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1 Symmetries and multiplets
(&) Isospin and Flavour

(i) 1t was hoped that this question would encourage studerrescall points
such as the following.

eThe student should make some attempt to describe a mubiloieé one

or any or a combaintion of the following themes:

* that it is a complete set of states which can be reached fiaxch e
other by (ladder) operators that rotate or move states afyhemetry

* that a mutiplet is the maximal set of states able to shareesom
propery under the symmetry in question

* that all the possible states of a theory may be partitiomeal i
non-overlapping multiplets — and where staigthin a given multiplet
cannot be distinguished from each other without breakiegsgmmetry
in question, while states inflierent multiplets in principle may be
distingushed from each other (e.g. by an observable of sanag &ven
if the symmetry is exact.

eThey should convey the impression that they realise thaRBU(
multiplets (whether they be flavour, spin, or anything etss) be
indexed by a non-negative integer (or half-integer) |, ¢adiing the total
spinjisospinwhatever. Elements of such a multiplet are distinguished by
a “z-component” (here denominatég) which differs froml by an
integer amount and satisfidg) < | as stated in the question. As such,
an element of an SU(2) multiplet might be denoted thbg2, —-1/2 >.

eThe isospin symmetry between up and down quarks, assothetes
qguark flavour statefs > and|d > with elements of an SU(2) doublet
thus:ju>=11/2,1/2 >, |d >=|1/2,-1/2 >. The student must give a
clear indication that hishe sees an association between these two
concepts.

eThe rules for analysing the struture of product statesd€stabntaining
two particles) are well known, and allow us to make assamistsuch
as:|1/2,1/2>11/2,1/2>=11,1 >

eLadder operators allow us to act on both sides of the aboveadcdliie
isospin structure of compound objects — eg allow us to deternvhy
11,0 > is %2)01/2, 1/2>11/2,-1/2 > +|1/2,-1/2 > |1/2,1/2 >) rather
thanﬁ(u/z, 1/2>11/2,-1/2> —|1/2,-1/2>11/2,1/2 >), so long
as we know the action of the ladder operators on all of thetdoest
components.

oT. . u>=0T,d>=Ju>,T_Ju>=|d>, T_|d >=0,

eKlebch-Gordon coés or ladder op rules of the form given by, in the
Bogon question below, allow explicit computation of (sasgspin-32
wave-functions, eg acting_ repeatedly ofuuu > to give things like
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13/2,1/2 >= %quud > +|udu > +|duu >).

e¢Orthogonality allows the remaining states (such as theettmark states
with isospin|1/2,1/2 >) to be found, and there are found to be two
copies of them ... those with mixed symmetry (symm under the
exchange 1,2) and those antisymmetric under the exchaBge 1,

eThis isospin symmetry thus places constraints on the s@ymimetries
wave functions have under flavour. These flavour constraitien put
together with similar constraints that wave functions hamder other
symmetries (eg colour and spin) and the Fermi-exchange gfmm
determine which hadrons can exist.

e\When working with mesons epbar) things work similarly, except that
T u>=-|d > T,|d>=0,T_[u>=0,T_|d >= —|u >, leading to minus
signs in a number of place, eg for mesois0 >= %Z(UJ— dd) in
contrast tagg combinations wherg, 0 >= %z(uu + dd)

eShow some diagrams withandd spaced out along a line, giod
likewise foru andd but with these two the other way round.

eUp to two of the nine marks may be awared for the overall
guality/consistency of the arguement, if prescribed bullet poiatgeh
not been hit but the argument still holds and seems deserving

(i) Here 1 want the students to again recall their bookwaevkere this time
they may wish to use points such as the following:

eDiagram foruds now looks like a triangle.

eThis symmetry not as good as the last (s heavier than u,dY}iburtct
too bad.

eGraphical explanation of combination of multiplets by sygmssition,
must make clear general form of SU(3) multiplet so that cariaer
why 3x3 = 8+1 and not (say) just “9”.

eStatement that we now have ladder operators that can aakeia th
different directions: (u,d), (u,s), (d,s)

eThat the multiplicity of the states in the interior of the ripllets (eg in
the centre of the 8) may be determined by looking at (for eXajtpe
way that the six ways of promoting the six states on the perypbf the
8 to the centre (by the use of the six ladder operators) leadtonwo
linearly independent states (which could be taken tej—?delﬁ —dd) and
%(uﬁ + dd — 2s9).

eShow some multiplets in a physical context — eg connect théo&he
pseudoscalar mesons, or the 10 to the baryon decuplet.

(b) Bogus Symmetry
This is not bookwork!

() 3 marks: (x) a,b,c all integers, (x¥@l<b and (xxx)|cl<b
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(i) 2 marks for saying indexes multiplets, whil@ andc index states
within multiplets

(i) 1 mark if you said either “it is théd = 1 multiplet” or “it is the state
containing the nine stat¢s-1, 0, +1}, 0, {—1, 0, +1} >" or something similar.
(iv) 5 marks total. | want to see some 2d rectangular arraysdk) centred
on the origin (1 mark) with it CLEAR that there is only one stateeach
vertex (1 mark) with the axes labelled “a” and “c” (1 mark) andlear that
there are 2b1 vertices along each edge (1 mark).

3 marks: The lightest bogons have-8) realised when$2 and|a=|c|. These
are the states on the diagnoals of talmultiplet. There are nine such states.

1 mark: The bogus symmetry is broken or inexact, as the stagesultiplet
do not all share the same mass.
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2 Leading-order Feynman diagrams for ggtt:

t 00000 y—t

t LQQAQ )J—=— 1

Leading order Feynman diagram fay ep tt:

o]
—+|

Answers might get points for including statements about@r{yhough not
limited to) the following:

esumming over final state colour combinations
eaveraging over initial state colour combinations

eexplaining what the proton pdf for the top quack) actually means (eg a statement
relating it to the probability of observing a top-quark gglmomentum frac in the
range K, x + dx]

othe need to sum over relevant contributing quark pdf flavéarthis case tt and g).
emaking distinction between sea and valance qupdds

eemphasising which pdfs are likely to be large in hadronstiteeproton and
anti-proton.

ewriting down an integral or dierential cross section related to
1 1
a(pp = X) o« f f Z pd fi(x,) pd f;(xa)o (i j — X)dx,dx?
0 0 i

(Note, of the 6 marks, at least 2 require the integral to b&sridown or described
in words.)
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Colour factors for g — tt: the ¢j and t vertices contribute &, and Y2l
respectively:

Clij — IK) = Zama

Forrr - rr,wehave = j=k=1=1:

8
C(rr‘erﬂ:EZul)z Slesr e =3 (14 3) - 5.

Similarly:
_ 1 1 1
2 _ —
C(99 — 99) = [(/12)+(/1 ]_Z( +§)—§
1(-2\ 1
j— 2 = — | — = —
C(bb — bb) = (/l 33) = 4( \/é) 3
Forrr - gg,we have = j=1andk=1=2, so
_ 1 1 1 1 1 1
Cor—gg) == > 825 ==(2325,+8.28 (1 -1+ ): =
( g9) 4; 11122 4( 1122 T A1 22) 4 \/§ V3 6

Forrg—rg,wehavea =1,j=2andk=21=1, so

5 1y 1 1 o1
C(rg—rg) = 4 Z/liz/lgl =12 (/&2/1%1 + /122/131) =1 1-1+i--i)= >
a=1
In summary, the allowed colour factors contributing to thatrx elementVi¢; are

C(T > 17) = C(g3 — 63) = C(bb — bb) =
C(rg > 13 = Clrb — rB) = (o7 — o) = C(gb — gb) = C(bF — b) = C(b— b3) =

C(rr — gg) = C(ri — bb) = C(gg — rT) = C(gg — bb) = C(bb — ) = C(bb — gg) = —é

All others are zero (this must be made clear to get full ctgdit

In g — tt scattering in high energy hadron-hadron collisions, tiitail state g
andg are not in a well-defined colour state, but rather eaclffecgvely an equal mix
(unpolarised mixture) of red, green and blue. The coloutdiaappearing in the@— tt
cross section (which contaiidl¢;|?) is obtained by summing over all allowed colour
configurations for the scattering, and averaging over tresipée colours of the initial g

andq (factor of 13 for each):
1\ 1\ 1\ 2
3><(3) +6x(—é) +6x(§)]—§.

11
Consider the production of &pair in a hadron-hadron collision, due to the

C tt ===
(IC(@a - ) = 5 3
interaction of two partons with momentum fractionsandx; :
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ps (45GeV)

XP
X1 P "X 60° j£>_‘_
T
t

The t quark has four-momentum (with= 45 GeV)

&

Ps = (4/P?2+ ME, p,0,0) = (V452 + 173, 45,0,0) = (178757,45,0,0) .

Since the transverse momentum of thethe same as that of the t, namely 45 GeV,tthe
z-momentum is 456sin 60 = 51.96GeV. Hence thd four-momentum is

Ps = (\/(p/ sin60)2 + n?, —p, 0, pcot60) = (180631, —45,0, 25.98),
and the four-momentum of thegystem is
Ps + pa = (359388 0,0,25.98).

The incoming partons have 4-momenkaR, 0, 0, x;P) and (&P, 0, 0, —x,P).
Conservation of energy and momentum then gives

(X + %)P = 35938866V
(X]_ - Xz)P = 25.98GeV

At the LHC, with beam momentB = 35005eV, we have

X1 = (359388 + 25.98)/(2 x 3500)= 0.055
X = (359388 - 25.98)/(2 x 3500)= 0.048

At the Tevatron, with beam momen®a= 980GeV, these equations give

X = (359388 + 25.98)/(2 x 980) = 0.197
X, = (359388 25.98)/(2 x 980)= 0.170

Measurements of parton distribution functiag(x) andg(x) show that quarks
dominate for momentum fractions> 0.15-0.2, and gluons dominate below this. Hence,
at the Tevatron, q— tt dominates, while at the LHC, the most likely production
mechanism is gg- tt.
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3 Write brief notes ortwo of the following topics:
(a) CP-violation in the Standard Model; [15]

An answer could include points such as (but need not be lihidgthe
following:

eUniverse is matter dominated - no evidence of regions ofuatiter (lack of
annihilation photons at matteanti-matter boundary)
¢To obtain small excess of anti-matter require CP violatioleat| of 1¢ + 1
baryons to every 10anti-baryons in early universe.
oCP violation in SM not sfiicient to explain baryon dominated universe
eDescribe parity.
eDescribe charge conjugation.
eAssuming CPT, CP violation implies violation of T.
eIn SM two place where CP arises: PMNS matrix and CKM matrix.
¢CKM and PMNS matrices are unitary.
eFor three generations can have a complex phase which givesoG@#an
eNot possible for two generations.
oCP violation observed in kaon system
eDescribe main features of CP violation in kaons
CP eigenstates
CP even decays tar and CP odd decays torr
CP states roughly correspond to KS and KL
At long distance have pure KL beam
But KL observed to decay tar at level of 01 %
explained by CP violation in mixing
CP violation enters in box diagrams becatge# V/;
eDescribe main features of CP violation in neutrinos. Largalgne as in
kaons, except:
Oscillating states have (essentially) infinite lifetimelao oscillate
without decreasing amplitude
Not yet observed, but not ruled out.
PMNS not CKM
PMNS much less diagonal than CKM

(b) electron-proton scattering and measurement of forriofag [15]
An answer could include (but not need be limited to) pointshsas the
following:

eElastic - proton remains intact
* Virtual photon interacts with proton as a whole (i.e. cadaty)
* Only one independent variable - scattering angle fullyedetines
kinematics, i.e. X = 1)
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elnelastic - proton is broken up
* Two independent variable - scattering angle and scatt@erkcoil)
energy fully determines kinematics, i.e. cannot assuxne=(1)
* Photon sees parton rather than whole proton

edefinex.

eCharge distribution has FT relationship to form factor - askein elastic
scattering

eIln general, eg high energy, form factors parametrise igmogan lorentz
invariant way. For example, via:

* ey = [A-YHR R

* F, part is electromagnetid;; pure magnetic (spin-spin)

* F, flat in Q2 suggestive of point like structure of quarks and is called
“Bjorken Scaling”

* F,(X) = 2xF1(X) “Callan-Gross relation” confirms spiryA

* Strong experimental evidence for above thus leads to gtsupport for
guark parton model.

* Experimental method for measurirtg or F; is to obtain diferential
cross sections ad severaftfdrent scattering angles and incoming electron

beam energies, to fit above formula
oCould give description of evolution of
2 .
d%gz = 4’5—,‘5 (1- y)% + Y2F1(X, QZ)] via other precursor forms _
(Rutherford Scattering and Mott Scattering purely electRosenbluth with

proton recoll at relativistic energies etc)
eDiscussion of experimental measurement at low energy

eExplain how in an experiment one can DETERMINE whether tlegtedng
was or wasn't elastic.

eDescribe physical experimeptsachinegletectors that have performed such
measurments

eDue to form factor elastic scattering cross-section fallayarapidly withc?.

(c) helicity, chirality, and the Dirac equation.

An answer could include (but not need be limited to) pointshsas the

following:

eThe Dirac equation in its “common” formiy“d, — m)yr = 0

eThe Dirac equation in Dirac’s formr.p + fm) = i%f
eStatement of or evident recognition of fact tlhap + sm) is Diracs free

Hamiltonian.

eDerivation of necessity of four-component spinors basedesire for 1st
order equation. As part if that process, would expect thaperties ol andg
matrices would be determined:

2 _
as=1
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=1

y

az=1

g =1
CZi,B+,BCL’i=O

ajaj + aja; =0ifi # |

eand the need for them to be hermition to ensure that the hamalh stay
hermition be also established.

eBonus if all that is derived well, rather than merely stated.

eEstablish connection between gammas and alphasg, y' = Ba;.

eEstablish that solutions of the Dirac equation sucly asu(E, p)é*—&) are
allowed, so long as the componentauafatisfy some constraints (see next
bullet point)

eNote that the constraintsmust satisfy can be expressed as the Dirac equation
in “momentum” form: ¢*p, — mju = 0.

eNote that this leads to four possible linearly independdésme wave solutions
for any fixed momentum vectgr and massn of which two end up
representing particles, and two anti-particles.

eComment on relationship between anti-particles and negatiergy solns.

eStatement that solns of Dirac equation have (spin-halfinsic angular
momentum.

eDirac particle predicion that parity of particles and gpdirticles is opposite

eNote that the two “particle” (or for that matter anti-patég solutions can be

thought of in many ways, eg:
“Just linearly-indep solns, withot interpretation”, “sta of dtterent

parity”, “states of diferent helicity”, “states of dierent chirality” etc.

eDescribe, derive or define the charge conjugation opefator

bonus: demonstrate clearly that student understands éfiattibn of C is

inseparable from the concept of interaction (eg as evidébgehange in sign
ofe...)

eDescribe Helicity operator as that taking component of apuirection of
motion, eg:X.p/|pl and note that this is conserved with the motion

eDescribe Chirality projection operatorBk = (1 +y°) andP. = 1(1 - y°)
and how they allow decomposition of spinors iRR@ndL parts via
¥ =31+ W+ 30 -7

eNote that chiral and helicity states are in generéledent but become closer
and closer to each other in the high momentum or low massdimit

eNote that chirality is not typically conserved with moticex€ept in the above
limiting cases).

eNote that the vector and axial-vector parts of all the guaggractions can be
thought of primarily coupling to states of definite chiraldr definite
mixtures of chirality, whereas it is usually more helpfuldonsider
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propagation of particles over long distances in the hglisésis as it is
conserved with the motion

elllustrate with examples, such as decay of charged pionlégtmn and
neutrino, with neutrino decay favoured over electron (deseduction in
phase spce) as helicity conservation and chiral intenactie pulling in
different ways.

(d) Higgs searches and the Higgs boson [15]

eHiggs decay possibilities are strong function of mass ofisjgending to want
to go to heaviest kinematically accessible particle, hesa@eches are very
specific to mass range, and can have narrow region of appitgabist some
of them, eg:
* h->gamma gamma (VIA TOP LOOP!)
* h->bb
*h->WW
*h->ZZ
eIndirect constraints (100-1000 GeV) from accurate top kgaerd w-mass
measurements (two marks here, as have to give some indicatlmwwhy
higgs mass shouldi@ct w mass..., and mention log)

eDirect LEP search constraintsy(>114 GeV) from production with Z-boson

eneed for b-jet tagging at LEP to distinguish tiny>Hbb signal from under
gigantic Z+jet backgrounds

o[ HC was designed with indirect higgs mass bound(s) in mindjscover
Higgs with mass anywhere from 100 to 1000 GeV.

¢ HC has discovered particle consitent with higgs at 125 GaV i

¢Still need to see that has right spin and coplings to all gplagticles before
can be really “really” convinced that it is “the” Higgs bosdiut seems likely.

o HC bumps seen principally in gamma gamma and in 22->4 lepton
modes, in two dierent experiments.

eCombined probabilty of bg fluctuation 107°

eOther higgs bosons could still be found at less than SM ptedlicross
sections.

eThe Higgs boson is electrically neutral but carries weakengparge of 22
eDoes not directly couple to photons (as they are massless)
eDistinguish higgs field from higgs boson

enote how masses for fermions enter as yukawa couplings

enote how spontaneous symmetry breaking gives mass to weakibo

END OF PAPER
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