
16 Weak InteractionsThe weak interactions are mediated by W� or (neutral) Z exchange. In the case of W�,this means that the 
avours of the quarks interacting with the gauge boson can change.W� couples to quark pairs (u; d): (c; s); (t; b) with verticesu dW+ c sW+ t bW+as well as to leptons (�e; e): (��; �); (�� ; � ) with vertices�e eW+ �� �W+ �� �W+Note that in these interactions both quark number (baryon number) and lepton numberare conserved.It is this process that is responsible for �-decay. Neutron decays into a proton becausea d-quark in the neutron converts into a u-quark emitting a W� which then decays into anelectron and anti-neutrino. dudnf uudgp��eeW�The amplitude for such a decay is proportional tog2W(q2 �M2W c2) ;where gW is the strength of the coupling of the W� to the quarks or leptons and q2 =E2q=c2� jqj2, where q is the momentum transferred between the neutron and proton and Eq97



is the energy transferred. This momentum is of order 1 MeV=c and so we can neglect it incomparison with MW c which is 80.4 GeV=c. Thus the amplitude is proportional tog2WM2W c2 :The coupling gW is not so small. In fact it is twice as large as the electron charge e. Weakinteractions are weak because of the large mass term in the denominator.At modern high energy accelerators, it is possible to produce weak interaction processesin which jqj � MW c or even jqj � MW c. In such cases weak interactions are larger thanelectromagnetic interactions and almost comparable with strong interactions.16.1 Cabibbo TheoryParticles containing strange quarks, e.g. K�; K0; � etc. cannot decay into non-strangehadrons via the strong interactions, which have to conserve 
avour, but they can decay viathe weak interactions. This is possible because W� not only couples a u-quark to a d-quarkbut can also (with a weaker coupling) couple a u-quark to an s-quark so we have a vertexgW sin �cu sW+with coupling gW sin �C, whereas the u� d �W coupling is actually gw cos �C . �C is calledthe \Cabibbo angle" and its numerical value is sin �C � 0:22.This coupling allows a strange hadron to decay into non-strange hadrons and (sometimes)leptons.Thus, for example the decay � ! p + e� + ��eoccurs when an s-quark converts into a u quark and emits a W� which then decays into anelectron and anti-neutrino. The Feynman graph isdus�f uudgp��eeW�98



Likewise, the c-quark has a coupling to the s-quark with coupling gW cos �C and a couplingto a d-quark with coupling �gW sin �C.c sW+gW cos �C �gW sin �Cc dW+This implies that charm hadrons are more likely to decay into hadrons with strangeness,because the coupling between a c-quark and a s-quark is larger than between a c-quark anda d-quark.We can piece this together in a matrix form as followsgW � d s � cos �C sin �C� sin �C cos �C ! uc !This 2 � 2 matrix is called the \Cabbibo matrix". It is described in terms of a singleparameter, the Cabibbo angle.Since we know that there are, in fact, three generations of quarks this matrix is extendedto a general 3 � 3 matrix as followsgW � d s b �0B@ Vud Vus VubVcd Vcs VcbVtd Vts Vtb 1CA0B@ uct 1CAThe 3 � 3 matrix is called the \CKM" (Cabibbo, Kobayashi, Maskawa) matrix. Quantum-mechanical constraints lead to the conclusion that of the nine elements there are only fourindependent parameters. Comparing the CKM matrix with the Cabibbo matrix we see thatto a very good approximation, Vud � Vcs � cos �C and Vus � �Vcd � sin �C .16.2 Leptonic, Semi-leptonic and Non-Leptonic Weak DecaysBecause the W� couples either to quarks or to leptons, decays of strange mesons can eitherbe leptonic, meaning that the �nal state consists only of leptons, semi-leptonic, meaningthat the �nal state consists of both hadrons and leptons, or non-leptonic, meaning that the�nal state consists only of hadrons. For strange baryons only semi-leptonic and non-leptonicdecays are possible because baryon number is strictly conserved - so there must be a baryonin the �nal state. Lepton number is also strictly conserved which means that a chargedlepton is always accompanied by its anti-neutrino (or vice versa) in the �nal state.For mesons, examples are:Leptonic decay K� ! �� + ���99



K�fs�u �����As well as converting an s-quark into a u-quark to emit a W�, it is also possible to create aW� from the annihilation of an s-quark with a �u anti-quark.Semi-leptonic decay K� ! �� + ��� + �0�usK�f u�ug�0�����W�Non-leptonic decay K� ! �0 + ��s�u �udu�uW�K�f g ��g�0Note that mK > 2m� which is why this non-leptonic decay mode is energetically allowed.In the case of baryons, we have already seen an example of a semi-leptonic decay, � !p e� ��e. An example of a non-leptonic decay is� ! p ��
sud udu�f gpg��d�uA W� is exchanged between the s-quark and the u-quark in the �, converting them intoa u-quark and a d-quark respectively. A u� �u quark-antiquark pair is created in the processin order to make up the �nal state hadrons of a proton and a negative pion.100



16.3 Flavour Selection Rules in Weak InteractionsSince in the exchange of a single W� an s-quark can be converted into a non-strange quark,it is highly unlikely that two strange quarks would be converted into non-strange quarks inthe same decay process. We therefore have a selection rule for weak decay processes�S = �1Therefore, hadrons with strangeness -2 which decay weakly must �rst decay into a hadronwith strangeness -1 (which in turn decays into non-strange hadrons). Thus, for example, wehave �0 ! � + �0The same selection rules apply for changes in other 
avours (charm, bottom).16.4 Parity ViolationThe parity violation observed in �-decay arises because the W� tends to couple to quarksor leptons, which are left-handed (negative helicity), i.e. states in which the component ofspin in their direction of motion is �12�h.W� always couple to left-handed neutrinos. For quarks and massive leptons the W� cancouple to positive helicity (right-handed) states, but the coupling is suppressed by a factormc2E ;where m is the particle mass and E is its energy. The suppression is much larger forrelativistically moving particlesIn the case of nuclear �-decay, the nucleus is moving non-relativistically, but the electrontypically has energy of a few MeV (and a mass of 0.511 MeV=c2), so there is a signi�cantsuppression of the coupling to right-handed electrons. This is what was observed in theexperiment by C.S. Wu on 60Co.For the coupling ofW� to anti-quarks or anti-leptons, the helicity is reversed -i.e. theW�always couples to positive helicity anti-neutrinos and usually to positive helicity e+; �+; �+or to antiquarks, with a suppressed coupling to left-handed antileptons or anti-quarks.A striking example of the consequence of this preferred helicity coupling can be seen inthe leptonic decay of K+. K+ ! �+ + ��K+�� �+L.HL.HIn the rest frame of the K+ the momentum is zero, so the �+ and the �� must move inopposite directions. The K+ has zero spin, so by conservation of angular momentum, the101



two decay particles must have opposite spin component in any one chosen direction (e.g. thedirection of the �+. This means that they have the same helicity. This means that the W�couples to the left-helicity anti-muon, �+ and such a coupling is suppressed bym�c2E�If we look at the decay mode K+ ! e+ + �e;the same argument would lead to a suppression (of the decay amplitude) ofmec2Ee :Since me � m� we expect the decay into a positron to be heavily suppresses. In fact weexpect the ratio of the partial widths�(K+ ! �+��)�(K+ ! e+�e) = m2�m2e � 4� 104This coincides very closely to the experimentally observed ratio.16.5 Z-boson interactionsAs well as exchange of W� in which 
avour is changed, the weak interactions are alsomediated by a neutral gauge-boson, Z. This couples to both quarks and leptons but doesnot change 
avour.In that sense the interactions of the Z are similar to that of the photon, but there aresome important di�erences.� The Z couples to neutrinos whereas the photon does not (neutrinos have zero electriccharge).� The Z has a mass of 91.1 Gev=c2, so the interactions are short range - like the inter-actions of the W�.� The Z also has a coupling of di�erent strength to left-handed (negative helicity) andright-handed (positive helicity) quarks and leptons and so these interactions also violateparity.Nevertheless, in any process where there can be photon exchange, there can also be Zexchange. In terms of Feynman diagrams for e+ e� scattering into any pair of �nal stateparticles, we have 102



e�e+ 
but also e�e+ ZThe �rst diagram (photon exchange) has a propagator1=s;where ps is the centre-of-mass energy, whereas the second diagram (Z exchange) has apropagator 1s�M2Zc4 :For relatively low centre-of-mass energies for which ps � MZc2, the second diagram maybe neglected and the second diagram gives a negligible contribution. But as ps grows tobecome comparable (or greater than) MZc2 both of these diagrams are equally important.The Z and photon can both couple to W�, so we get interaction verticesandW+ W�Z W+ W�
The interaction between the photon and W� is not surprising since the W� are charged andwe would expect them to interact with photons, with coupling e. The interaction of W�with the Z is similar but has a di�erent coupling.The coupling of the Z and photon to the W� was con�rmed at the LEPII experimentat CERN where it was possible to accelerate electrons and positrons to su�cient energiesto produce a W+ and a W� in the �nal state. From the coupling of the W to electron andneutrino the Feynman diagram for this process ise+e� � W+W�103



but because of the coupling of the Z and photon to W� we also have diagramse�e+ 
 W�W+ e�e+ Z W�W+The data from LEPII clearly show that these graphs have to be taken into account
It turns out that the Standard Model of weak and electromagnetic (\electroweak") inter-actions, developed in the 1960's by Glashow, Weinberg, and Salam, gives a relation betweenthe weak coupling gW , the (magnitude of the ) electron charge, e and the masses of the Zand W� MWMZ = cos �Wwhere �W is known as the weak mixing angle.e = gW sin �W = gWvuut1 � M2WM2ZThis enables us to make an order of magnitude estimate of the rates for weak processes atlow energies.At energies� MW c2, the amplitude for a W� exchange process is proportional tog2W4��0M2W c4 ;so that the rate is proportional to  g2W4��0M2W c4!2 :104



Now for a weak decay rate we want dimensions of inverse time, so we need to multiply thisby something with dimensions of the fourth power of energy divided by time. The onlyquantity proportional to the energy is the Q value of the decay, Q� and to get inverse timewe can divide by �h so we get an estimateRate �  g2W4��0�hcM2W c4!2 :Q5��hThe pre-factor is actually quite small. For example, for muon decay Q� � m�c2, and themuon decay rate is actually 1�� = 1768�3  g2W4��0�hc!2 m4�M4W m�c2�h :We know g2W4��0�hc = e24��0�hc sin2 �W = �sin2 �Wand sin2 �W = 1 � M2WM2Z :Therefore from the measured masses of the W and Z we can determine the muon lifetime.16.6 The Higgs mechanismThere is one further particle predicted by the Standard Model of electroweak interactionswhich has not yet been discovered.This arises from the mechanism, discovered by P.Higgs, by which particles acquire theirmass. The basic idea is that there exists a �eld, � called the \Higgs �eld" which has aconstant non-zero value everywhere in space. This constant value is called the \vacuumexpectation value", h�i.In the absence of this �eld it is assumed that all particles would be massless and wouldtravel with velocity c. But because of their interaction with the background Higgs �eld theyare slowed down - thereby acquiring a mass, MM = 12 gHp�0�hch�i;where gH is the coupling of the particle to the Higgs �eld ( the denominator factor p�0�hcgives it the correct dimensions.) This mechanism is part of the Standard Model.The Higgs �eld couples to W� with coupling gW so thatMW = 12 gWp�0�hch�i:105



Inserting gW = e= sin �W with cos �W = MW =MZ and MW = 80:4GeV=c2, and MZ =91:2GeV=c2, we get the value of the vacuum expectation valueh�i = 250GeV=c2Other particles couple to the Higgs �eld with couplings that are proportional to theirmass.In the same way that there are quanta of the electromagnetic �eld which are particles(photons), so there must be quanta of the Higgs �eld. These are called \Higgs particles".They must necessarily exist if the Higgs mechanism for generating masses for particles is tobe consistent with quantum physics.Although these particles have so far not been discovered, we expect to see them soonafter the LHC starts running. So far we know the following about these particles (assumingthe Standard Model to be correct).1. They have spin zero. This follows from the fact that the vacuum expectation value hasto be invariant under Lorentz transformations - so that it is the same in all frames ofreference.2. They couple to W� and Z (which are consequently massive).3. They do not couple to photons (which are massless) so they are uncharged.4. They do not couple to gluons (which are massless) and so they do not take part in thestrong interactions.5. Their coupling to massive particles is proportional to the particle mass.6. Their mass is greater than 115 GeV=c2 (they were not seen at LEPII).7. It is expected that their mass is less than 200 GeV=c2.Unless the mass of the Higgs particle is almost at the limit of item (7) above, they willnot be su�ciently massive to decay into W+W� or two Z particles. They will decay intoquark-antiquark or lepton-antilepton pairs. They will therefore decay into the most massivequark-antiquark 
avour possible, because their coupling to quarks is proportional to themass. The t-quark mass is 175 GeV=c2 so that they cannot decay into a t� �t pair. The nextmost massive quark is the b-quark and so we expect the decay to be predominantly into ab� �b pair. H b�bThe b-quark and �b antiquark are not observed directly, but they will convert into two jetsof hadrons, one containing at least one hadron with a b-quark and the other containing atleast one hadron with a �b antiquark. This will be a clean signal for Higgs decay.106


