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“Discovering” QED, QCD, and Electroweak theories

This note is intended to highlight the main ideasl aliscoveries related to the development of theorh of
electromagnetic, strong, and weak forces.

Status as of 1930s and early 1940s

Electromagnetic Force:
Dirac equation for spin-1/2 particles combined wéilectromagnetic field equations (spin-1 massledd)f
led to formulation of Quantum ElectroDynamics, oEQ) Standard perturbation techniques lead to
spectacular successes, e.g., in describing atqraatrescopy.

However, 2 order loop-corrections were found to be infiniteieh plagued the further development...

Weak Force:
Enrico Fermiformulated in 1933 a 4-fermion model of weak int¢i@ns with a plain constant matrix element
M=G ~ 10° GeV2 This theory beautifully described at the timekaibwn weak force mediated phenomena,
e.g., heutron decay.

But it leads to rising cross-section with energge(®arlier lectures)r ~ G7(47)S(&pin factors).This can
also be easily seen from dimensional analysigGeV?] ~ M’s [GeV*GeV?]. The total cross-section for
scattering with a particular angular momentum camexceed the unitarity limit of,=4 7£J+1)/s. The Fermi
model cross-sections would exceed the limit avatfandreds GeV (accurate calculations gi%e300 GeV).

In addition, theoretically, the Fermi model worksiyin the first order.. 2"-order divergences are actually
much worse than in QED...

The problem could be overcome by assuming thaetier force mediator, a charged heavy particle of
massm and couplingg such thaM=g%(m*+q?) had a low energy limig?/n? = Gg.

Strong Force:
The best take on that was made by Yukawa in 1B85assumed the existence of ~100 MeV particle that
would be the mediator of the force. But no realriative theory existed....
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Quantum Electrodynamics (QED)

1947-8 Tomanaga Schwinger, and Feynmanindependently find a solution for the loop-divenges. It is called
renormalization: the diverging integrals can beasafed and uniquely included in the coupling canmtsta
and particle masses. Thus one can redefine thgelsand mass that we observe in the experimenthatd t
are finite as a combination of "bare", unphysig#inite charges and masses and magically cancéhie
divergent integrals. The procedure may sound uglig ©ften referred to asweeping the problem under
the rug, but it actually works to astonishing precisidrhis moment can be considered the birth of the
coherent theory of QED. We will discuss this later.

QED: Carrier of the force: masslesgin-1neutralphotons
Particles subject to the force: any particle dagelectric chargéparticles are allowed to have masses)
Electromagnetic interactions: any interaction imirmy photons

Tomanaga Schwinger, and Feynman shared the Nobel Prize in 1965 "for their fundataemork in
guantum electrodynamics, with deep-ploughing conerges for the physics of elementary particles"

Important note:

Local gauge invariance '
Require that a Lagrangian is invariant under gaugensformationfAX) — éqg(x)gb(x), where g is an
electric charge an#(x) is an arbitrary function of coordinates. Whenré¢hare more then one kind of

“charge”, ¢ should be treated as a vector (components becdifezedt “charges”) and becomes a
matrix.

Local gauge invariance typically results in renoliradle theories.
The local gauge invariance can be satisfied ortlyafcarriers of the force are massless.

Caveats:

Strictly speaking, in an Abelian theory where thisrenly one kind of charge (QED is an exampleughs

a theory), one can write Langrangian which is neiuge invariant, but would nevertheless result in
renormalizable theory; in particular, “photons” calme massive without breaking renormalization.

Also, local gauge invariance by itself is not arsaloitely sufficient condition for renormalizability
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Quantum Chromodynamics (QCD)

1954  Young, Mills introduced a theoretical framework for masslegsn-1, self-interactingparticles. This will
become a starting point for the Strong force arettEb\Weak theories.

1963 Gell-Mann andZweig proposed a model of quarks
1963 O. W. Greenbergsuggested that quarks occur with three differetdrachargested, green, blue

1969 J. D. Bjorken argues on phenomenological grounds that the restilfse deep inelastic scattering imply
that a proton, when probed with sufficiently lampementa, looks like a bunch of essentially foedound
partons (so-called Bjorken scaling). This was erely amazing as no one could think of how the short
distance strong force could be at the same timgwegk at sub-nucleon scales.

1971 G. 't Hooft proved that the theory of massless Young-Millsdfselvas renormalizable.

All one had to do is to arrange quarks in threecbiplets and allow transitions between them ans of Young-
Mills fields. This automatically gave an octet (8)color-anticolor charged massless spin-1 caofdhe force that
we call gluon&
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1973 Gross+Wilczek, Politzer (two independent papers) obtain the "asymptotieedom" property of
interacting Young-Mills field theories. This is thesolution of the apparent Bjorken scaling paradox

1973 Weinberg, Fritzsh+GellMann+Leutwyler, Gross+Wilczek (three independent papers) write down the
final QCD Lagrangian. The Lagrangian can be edsilit by imposing the local gauge invariance with
three color charges (cf one kind of charge in QED).

QCD: Carrier of the force: masslesgin-1self-interactinggluons (8 of them)
Particles subject to the force:
- quarkscarrying_color chargéparticles are allowed to have masses)
- gluonsthemselves, as they carry color charges
Strong interactions: any interaction involving ghso

—Th —gb
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The property of asymptotic freedom, when turneduad, actually implies that the strength of quark
interactions becomes larger and larger as the ctaaistic momentum transfer decrease. l.e., thengtr
force keeps increasing as the distance separatizugs) gets larger. This is what probably causeskgita

be forever confined in hadrons—the property of owmrhent.

2004 Gross, Politzer, Wilczek receive a Nobel
Prize for the discovery of asymptoti
freedom in the theory of the stron
interactions

! There are nine possible color-anticolor combimajmne of which is actually a color singlétr(+ gg + bb ) /+3.
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Important side note:

One can conveniently visualize a quark-antiquark, @& it starts separating after being hit verydhatretches a
string of field between them (a la rubber band)eriually the rubber band breaks in a few placesctwtvill go
into the kinetic energy of smaller pieces. New feemtiquark pairs are born in the break points gmedpieces get
isolated from each other. The notion of jets, sprays of particles flowing in the direction of tlegiginal
quark/gluon, was born. The higher the energy, tbeermollimated are jets, which allows their beitemtification.
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The nuclear force between hadrons now can be treete@ remnant of the truly strong force betweearlkgiinside
hadrons (a la Van der Waals force between eletiiricautral atoms and molecules).
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Discovery of gluons

1975 Hansonand co-workers at SPEAR, Stanford, report seeijggsdin e+e—> hadrons.
Angular distribution of dijet axis with respectlieam line agrees with quarks being spin-1/2 desic

The key was to prove that jet-like structure is agimple statistically-driven combination...

1979  Experiments at PETRA at DESY report 3-jet &vehhe angular distributions of jets and the rafesuch
3-jet events were consistent with the hypothesibethird jet originating from spin-1 gluons.

Vector
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ElectroWeak Theory

To avoid nasty quadratic divergences in secondrotdep corrections in the four-fermion model of Wea
interactions, one can suggest that the carriehefforce is massive charged particle. Let's calVit Then, the
matrix element M will be
2
M=_9
T2 2
q°+ My

which at small energies would appear to be a cohsta

_ 9 _
_M_VZV_GF'

but at large energies would be similar to the dn@BD:

2
m=2
q
This should hopefully return us back in the realfnlagarithmic divergences that we can hide away thia
ingenious procedure of renormalization.

BUT #1: This does not quite work. Remember thatghege invariance, the key for renormalizationunexs that
the carriers of the force must be massless...

BUT #2: In 1956, it became clear that the weakradgons did not conserve Parity (to be discusatat), which
unfortunately implied that not only carriers of fioece, but also fermions were not allowed to haasses.

1961 Glashowargues that if there were massivé, tere also must be a neutral heavy boson. Laffst&’.

1964 Peter Higgsshowed that a combination of 1 field of masslesstar (spin-1) bosons and 2 scalar fields (or
one complex scalar fiel¢ with somewhat unusual potential Mg|*-p?$[)? can be_reinterpreteds 1
massive vector boson and 1 massive scalar. Tlisniay to sneak in masses in the theory that ig bnil
the gauge invariance principle.

1967 Weinberg, Salamindependently come up with a self-consistent dgsan of weak interactions mediated
by self-interacting vector bosoM*, W, Z°, whose masses are acquired via the Higgs mechartisis
means one (or more) additional scalar particlerHaddition, the same Higgs field conveniently akalw
one to sneak in masses of fermions! This is doraihoc manner and somewhat differently from theeca
of massive vector bosons, but nevertheless it doethe job. The photog was an integral part of the
overall picture.

The coupling strengtly (up to some mixing angle factors) was the samenathe electromagnetic
interactions. None of these assumptions could marted from without destroying the overall self-
consistency.

Fromg?n? = Gg, one could estimate that mass of charged bostfhd)ad to be of the order of 100 GeV,
by far much heavier than what could be producetieaticcelerators at that time... They also prediitted
lifetime to be very short, <1¥ s (plainly due to a huge available phase space).

It is interesting to note that while the electrgmetic part of the EW theory, QED, can exist bglitswhile
we the EW theory without the photon does not makeeki-contained “theory of weak interactions”.
Nevertheless, for convenience purposes, interatiovolving W and Z (either in t- or s-channel) aften
referred to as weak interactions.

2 A more conventional potential would be (42 The theory is well-behaved only with powers airti 4. Odd powers have no minimum and
are not gauge-invariant; while more than 4 powessld/make theory not renormalizable.
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W* massive bosons that would be responsible formaliln weak particle decays and neutrino interactions
Basic vertex diagrams involving charged W-bo$ons

e\g//e ,u\g//# U\M'
W W W
Where d' = @o9 + d3in@ is a mixture of d and s quarks introduced by Clabkio account for all

differences in weak decays with and without s-quadbolved (u-d and u- s), which, in addition, could
be unified with lepton-neutrino transitions.

Explain a little better:

aW - g

WW - g

udW - g' (a little smaller than g)

usW - g" (considerably smaller than g)

Cabbibo noticed that instead of 3 parameters (@"))' it seemed to be possible to get away with fwo:
g and©, so that g, g'=gc@s g"=gsi®. This could be nicely re-interpreted as if W capwith the full
strength g to ud', where d' ®8d¥ + d3inB, and had no sensitivity to us', where s' Sind + 609D (sate
orthogonal to d").

HOWEVER, the theory was clearly missing something.

The following second-order diagram would allow s#ions between s d u
and d quarks and would result in a number of K-medecay channels W
(KP4 i, K*> 1i'e’e) at the rates exceeding the experimental limits. | O --------
u V
7

fact, such decays had never been observed atntigeatnd still have not
been observed. Such processes are often referrad tiavor changing
neutral currents (FCNC): flavor of quark changest the charge does
not.
S

The new electroweak theory required a neutral masaibosort* with the vertices of the following kind
(muon and muon neutrino interaction are copiesi@fdlectron-kind ones):

e, € N Ve U, U d™~ U

§Z° izo izo EZO

The last diagram appeared to allow transitionsveeh s and d quarks d ,U+
in the first-order and would result in very largeaching ratios of
FCNC decay modes, e.g., the very same K-mesoryaddeanels. N _-______

ZO

% Interactions involving exchange with charged Werssare also known &harged Curreninteractions
“ Interactions involving exchange with neutral Z-oos are also known &teutral Currentinteractions
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1970 Glashow, lliopoulos, Maiani showed that existence of"4charm quark would solve all the problems of
flavor-changing neutral current decays (both vialde-W and Z exchanges!). They also argued on éisesb
of Ks and K ®mass difference that the mass of tﬁ‘eqdark could not be larger than 3-4 GeV.

The flavor-preserving Neutral Curreitteractions, however, would remain as procesebsiqusly, no
decays possible). The best channel to look for themld bev, + € - v, + € since all others will be
obscured by much larger electromagnetic or strateyaction cross sections or obscured by chargermur
weak interactions.

1971-2 G. 't Hooft and Veltman proved that the Weinberg-Glashow-Salam theoryyimgf electromagnetic and
weak interaction in one package (with four quaska}y renormalizable.

Weak Interactions:

Carrier of the force: massiwpin-1self-interactingrosons (W, Z°)

Particles subject to the force:
- allleptons and quarks
- W and Z bosonthemselves
- depending on your taste, you may also include phawit can split into a VWV~ pair or can

call it an electromagnetic interaction of the clear§V-bosons.
Weak interactions: any interaction involving W ahtéosons

Side Notes:

1964  The idea of the fourth (charm) quark was pidtforward by Bjorken and Glashow in 1964, whieds
based mostly on aesthetic considerations of woalgidind symmetry between 4 leptons and 4 quarks:

leptons e Ve Y7 Vy
charge -1 0 -1 0
quarks d u S ?
charge -1/3 +2/3  -1/3  +2/3

1972 Georgi and Glashowderived a general condition for a gauge theoryetdrbe of anomalies. E.g., the so-
called triangle fermion anomalies of the kinds shdwelow are particularly nasty in SM and must cance
out to keep the electroweak theory renormalizable...

Matrix element of the first onés M ~ 5 qi(cAi)z, where c,=+1/2 for all fermions in the loopx(for
"up"/"down" fermions in fermion doublets), and, tere, M ~ 2 ¢;.

charged fermionse ¢4 uuu ddd sss ?

charge -1 -1 +2 -1 -1 +2

Charm-quark of +2/3 charge, being a partner ofthy@ark in the same sense as the u-d pair, androtwtu
in three colors would do the trick. Note that Haene condition dissolves the second diagram a$ well

Note that the second diagram shown here has neéimentM ~ 5 Ca; (qi)z, also, disappears when the
fourth quark with charge +2/3 (is included.

1973 Kabayashi and Maskawashowed that by adding 3rd pair of quark8,ahd &', the CP-violation discovered
way back in 1964 could be made to be a natural-bujart of the weak interactiohs

® So-called GIM mechanism, we will discuss it later
® Mixed states of Rand™K°, we will discuss them later.
" To keep the triangle anomaly in bay, this profasitvould also imply existence of another pairegtbns!!!
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1979 Weinberg, Salam, Glashowshared the Nobel Prize "for their contributiongte theory of the unified
weak and electromagnetic interaction between eléangparticles, including, inter alia, the predictiof
the weak neutral current”

1999 G. 't Hooft, M. Veltman awarded the Nobel Prize "for elucidating the quemstructure of electroweak
interactions in physics"
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Discovery of Neutral Current (pre-discovery of 7)

1973 Old data from Gargamelle, large bubble cham
experiment at CERN, reanalyzed in search for possi
overlooked neutral currents.

Typical processes studied in this experimentsiezanwere
vy + N - W + anything

Out of 290,000 emerged 166 events that definii@bked
like Neutral Current ones,, + € — v, + €

Challenge in these studies was to distinguish tGeeMents
from possible background sources, most dangerdficudti
being neutrons kicked out by neutrinos from theemal in ;
the chamber metal shell... Nice cross-check is umiftyr
of the interaction points along the chamber thislmw i

(neutron have relatively large cross-section anduldvo "% sy =R ie
mostly interact at the upstream region of the chz!mL :

volume)

After measuring the CC and NC cross sections, tixngianglefy,, a parameter in the electroweak theory,
could be calculated and masses of W and Z coulebeaccurately predicted (up to small loop colitett
involving top quark and Higgs whose masses wellensti known).
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Discovery of WF and Z°

+
Z- and W-bosons, if directly produced, would dewath well predicted partial widths: H
0 ____
Z° 27wy, dd, €€, B, vy vy YA
The cleanest channel to search for is di-leptom péth the predicted mass _
M,~90 GeV U
+
W' = “du, su, v, Py, .. H
The cleanest channel to search for is a high enemgn (E>M,/2) and missing
energy (EisssMw/2), where the predicted mass,MB0 GeV W """
Vi
mid-1970

Discussions of what is the best way to reach tlsirelt energies to produce W and Z:

e+ e- collider?  The largest available is SPEABIZAC withVs=8 GeV
Already under construction PEP at SLAC and PEBRBRESY, both up to 30 GeV
Would need/s~90 GeV to produce Z an$~160 to produce W...
Synchrotron radiation ~(E/fR?...

p p collider? None ever built...
Would be great for W and Z productiomt +u - W, u+u - Z
Naively, would need only ~50 GeV per quark, TV per proton

p p collider? The largest built was 1IS”B=63 GeV
Naively, would need more energy ~ 200 GeV parkyu~ 600 GeV per proton

p fixed target accelerators? The largest a@GERN (SPS, 400 GeV) and Fermilab (500 GeV)...
This corresponds t6=2mE, orvs~30 GeV...

Rubia, Cline, and Mcintyre proposed to convert ghzes into pp colliders ...

1976  The race begins:
CERN bets on the minimum energy required, SppB ¥&£270+270=540 GeV, L~fbcm?s*
FNAL: first upgrade 500 GeV to 1 TeV; then, coriato p-bar withvs=1+1 = 2 TeV, L~1# cm?s*

1981  First p-pbar collisions at CERNLuminosity (Z10*") was way too low...
1982  CERN reached®?® luminosity, produced FOp-pbar collisions, UA1 and UA2collaborations cotkd
~10° events and sifted out 9 events looking like-\&b

8 Tevatron turned only in 1987
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Important signatures:
1) an electron with large transverse momentum
2) large imbalance in transverse momentum niceliching the transverse momentum of the electron

3) distribution dN/dp has a characteristic shape (so-called Jacobid) peaking at larger momentum
cut-off; this cutoff corresponds to half-mass of ttecaying particle:

COM frameandignoringspineffects;
A heavyparticleof masandecaysnto electrorandneutrino;

Both electrorandneutrinowill havep = m/2, p, = gsine, dN/d cosf = const

dN_  dN _2 dN _2 dN dcos . ._sing _ (2p; /m)
dp; d(r;sinﬁj mdsind mdcosd dsind cosf \/1—(2pT/m)2
dN _ (2p,/m)

dp; J1-(2p, /my

1983 UA1 and UA2 reported the discovery of W, isssibeing ~845 GeV
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1983 A few months later, UA1 and UA2 reported tiszovery of Z, its mass being ~91 GeV

T T T T T
TWO ELECTROMAGNETIC CLUSTERS
92 Events

(a) 4

QCD Background shape

Events per 4 GeV/c?

60
mass (GeV/c)

20 b (b) UA2: final selections 1
153 events ‘

]

Events per 2 GeV
B
—

39 events
[ (13 events background

1984 Rubbia andVan der Meer awarded the Noble Prize "for thei
decisive contributions to the large project, whield to the
discovery of the field particles W and Z, commutica of
weak interaction”




