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Some Pre-Standara Modadel Physl:s
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Figure:Quantum Electrodynamics (QED) illustrated in terms of Fagn
diagrams

@ Ca. 1965 QED was the only successful QFT
Verified to many orders in perturbation theory

o Example : Ineescattering theirtual photon correspond to the
Coulomb potential
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@ Weak and strong interactions were poorly understood
theoretically. Some models existed.

o Gravity, electromagnetism, Strong interactions, Newddavs,
Schrédinger eqxonserve C-, P-, T-symmetries separately !
This was believed to be true in all types of interactions

o Reminder:

C = charge conjugation : Particler Anti-particle
P= Parlty(mlrror) transformation:— — ' (I’ = position vector))
For axial vector L = F x f— +L
(Remember: H-atom wave funct. has parity (1)
T =Time reversalt — —t (Remember : In quantum mechanics the
T-operator is anti-unitarian)

RELNON==T] D UIU U Ci U d



o First shock: (Lee and Yang 1956 : Explained experiments !)

Parity symmetry is broken in weak interacti]n

@ “0 — 7-puzzle : Decay$d, 7) — 27w and (0, 7) — 37
Actually: 6 andr is thesame particlethe K-meson (kaon)«
andK are pseudo-scalar paprticles {0

@ Most known weak process (decay)decay:n — pe 7g

@ Lepton numbet. conserved:
L(e”) = L(ve) = +1andL(e™) = L(7e) = —1

@ For massive fermions and anti-fermions: In total four degref
freedom. BUT: For massless fermions/anti-fermions: Two

degrees of freedom Choice: Lefthanded particles and
righthanded antiparticles, i(@e). and(7e)r
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Simplest decays of pions:™ — p* v, andr™ — p~ 7,
Lepton numbet, conserved:

L(p™) = (vu) = +landL(p®) = (7)) = -1

CPirt — pt (1] =Clrt = it ()r

=7 = u (TR

In opposite orderCP[nt — ut (v,)L] = P~ — pt (7))
=17 = ()R

Conclusion :In this process CP-symmetri (combizdndP) is
apparently satisfied ? (-see blackboard ?)- Or ?

If so: This would be a symmtry between left-handed matter and
right-handed anti-matter.
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SU(3)r Tlavor symmetr

K
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Figure:Pseudoscalars (Q and baryonﬁ;zl_) put in octet (8-plet)
representation dbU(3). Making order i hadronic particles. BUT elementary
triplet (3-plet) representation (“quarksdpparentlynot realized ?!?

@ Pseudoscalars:

@ Baryons :p = (uud),n = (
(UdS),Z_ = (ddS),A = (U
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@ Second shock 1964 (experiments by Fitch and Cronin)

CP-symmetry is broken in weak interactijn

o The neutraK-mesons<® andKO are degenerate in mass. CP
eigenstatesiK. > = (|[K° > F|K® >)/y/2, and
CP|Ki >= :E‘Ki >.

@ Physical stateKs = K (shortlived) and<, = K_ (longlived)
If CP-symmetry were fulfilled, then we should s€g — 27
andK_ — 3m. (27 hasCP-sym = + ; while 37 may have
CP-sym = -

But this was not exact some 2 to 3 permillekgf decayed to 2 !

e ExplanationK ~ K_ + eK, with || ~ 2.6 x 1073.
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1rying to puiid a theory 1or weak mteractlo!Is

Figure:Some inspiration from QED?

Recall electron-electron scatteringg£ momentum transfer via virtual
photon)

Ampleg) = ;j“(e)ju(e) , e =Pty

Note thatj“(e) is a pure four vector current.
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Fermi ‘theory” I

p n

Figure:Fermi-diagram for beta-decay. Hypothetical extensio Wit

Fermi theory- a product of twleft-handedcurrents:

GF . . . 1 Y] -A
L = 4721(W7N)“J(W7|)u ) J(W),u = E(J,u - J,u)
If the two currents were mediated by a heavy weak ba&othen
2 5
gW GF 2 2 10_
— = —4— <<My ,GF~—
q2 — M\%V \/é ‘q ‘ w F I'T%
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NotejA = 1+, 51, such thaj(W),, is left-handed :
p w M

JW)y = PLy, PLr = %(1 + 75)
whereP_ r are the projectors in Dirac space:
(PL)?> =PL, (PR>=Pr,PL-PrR=Pr-P.=0,PL+Pr=1
A Dirac field can be split in two parts:

Y=Y +Yr, YL =Py, Yr = PrY

Y = left spinning (left screw)particle.
1R = right spinning (right screw) particle.
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o Note: The helicity operato®, = (1/2): - p/|p| has the same
effect as(1/2)~s for massless Dirac particles.

@ Note that if the neutrinoy is purely lefthanded, then the current
for ve — €~ is automatically lefthanded:

J(W7 e)lJz = %7}1 wVe = %7}1 (wVe)L = %’Yu PLwVe
Note thaty = (PLv) T~ = 1 Pr, such that:

Py = VP, YRR = Y PrY , Y = YL YR YRYL
We observe that symbolically
(V-A?2 = (VV+AA — (VA+AV)

where the last term violates parity
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Trying to bulld a theory for strong interactioEIS

Phenomeological models, Regge poles;.nucleon interactions

Figure: Somer-Nucleon Feynman diagrams

Interaction Lagrangian for strong interactions? -not safig!

Lin = GinN(1®)sN , N = < E )
whereN is the nucleon doubleth the pion triplet and- the Pauli
matrices which here represents isospin.

G, too big to make perturbative theory(expansion) valid!
Chiral perturbation theoryPT)- (see later).
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An elektron-proton coIIisio:I
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Figure:Elektron-proton collision at high energy (at Stanford lane
Accellerator Center, iCalifornia, in 1968)p — e N«

What is seen: The elektron cannot shoot loose a quark, imgsan
(g — g-pair). A quark cannot be free! The “color’-charge is confirie

(bound to a baryon or a meson.)
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The proton is not elementary- The parton model

Figure:Collisionep — eXin the Parton Model

Cross setion contain the structure functis(), and depend only on
the momentumfraction of the scattered parton,- ceﬁedllng

X = Ppart/ Pproton = (_q )/ (2Mpv), wherev = Ee — Ee

Intepretation of data: At high energies, the proton corgist
“sea-quarks” guarksandanti-quarksandgluonsan addition to the
valence quarks uud

RELNON==T] D UIU U Ci U d



FICture Oor a pI’OIOI

¢o

Figure:Quarks have “Color”. The “color’-forces bind the protonegéther.
The proton has twa-type quarks and d-type quark. Plugjuantum
fluctuationswith additional (anti-)quarks and gluons- depending an th
energy

The color forces are so strong that the quarks could not carnefo

the proton.

The proton (-and the neutron) are color nuetral.
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Nuclear forces stronger than electrl: !

o<

" *'J"

Figure:Attractive nuclear forces

Two protons feels the “tail” of quark-gluon-forces, in gpif elektric
repulsion

Nuclear forces are much stronger than elektromagnetie$orc

-at short distance
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Weak int. : The birth of a symmtr]

@ 1967 Weinberg: “A model of leptons” (Similar ideas by
Glashhow and Salam)

@ A gauge theory o8U(2). x U(1)y for two lepton families :

Ve v
- and , " and
(e >L = <u )L iR

e Wi, of SU(2). andB,, of U(1)y combines toNS, Z,, A,

27
™ Quarkfamilies:< u) andug, dr , < A > and??, sy
d L S /L

@ Cabibbo mixing:d — dy = d co9 + ssir¥ and
s — s = sco¥ — dsird to explain the beta-decay &i°:
»0 — pe 7. Hered = ¢ = Cabibbo-angle. Ratio &° andn
beta decay amplitudes tandc. Exp.: sindc ~ 0.225
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o GIM 1970: Postulate existence of fourth quak=charm)

@ Now two quark doublets< u > , < ¢ >
dy L S /L
and four singletsir, (dg)r, (S9)r, CR

@ The 1974 revolution: Foundf-particles. Qualitative behaviour
of decay-spectrum like positroniuat €. Intepreted asc.

o After this, the quark picture was accepted among (almokt) al
particle physicists

Later: three families< Ve > , < Y > : < v >
€ /L K )y T /L
(e ) Coome )y (o)
dekm /| " \sekm /| 7 \ bckm /|

-plus all the right-handed singlets.
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deckm = Vudd + VusS+ Vb
Sckm = Vedd 4 VesS+ Vepb
bCKM = thd + VtSS-l- thb

where(d, s,b) are the physical quarks (with definite mass). Now
neutrinos are known to have tiny masses, which means that itha
mixing also in the neutrino sector.

d (¢ 5 d w 2 F; u
Figure: Quark diagram foK® — K determiing(m_ — mg) ande , and

diagrams folK® — 1,1, Found from these processes that< 2 GeV

Decays of kaons-mesons) have played an important role in
understanding of the SM. Some of the elementggfy are complex!

= CP-violation ! I
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Quantum rield TheOEI/

. 1, . .
Loeo = P 1Dy — M)y — JF"Fyy D, =10, — €A,

e ¢, ¢ andA, are field operators.

@ One might say that the particles , e*, + are exitations of the
fields. In QFT: the number of particles are not conserved; onl
the total energy and the (electric) charge.

o Particles might appeatr, live for a very short time and disapp
asquantum fluctuations

The field tensoF,,,, can be defines by

iD,,iD,)] = —ieFu, , Fu = (0,A, — 0,A))

TP
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Yang-Mills theory (1954 !) has generic form, = id, — g A?Y)

Lym = f~4* (iD, —m)f — %Favl“’ Fe

The field tensor has an extra term - to obtain gauge invariance

iD,,iD,] = —igt?F3,, F3, = (0,A% — 9,A3) + gfa*ADAS

@ The fieldf hasn components (i.e Dirac fields).t? are
generatorsr( x n-matrices) of gauge group (s&u(n))

@ Important: Vector bosons interact among themselves! Waitobt
triple and quartic vertices.

@ Came “too early”. No use for it ? No known massless vector
bosons, except the photon. Y.-M. -just a mathematical é&se?c

@ Gauge invariance is the “Guiding principle”
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Gauge transformatiorgs

Gauge transformation in QED:

Px) = Px) = W px), AX) = AKX = ALX) — = da(X)

For Yang-Mills theory
fx) - f(x)) = UX)f(x) ; U(x) € SU(n)(—forist.)

Gauge field transf. in the non-Abelian case. Rotation amaiddi
(HereA(x), = taA(x)Z ,

A, A, = UA U+ é(@uU) u',

Fu — Fj,, = UF,UT; U = U =€&™™

a?(X) is a set of real functions.
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SU(2. x U(1)y theory for first lepton doubl
XL = ( Ve > ander , Four gauge bosorWL ,1=1,23,andB,
L

. 1. . 1
Lewy = xc" (lau —QET'WL — EgYL B,u) XL

. 1 1 . ; 1
+$’Y“ <|8/J' — égYR B/J) er — ZWI’,'LVW;LV — ZB,'LV B/JV

+(sim. for the other fermions+ Luiggs + Lyukawa

@ All particles are apparently massless- to hgaeige invariance !
@ Masses ofV+ andZ-bosons come fronf piggs.
@ Fermion masses are coming frafjukawa
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The Higgs sectﬂ

Lagrangian for the Higgs doubleét:

Liggs = (DY 6)" (DF) ) — V(o)

2
V() = 12 (676) + A (6 0)
CouplingA > 0. Complex Higgs doublet:

. ) * /
b = ( f;g > . iDY) =g, — 97W§—%Y¢Ba

For 12 > 0, we have a theory for spin zero particles with mass
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Lagrangian generating fermion masgesm(ygL + ¢ ¢R)):

Lyukawa = — Ge (KﬁbeR + aquXL) + ...

-and extended with similar terms for all doublets...
NB! Up to now: Completely gauge symmetric Lagrangian !

Later: Physical intepretation i spesific gauge !
- Via the “Higgs mechanism”

Challenge: Mass term for a vector fieM,() has the generic form:

['Mass - m\2/ Va e
Such terms should appear for thé"- andZ-bosons.
Mass terms for fermions should also appear in the correct way
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Spontanous Symmetry Breaking (833)

For ;2 > 0, the minimum oiV(¢) is at¢ = 0, or (0|¢|0) = O for the
guantum case.

If 1 is assumedo be imaginary, ang? < 0,V has minimum for a
value|¢| # 0, SSB (= Vac. has not full sym of dynamical egs.) will
occurr, and the vacuum value of the fieldnay be taken to be

Y e R
0010 = v iv=y e w= (9
This form of xv give a massless photon.

With SSB, a triplett! (x) of massless neutral (Goldstone) boson fields
and one massive neutral Higgs figddwith massmy = /—2u?

appear.
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The Higgs mechanis:'

Goldstone triplet fields' used as gauge parameters and transformed
into three linear combination®\(%), Z) of Wk andB,, to make them
massiveThis very speciaBU(2). x U(1)y gauge transformation
containing Goldstone fieldd:

1
(V+H) xv

V2

This is the “Physical gaugi’

H is the physical Higgs boson.

After Higgs-mechanism:

All transformed fields depend on the Goldstone figlds

The vector bosonWL get an additional longitudinal terﬁwﬁ=i and
thereby obtains a mass

¢ ¢ =Ugo =
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Figure:Electroweak vertices we shold have and some dictated by
SU(2). x U(1)y gauge symmetry. There are also vertices with the Higgs
bosonH.

The couplings for the physical bosonszZ, W+ will be

a4 —as _ 9 _ 9 _ g
€= 0y _gSIrﬂW)gZ_ CO§ngW_ ﬁ,tarﬂw— g

Partial Unification: Three couplings has become tﬂo !

Exp. : sirffw ~0.23. FromoemandGe, findv ~ 246 GeV.
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Figure:Examplesee— ff andee— W+ W~

Masses ofV andZ-bosons (The photof remains massless)

1 1 My 1
My = =gV .My = = _
w=39V. Mz =3 My _ codhw

This relation must hold experimentally!{!up to higher correct.)
Gauge inv= relations between couplings, masses
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Quantum chromo dynamics (QCI))

. l y
Loco = 07" (10, — &AL —mg) q — ZFHF,
The field tensor an extra term

i = (0,A7 — O.A%) + gsTAAT

o All the six quark fieldgy (g = u,d, s, c, b, t) have 3 components
(i.e 3 Dirac fields) t? are generators (8 3-matrices) of the
gauge grousu(3)c)

@ Important: Vector bosons interact among themselves! Waitobt
triple and quartic vertices. The triple gluon vertex haswitc
consequences for QCD compared to QED.

@ Argument for (at least) three colors: Otherwise the paricle
2~ (ss9 cannot be explained! Remember the Pauli-principle !
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Quark-quark and quark-gluon scattering

@ QCD is significantly different from QED due to triplet coupdj

@ The gauge coplings is universal the same for quark-gluon and
triple gluon couplings

o Perturbative QCD breaks down for low energies (say 1-2 GeV).
See later.
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Higgs-production and dec]y

Figure:Feynman diagram for Higgs production through gluon fusiomd
decay of Higgs to two photons

NB! : A proton at high energy contains gluons. Two protondide
and the Higgs particle appear as a collision between a ghoon f
each proton
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Figure:Example: “Penguin diagram”.Perturbative weak and strong
interactions in play. AND Non-perturbative QCD

A diagram to illustratek; — 77~ -or 27°. CP-violation is different
for charged and neutral pions (THeeffect) The non-perturbative
QCD part difficult...(Attacked by Lattice gauge theory).
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Quanium TIUCIatIOHI

Figure: Diagrams explainingem, which grows with energyévem ~ 1/129
at energy =M. Alternative: Modification of Coulomb potential

Figure: Diagrams explainings, which become smaller with growing
energy. The quark and the gluon loops have different sighs.gfuon loop
dominates.Dramatic consequenses.
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QED

QLD

E\r\era'\.
Figure: Qualitative behaviour of effective., and of effectivexg

*Perturbative QCD breaks down at small energies! Other aukth
needed. Quark models ?, Lattice gauge theory

Exp.: as(M3) ~ 0.12 = a5((1GeV)?) ~ 0.5(+10%) ,
as((0.7GeV)?) ~ 0.6 to 1.2
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Breakdown ofSU(3)_ x SU(3)g - symmetr

* Chiral sym. L-R symm breaks dows- Goldsone bosonsr(K, n)
For light sectorg = (u,d,s) (= q. + Or)

Loco = TL(y+iD) qu + Tr(y-iD) dr + Me(AL dr + GrOL) + Lo
is (for my — 0) symmetric under the unitary transf.
g — Via ;0r = VROR ; VL = ViV =1; ViVg#1.
SSB in QCD (NB. : No parity doubletsy:- quark condensate

(qd) = (0/qq|0) =~ (~240MeV)® # 0

QCD has a non-trivial vacuun¥- SU (3) x SUr(3) symmetry of
QCD (formg — 0) breaks down
Gluon condensate textcolorr¢gsG?) ~ (300 to 400 Mey* # 0
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Chiral perturbation theo:I/

The meson octetr(; K, ) are Pseudo-Goldstone bosons

f2
LopT = iTr[(@MU)(a‘LUT )] A+ e 1)
wheref is the decay constant from the decay- pv,
U = expir?r?) (2)

Sum runs over octetr( K, ), A\? are generators fdU(3)r

® One hasnt ~ —(qq) myq/f2,
o SU(3)g-symmetric Chiral perturbation theory®PT)for mesons
and baryons contains a lot of terms , anélln-renormalizable

@ Chiral quark model{QM) can be used to determine some
coefficients of terms)(QM connects quarks to mesons)
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The SM is robug

Valid as far as we can measure

BUT: pert. QCD breaks down at low energies.
Lattice gauge theory may/should solve the problem

Gauge-symmetric theories chosen because:

Gauge theories arenormalizableand have a minimum of
parameters.

Various speculations beyond the SM

Thank you !I
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interactions between fermion and gauge fields should be:

(£ = —g A" — gzjZz"

—gw (J'Ef) w4 jff)WH)“)

Physical weak and electromagnetic currents are known (&ir fi
generation):

. - _ 2_ 1-
= Z Qfyf =—eye+ 30U~ éde
f

j$7 = 7y, Le+ 1y, Ld

j;<1,_) = & Lrve + a’}’u Lu ;

whereL = (1 — ~5)/2, and the fermion fields are understood to be
the weak eigenstatds= fyy = f/ + fg.
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while gw = g/v/2, and the weak currents are

i =G5+ i)

The photonA,, andZ-boson fieldZ, are linear combination of the
transformedA3 andB,, bosons:

A, = cwB), + sw (W) ;

Z, = —swB, + cw (W)
sw = sidy and cyw = codyy, andby = weak mixing angle
Requirement to obtain the correct electromagnetic current

9. 3 1
tghw = g Q= (lw)s + 2Yf
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l /
i = (i + 31)
The elementary electric charge (= photon coupling) will be
g =9 Sinw

The neutral currer]'ﬁ timesthe couplinggz is nowcompletely
determinetl One chooses

gz = g/codw

i5 = (%) — sirfgwje",

. 1 ) 1 _
(7) = 5 evulve — 8.l + 5 @y Lu— D, Ld) .

where the fermion fields are understood to belhdransformed
onesf = fy = f/ + f4. Experimentallysir?fyy ~ 0.23

Jan O. Eeg D UIC U C CA



