cosmic Rays with Height and the
Disintegration oMesotrons

t=2,15+0,07ns

Fig. 4.7.2. Stereoscopic photographs of a meson stopping in the gas of a cloud
chamber and disintegrating with the emission of an electron. From R. W. Thompson



1947, new detectodeveloppedoy C.Powellphotographieemulsionswhich
allowto seeand timemesotronsdecaysandprovethat there aretwo types of
mesotrons

One sensitive to strong interaction (not a surprise)

One (opposedio hadronsyelativelylight particlenot subjectto
stronginteraction,justlike the electron Totallyunexpected

« Whoorderedthat? » famouslyexclaimed. Rabi



Muon vs pion

pion
Stronginteraction
T - >(+n)
t=2,616s
m = 139MeV

muon

Not sensitive tetrong
interaction (nonuclear
capture)

>- e(+d)
t=221Fs
m = 106 MeV

Fig. 4.8.1. Mosaic of microphotographs showing a m—su decay in Ilford C2 emulsion.
From Lattes et al. (LCM47.1).

Win w7
1w

1
e . 3

Fig. 4.8.2. Mosaic of microphotographs showing a w—p—e decay. Kodak NT4
electron-sensitive emulsion. From Brown et al. (BRH49.2).



Weakinteraction:

Historical elements :

1930Pauli postulates the existence of the neutrino

1934 Fermi proposes a thedor i decaysby analogy wittQEDX 7 0 w0  ,contactinteraction
characterized by eoupling constanG: = 10° Ge\”

1947 universalitpf weak interactionsone unique constant to take into account:

w b decay n- p*+e+'[
w b’ decay p*- n+et+n,
m n
w Electroncapturee +p*- n+n, G
F
decay ‘* - Q +'[+n,

capture >+p"- n+n, D n
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G. Danby,-M. Gaillard, KGoulianosL. M. Lederman, N. Mistry, M
Schwartz, and $teinbergerObservatiorof HighEnergy Neutrino

Reactions and the Existence of Two Kinteofrinos

20m

e Blincedles sur le
pareosats du rrugn
issu de l'interaction
du neutring ),

blindage de fer 5000 tonnes
------ N p- m+n
cible . M\ n+N-- m+X
—:- . - _—_;_ '_‘_‘_‘_‘_‘_ S & ' n + N- x'l' X
SOGeV le p s'améte “ ‘ | \ i
déter'reur
[ 10 torres]

FIG.

5. Single muon events.

(A) p“>540 MeV and

0 ray indicating direction of motion (neutrino beam in-
cident from left); (B) by >700 MeV/c; (C) p >440 with
6 ray.



By observing that neutrinos resulting from the disintegrationméa into a muon
can interacbn nuclel to give muons and not electrons, physicists determine two new

quantumnumbers >N, and N,

The electron and the electron neutrino are the only ones with azeom electron

lepton number, their antiparticles have an opposite number. This justifies that during
abdecaye © n Q [ anelectronic antineutrinasemitted (experimentally
verified, the particle in question interacts to give a positron and not an electron).

The muon and thenuonneutrino share anuoniclepton number (this justifies that
neutral pion decays doot give a muon and a positron).

Electron e -1 +1 O
Neutrino’ 0 +1 O
Muon -1 O +1

Neutrino’ a O 0 +1



N\
| | . v
Andwhatveryimportantpiecesidida 1 A LJIX —j

S

After EM, the secongieceof the standard model angeakinteractions. Right-handed
Particlesarearrangedn familiesor generations
More internalsymmetrieqU(1)symmetrygroup): leptomumberfor ex.

Helicity= projectionof spinon the direction oflight. Aparticle has a right 3
handed helicity if its spin and momentum are’in the same directions, left "
handed otherwiseRarity flips the helicity.

Maximumvijolation ofV in weak interactions is accompanied by a maximal
violation ofi .

The weak interaction gnly concerns the (rlghtzl_eft part of the . _
(anti)particles. It therefore only produces neutrinos of left helicity and anti
neutrings of rightelicity. Sinc@eutrinos_are only sensitive to the'weak
Interaction, théy only exist a priori in this state!

E.qg: only the right antineutrinos exist. Their image/hyeft antineutrinos i h
do not exist bul their image by left neutrinos exist v Ny

Wu, C. S.; Ambler, E.; Hayward, R es D. D.; Hudson, R. P. (1957). "Experimental Test
of Parity Conservation in Beta Decl;\'?'{?pPr?ysmal Review. 105 (4)&41!5.:2» P
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Context

Fermi theory + parity violation = good lewergy
predictions. But Dimensioned coupling constant >

GF~16 Ge\? Y divergentcross sections at hig G

energy (~100 GeV). Noanormalisablegheory!

Solution proposed by Schwinger in 1957: replace
contact interaction by the exchange of vector
bosons.

Two types of charged currents are observed:

The bosons must beery massivto account for
the short range of weak interactions. (100 GeV/c2)y” ©
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Theoreticatonstraint building aveaklagrangian<a la (%E_D impliesa neutralintermediatevector
boson in addition to thénvo chargedonesneededto explainbetadecaygnumberof generatorsof the
symmetrygroup SU(2)):

J g o> W, 0> e

Canit bethe photon?Can electromagnetism be unified with weak interactions in a single symmetry
group? Nobecause :

A The coupling amplitude with 3 the weak coupling which is different from the EM coupling...
A The photon coupling is democratic between the left and right péite spinors. o
However, there is an overlap between electromagnetism and the neutral \yz
currentpart of the weak interactions because of such diagrams ————
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Introduce a nevgymmetryU(1)with vectorfield B and charge Y,
choosersothat the mixingbetweenW? and Bresultsin A,
the photon.Symmetrygroup:SU(2)xU(1),

Lagrangiafi wWQ Ow -00 -00

Imposing local invariance: ’

| m T T T
o 1 QW M- cov derivative  poublespinor| + | chargel oo
"MQSU2XU1), couplings 6 Q T T TP
0O ! oo ! oo "Q w w gaugetensors T Q —Q("r Qe @)

O 16 16 Q Ve

G
—— (% (Q "o Y®) Of § B
And fourintermediateBosonVectorg!VB) qAI—Q(ﬁ ( @) 9

® ,i=1.2,3eb Hypothesi®f neutralvectorbosonNomasserm
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If theory right newneutral boson angrediction of Q O Q © ©

Observedait CERN in 1973 ®ARGAMELDbEbble chamber (beam ofuon neutrinoandmuon
antineutrinoson 6.3 n¥ CF3BY).

NB: to be sure we test tH¢Cs and not EMrteutrinos andeptonicnumbers.

. A g B | TR ¥
A 1 e L T SRR

’i 7_._.'f ,
o '}




Chargedurrents

AACHEN-BONN-CERN-MUNICH-OXFORD COLLABORATION

WA 21
EVENT 294/0995

vp—Dppu-

£ B s\ % iy 4y
n m AT b MR e ] LT
e ot b g Letv
Kt
L«o-p-oz—'n”
nmT"
L+p—-np

H
NEUTRINO
BEAM

MOMENTUM IN GeV/ic




Experiments aGargamelle prediction of theZ
and W bosons masses, of the order o860
GeV/c? for the W and 795 GeV/c? for the Z.
Much too high to allow the use of the "cleanest
modes of production with the available
accelerators of the time:

QO Q% w w

The solution is proposed by C. Rubbia and S.
der Meer: beam of antiprotons, collisiomgio
haved'dC & QO @ Mo IO &

The proton beam is thé50 Ge\beam from the : g T = 000
SPS at CERN. - " =




5PS

PE 128 Gevje PROTON SYHCHROTRON
(SR ¢ INTEMSECTING BTORAGE RINGS
PSE: P8 BOOSTER

SPR 500 Oavie PROTON SYMCHROTROH
Ak inf.“}‘ﬂ}" lem'
TRANSFER TUMMELS

AntiprotonAccumulatoi(AA)
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Zeventsin UA1
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My n Qaproducésdlat @f2 Qad? Qa

Collisions) n[@ 540GeV my- =821+ 1.7 GeV
MeasuresLifetime, massesdecayrates X

. > MASSESEEEATATES My =93.0 + 1.7 GeV
Fine tests ofveakinteraction

Butno mass terms in theagrangiafor intermediate bosons to preserve gauge invariance, but
experimentally they have mdss

The introduction of mass terms would cause an explicit break in symmetry

Gauge transformation farectorbosonso © 0 T |

a o a a
—0 0 O—0O T ] W) o T w —0 O
C C( )( ) q

Vectorbosons have tbe massless

Thesolution:introduction of aspontaneous symmetry breakinggechanism, which gives masses to the
heavy bosons andts QE[@xact symmetry



Masscorrelatedwith polarisation anchumberof degreesof freedom

For a spin s, a massive particle has 2s+1 possible spin projections whereas a massless
particle has only 2s possible spin projections

Spinl, i.e.spinisa fourvectorbut one degreeof freedomis « taken» by gauge
Invariancethree possible polarisations transverse and longitudinal

If masgsnullanotherdegreeof freedomisforbiddenby speciakelativity

pY—



Usualin condensednatter physics

At high temperature (or energy), matterina state having all the symmetries of the equations
describing the motion of particles. At low temperature, matter may be in a state that does not have all
of the symmetries of the microscopic equations, but only a subset of the complete symmetry group.

In magnetic devices (ferromagneticy’ i A T S NINZR thelraiagioSal syrametnsO (3 of the
magnetic moments is spontaneously broken.

When the broken symmetry is a continuous symmetnyaasless particle, Goldstone boson,
appears.



In SU(Z)introduction of acomplexdoublet ofscalarfieldsB3 <. ) v

Addthe «Higgspart» into the lagrangiarfl. (0 B) (OB) (B B)

with ‘R T
Vacuum/F—— mY B Bs g —
Tt
B <_> (to keepU(1),,exact)
\/_

Vacuumexpectation valuef theHiggdield v/ 0 k —

Choiceof afundamentalstate

=spontaneaousymmetrybreaking

Four scalar bosons:
three massless Goldstone bosons = three degrees 0O
freedom for the three weak interaction gauge bosons
Photonremainsmassless
A scalar boson, Higgs, of unpredicted mass
A scalar Higgs field with a ne@ro ground state...
Even before Higgs boson discovery highly testable theory
andrenormalizable



Photon,electromagnetianediator couplingproportionnalto Particléantiparticle
pairs forparticle
with electriccharge

Massive WandZ°, weakinteractionmediators

4

e, >2 RZIZ ax
W AL
All particlgantiparticle
pairsincludingn,W*
M, N> —dzZ OX

Higgsboson,couplingproportionnalto particlemass

H All particlgantiparticle
ST T T pairsincludingH,Z W
And Feynmanulesfor electroweaktheory



Higgdosondiscovery

Excluded by
LEP Experiments
959 confidonceo lovel

100 114 120 140 157

Higgs mass valuecs

Excluded by
Tevatron
Exporiments

173 180

proton - (anti)proton cross sections

10° At e — 3
10° | .
= § Ot . 3 3 2 }
Lo Tevatron LHC E
10° .- : Red oz i
10° | -!
- o, 3
10 3 © 3
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€ o f w A 1
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10 E— E
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ATLAS

Length 46 m EXPERIMENT

Diameter 25 m
Weight 7000 t
# channels~90 000 000

3leveltrigger:
40 MHz ~200 Hz

accordionshaped trigger,
identificationand measurementsf

QI . Resolutionn energie
“(B)E-™ E: kGEND 6

Muon spectrometer
chambers Trigge
Resolutionn p

Innerdetector(|—| ¢, 27T): Si
pixelsandstrips+ TRTPrecisdrack
and vertex separatiorcy¥ .
Resolutionn py:

s/p;~3,8 10* p; (GeV A 0,015




Run: 359058
Fvent: 2965933740
2018-08-25 02:51:44 CEST

1y

EXPERIMENT —
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2013 NOBEL PRIZE IN PHYSICS

Francois Englert
Peter W. Higgs

» .4 ]
: -
‘@
. ;

W

'

“for the theoretical discovery of
mechanism that contributes tQg
our understanding of the origin
of mass of subatomic particles
and which recently was
confirmed through the discover
of the predicted fundamental
particle, by the ATLAS and CM
experiments at CERN's Large
Hadron Collider"




EW unification hashanyimplications:

Beforea phase transition sometimes in the history of the very early Universe, electric, magnetic
and weak interactions were unified, and described by the same syrgnoeipy

Thereexists a neutral boso#,

Manyrelations between parameters, which can be cheekpdrimentally
It is arenormalisabléheory

Weakbosons are massive

EWSB:
U(1)EM exactnasslessectorboson, SU(2Weakwith threemassivesectorsbosons
Onescalarmassive boson
Fermions massekroughYukawacouplings
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Experimentalests
of the standard
model ofparticle

physiIcs
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Hydrogerfine structure:

Theelectron charge |screenecby the virtuale*e: pairs sothere is a
change |n c I_ge at sma dlstances and Qedicts a shift betweethe
atom levels predicted at the same energy by

Sch?rodlnger guation
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1969: Friedman, Kendal, Taylor (et al.) see a deviation in the
scattering of electrons on protons that can be explained by the
existence ofartons' in theproton. LikeRutherford'sexperiment
proving existence of nucleus.

Protons have &' NHzO G dzNB aY |j dzI NJ &

At SLAC, 2 milédsearacceleratomwith 20 GeVelectrons
Examplef strongdecayat quarklevelz= © 1 “
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o 1.7 88 g

) Eny= 00 GeV
Gluon seHlcouplingY no free quark but jets.

s 44 {{

At DESY in 1979, at the PET&Ikder four detectordARKI,PLUTO, - '
TASSO and JADE @ collision energies of 27 GeV.
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6. Internalconsistencyf the SM

Globalfits of the standardnodelconsistentto within 3 standardieviations offits with a subset oparameters
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aomn( g, spanpernig:

x Mt2 x log(Mp)
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