Chapter 2

The Standard Model: Some Issues
Revisited

In this chapter we first present a short discussion of the standard model — rather its
electroweak part only — and some of its prime features. We discuss at some length the
problem of the fermion masses in general and subsequently the quark masses in particular.
A general account of quark mixing is given and is followed by the specific form for the case

of three fermion generations. The experimental limits on these mixingg are also presented.

Since color confinement makes it linpossible to observe free quarks, a direet meanurement
of their masses is not possible. However estimates can be made using different and rather

involved techniques and the result of such computations are presented without attempting

any kind of discussion of the methods.

Finally we move on to a discussion of the neutral meson mixings and C P violation. The
general form of the two independent parameters (viz. ex and €y ) giving a measure of CP
violation in the K°-KO system are derived and the expression for these in the standard

model calculated. A similar exercise is performed for the extent of mixing in the B9-BJ
system. ‘

2.1 The Standard Model

As has been pointed out in the last section, the electroweak gauge group to be considered

is SU(2)r, ® U(1)y, such that the left handed fermions transform as doublets of the SU(2)L,



and that the generator for U(1)em be given as a combination of the two diagonal generators.

Hence we have for the charge operator,
Q =aTls, +7Y. (2.1.1)

Considering either the lepton doublet (¥), or the quark doublet (3),, one immediately has
a = 1. Keeping in mind the fact that the right handed fermions do not participate in the
weak interactions and hence should be singlets under SU(2)r, one gets for the fermions’
transformation under the full symmetry group SU(3). ® SU(2), ® U(1)y to be

VI
= (e;) i@ (1: 2, "1/2)

L =
ei’R (1r 1, "1)
'
G = (:;’,) (3,2,1/6) (2.1.2)
sL
UiR (3,1,2/3)
iR (3,1,~1/3)

where ¢ denotes the fermion generation.

As the low energy symmetry evinced in nature is only SU(3)e ® U(1)em, we must break
SU(2); ® U(l)y down to U(1)em. The simplest way to do this is to take recourse to
spontaneous symmetry breaking involving a complex scalar field ¢ which transforms as

(1,2,1/2). Then the Lagrangian piece involving ¢ is

L4 = (D) (D*9) - V(9) (2.1.3)
where
D.p = (0.-igW,—ig'B,)¢,
Vig) = w¢le+r(ste), (2.1.4)
and W, = Wir*

W and B, being the gauge fields corresponding to SU(2), and U(1)y and g and g’ the
respective couplings. The only restrictions imposed on V(¢) are the requirements of renor-

malizability and gauge invariance.

For p? < 0, V(¢) is minimized at idﬂ‘q&[ = -§‘; = v%. Such a non-zero vacuum expec-

tation value (v.e.v. ) (¢) = (, /‘3/5) leads to a spontaneous breaking of both the SU(2),



and the U(1)y symmetry. However a different U(1) symmetry — which we shall identify

as electromagnetism — generated by the combination of the diagonal generators
Q=T +Y (2.1.5)

is still preserved. The three Goldstone bosons due to symmetry breaking [6] are absorbed by
three of the massless gauge bosons to appear as their longitudinal component thus rendering

the latter massive. The essence of this Higgs {7] mechanism is encapsulated in the following

brief discussion.

We reparametrize the scalar field ¢, writing its four real components in terms of four

new ones £; and 7 by
0 )

A

where U(€) = e~%T/?" with T; being any three independent generators of the gauge group

¢=U(£)(

that do not annihilate the vacuum.

Now taking advantage of the local gauge invariance of the theory one might as well work

with the gauge transformed field

L

¢ — ¢ =U—1(£)¢=((v+,,o)/v/§),
W, —» W —_-U‘IW,,U+§U‘18,‘U,
B, — B, :B,,+-;-U”‘6,,U,

and similarly transformed fermion fields.

Then (dropping the primes on the fields),

o1, 1 v + 7)?
Lo = 50u10n + 187(5' By W26~V (L{—“—) ,

and the gauge boson mass term reads
1
=" [(=9'Bu+ gW2) + (WL + (WYY .
Defining
Wi = L [wiziw?,
Z“ - W;“ €Oy 0W fand Bl‘ sin 0W, (2.‘..6)

AM = W;:A; sin 0W 4 B“ co8 01‘;’;



where

bw = tan™'(g'/g), (2.1.7)
we get
mw = 3gv,
mz = 3igusecfy and (2.1.8)
my = 0.

Thus with this special gauge choice (known as the unitary gauge), the bosonic spectrum
of the theory consists of a massless and three massive gauge bosons and the single neutral
scalar 77. The other three degrees of freedom of the ¢—field have been absorbed by the vector

bosons only to appear as the corresponding longitudinal polarizations.

Writing the quark (and similarly for the other fermions) gauge boson coupling term in

the new fields, we have
I (VEIWET +VIW Tt + W), + o' (7Y ¢, + TrY"Y ¢k) Ba
= SO WL+ T W) + g cosbw 2t (tan Y —7%)g, (219)
+9sin b AL 011" Qdl,.

We then see that the massless vector field A couples vectorially with the fermion current
and hence can be identified with the photon leading to the identification gsinfw = e. The
massive gauge bosons, on the other hand, couple only to the chiral currents leading to the

left handed weak interactions.

Looking now at the fermion masses, it is immediately apparent that we cannot write

bare terms as
Py = Pryr + YrYL

is not SU(2);, ® U(1)y invariant on account of 1y, being a SU(2) doublet and ¥ a singlet.
This is not a problem though as we can use the same mechanism to generate fermion masses
as for the gauge bosons i.e. spontaneous symmetry breaking. Recognising that the Yukawa

term ¢} d¢ is gauge invariant and of dimension (mass)?, we have

Lyu = 7 ¢o:dn;id + FIqun;d + FT, eh;, (2.1.10)



where ¢ = 72¢" and i, j run over the fermion generations i.e. dy =d, dy=38,dg=belc. In

the unitary gauge we then have
P 1 e
Lyu = (M,‘fu’muﬁgj + ;U—M,:’u’ln-u'ﬁjn + H.c.) + (W = d)+ (W —¢€), (2.1.11)
where M = vfiJ is the mass matrix for the up-quarks and similarly for the others.

The theory does not specify f3/ and hence the mass matrices in any way. All structures
for fi satisfy the symmetry requirements and these have to be determined only from
experiments. In fact, the matrices do not even need to be hermitian and hence cannot
be diagonalized by a unitary transformation. All is not lost though. As the left- and
right-handed fermions have different SU(2), and U(1)y quantum numbefs, one can define
distinct unitary tfansformation for each. This is equivalent to treating the mass term as
an hermitian operator in a 2n dimensional space (for n fermion generations) with a block
off-diagonal representation and defining a unitary transformation in U(2n) that is block

diagonal in the left— and right-handed subspaces.

Now using a result in elementary linear algebra that any nonsingular matrix can be
polar decomposed into a product of a positive definite Hermitian matrix and an isometric

matrix, we can define
ur, = Upuy, and ug = Upijg, (2.1.12)
such that
U zM,,U r = M, = diagonal and positive definite. (2.1.13)

Thus Uy, and Uy diagonalize the hermitian matrices M,‘M,It and MI M, respectively. Defin-

ing similar transformations Dy, i for the d-type quarks, we get

Lonass = TEMyug + dpMydp + egMeeg + H.c., (2.1.14)

and
JF =gy Kdy + Ty, (2.1.15)

where
K=UlD, (2.1.16)

is the Cabibbo-Kobayashi-Maskawa (CK M) matrix [8].
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At this stage an interpretation of the results is called for. The original primed fields
were the eigenstates of the-weak hamiltonian (H,x) but not of the full hamiltonian as
H,x does not commute with H, + H.n. The unprimed states are the eigenstates of the
total hamiltonian and hence have well-defined masses. The CK M matri; then represents
the modification of the charged current vertices for the physical quarks induced by quark
mixing. It should be noted that the corresponding matrix for the leptonic sector is but
unity. This is due to the absence of the v and hence a mass term for the neutrinos, as a
consequence of which the diagonalization matrix for M. can be absorbed into the definition

of the vr,.

The mixing matrix K lies in U(n) and hence is described by n® real parameters. Rec-
ognizing that ™C9 of these are nothing but the Euler angles for a real rotation, we find
that the complexity is due to the rest of the ™+1C, parameters. But of these, (2n — 1) are
of no physical significance as they can be absorbed by redefining the relative phases of the
quark wavefunctions. So at the end of the day we are left with 2n quark masses, "Cs real

rotations and "~1C, phases in the mixing matrix.

Henceforth we shall specialize to three generations (unless otherwise stated) as most
current experimental results favour such a scenario. Then the CK M matrix is 3 x 3 and
parametrized by three angles §;; and a phase § which, in this model, is responsible for C P
violation. For explicit calculations involving the C K M matrix, we choose the parametriza-

tion due to Maiani [9]:

C12C1 LIPTSK] A1y
—- '6 66 .
K =1 —s1303 — c12823813¢"  c12¢93 — 812823815€° sgacrae® | (2.1.17)
~i§ - )
8128236 — ciacpa813  —Ci2823e™ ~ 1303513 cazlis

where ¢;; = cos 8;;; 8;; = sinf;;.
While 8y, is very accurately determined from K3 and hyperon decays [10]
812 = 0.221 4 0.002, (2.1.18)

@23 and 613 are rather poorly determined. The value of s23 may be extracted from a
determination of Vg (since s23 = [Vis| to a very good approximation) from the semileptonic

B-meson partial width, under the assumption that it is given by the W-mediated process
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{o be
2,5

G
I(b— clmy) = 2228 F(m? /m}) Vs, (2.1.19)

where F(z) = 1 — 8z + 83 — 2! — 122%In(z) is a phase space factor. Thus

2 19273 Br(b - clvy)
®7 Gy nmiF(m2/m])

(2.1.20)

Using the experimental results for the branching ratio and the B-meson lifetime [11]

Br(b — cl7;) = 0.121 £ 0.008 7 = (1.16 £ 0.16) X 10712 sec, (2'1.2'1)
and the estimates for the quark masses (see section 2.2):
m, = (1.35 £ 0.05) GeV my = (5.3 4+ 0.1) GeV,
we get [12]} '

0.035 < 855 < 0.07 (2.1.22)

The charmless B-meson decay width puts a limit [14)2

0.07 < 8]3/823 < 0.22. (2.1.23)

The C P-violating phase § is allowed to adopt any value in the range [0,7] by the current

experimental results.

2.2 Quark Masses

In a renormalizable field theoretic treatment, the coupling constant and masses lose their
absolute meaning and become dependent on the momentum scale one is addressing the

problem at. This dependence arises from two sources, though the {wo cannot be demarcated

easily.

In quantum field theoretical calculations infinities creep up quite often and are taken
care of by what is called a ‘regularization’ prescription. Though there is nothing ad hoc

about this program, there do exist different inequivalent schema for this procedure, the

'The experimentul numbers quoted in this chapter are those used in [35,38]. Since then many of these
have been revised. For example, now one has s23 = 0.043+ 207 [13].
?Current limits [13] are 0.05 < 813/823 < 0.13.
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difference lying in the amount of the finite part to be subtracted alongwith the divergent
piece. Thus it creates a dependence on the momentum scale introduced, that is different in

different schemes.

However this implies that the physical quantities would depend on the renormalization
scheme adopted and the scale at which it is being performed, a situation clearly unacceptable
as starting from a unique Lagrangian, all measurables ought to have a unique value. This
then leads to the requirement that under a finite renormalization transformation, physical
predictions be invariant. Expressed in a different language, this implies that all renormalized
quantities should change with a change of the scale (equivalent to a finite renormalization
transformation) in a well-defined fashion and that the functional dependence of measurables
on these should change such that their (measurables’) value remains the same. These finite
renormalizations form a transformation group and the functional relations determining the
changes can be expressed as differential equations of evolution known as the Renormalization

Group (RG) equations.

When talking of quarks, the relevant theory of course is QCD and the RG equations
important in our study are those governing the evolution of the quark masses and the strong

coupling constant with the renormalization scale u:

d
n = Alo),
s (2.2.1)
dmi (9)m;
u' dﬂ e 7171. g 1

In the modified minimal subtraction (M §) scheme, the beta function and the anomalous
dimension are respectively given by [15]

_ Bo 5 B 5 7
ﬂ(g) - “(4“,)29 - (41{)49 +O(9 ), (2.2.2)
and
Tm(g) = i 4’:?)292 + 0 4?)4 gt +0(¢%), (2.2.3)
with
Bo = (11Cq —4TrNy)/3,
p1 = [34C% —45Cc + 3Cr)TrN;)] /3, (2.2.4)
Y = 6CF3 -
m1 = Cr[9Cr + 97Cg — 20TrNy]/3,
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where Ny = number of quark flavours, Ty is given by the normalization of the generators
[Tr(T“Tb) =N fTR] and Cg and Cp are the values of the quadratic Casimir operator
on the gluons and the quarks respectively. For SU(3), by convention, Tr = 1/2, and
Ce =3, Cp = 4/3 and hence

ﬁo = 11— —Nf,

B = 102- BNy,

70 8,

n = $(101-2ny).

The solutions to the differential equations are

It

Il

_ W _ 4 [ AL InZ
Qa(ﬂ.) = in = -ﬁ—O—L‘;[l ,B; +0 (( T ) )] s (225)
and
- L~/ Bryol+InL InL
mi(w) = 7 (5) [1- Rt zﬁgf: +0 (( . ) )] (2.2.6)

where L = In(u?/A?). Here A and 7; are the RG-invariant scale parameter and masses,
respectively defined through
e~Pug*(0) (111 A2 )’61 /8
and m;(0) = 7 (111 %?.r) e /ae )
A being the momentum cutoff. This then takes care of the perturbation theory induced
cutoff-dependence of the bare couplings. The arbitrary coupling constant g(0) is thus
replaced through ‘dimensional transmutation’ by a dimensionful parameter A, which along

with the quark masses are the only arbitrary parameters in QCD and would be fixed by
experimental data.

In all the above formulae the value of Ny to be used is determined by the energy scale of
the problem at hand, with the assumption that all heavier degrees of freedom can be taken
to be frozen. The physical mass of a quark is then its value calculated at the same scale.

Thus to one loop order, the physical mass of the #th quark is given by
phys 4
mi® = my(m;) 1+ a,(m,) (2.2.7)
While non-observation of the top-quark puts a lower limit [16] to its mass 3

mE™*2 45 GeV, (2.2.8)

3Current bound [17] is mP™* 289 GeV.
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experimental consistency with the radiative corrections in the standard model requires 18]
mPe<180 GeV. (2.2.9)
Substituting Ny = 6 and Agep = 100MeV, we have for the above range of interest
mPP*  0.6m,(1 GeV),
which gives

75 GeV Smu(1 GeV)S300 GeV. (2.2.10)

The physical masses of the charm and bottom quarks can be calculated to a great degree
of accuracy from e*e~ data by using QC D sum rules for the vacuum polarization amplitude.
We have then

Il

m.(1 GeV)
m(,(l GeV)

(1.35 4 0.05) GeV’

(5.3 +0.1) GeV. (2:2.11)

i

The determination of the lighter quark masses involves larger errors. These are best
evaluated using chiral perturbation theory and meson and baryon spectroscopy. Though the

individual errors are large, restrictions on the ratio of the masses reduce the indeterminacy

somewhat:
mg = (8.9+2.6)MeV
m, = (1751 55)MeV
m,/mg = (19.6+1.6) (2.2.12)
mg/m, = (1.76+0.13)
m,/m, = (34.5%5.1)
Tu—Td _ (_0.28+0.03).
my + my

2.3 CP Violation and Neutral Meson Systems

Apart from the usual continuous (gauge) symmetries that lead to conserved Nother’s cur-
rents, physical theories most often respect certain discrete symmetries as well. The most

common of these are:-

Parity (P): this implies an equivalence of ‘left’ and ‘right’ i.e. a mirror image
of an experiment would yield the same result in the reflected frame of reference

ag the original would in the initial frame.

14



Charge conjugation (C): implies invariance under replacing each particle by
its antiparticle (i.e. reversing all additive quantum numbers).
Time reversal(T): referring to a formal reversal of time flow, this implies

invariance under reversal of all momenta, angular momenta etc.

Though a theorem due to Liiders and Pauli [19] guarantees that any Lorentz-invariant
unitary local field theory is invariant under the combined action CPT (in any order), the
individual symmetries are not assured by any deep principle. In fact though gravitational,
electromagnetic and the strong interaction seem to respect each of these to a very great
degree (for a discussion of possible discrete symmetry violations in gravity, see section
5.2), it was established quite early on that the weak interactions violated both C and P
conservation almost maximally. However even they seemed to respect C P and consequently
T symmetry. In fact till date the only evidence of C P violation has been seen in the neutral
kaon system and there t0o to a very small extent only. Thus any study of CP violation
would demand as a prerequisite a tho'rough understanding of the K9-K?0 system. Also the
heavier meson systems are exactly similar and most of the results obtained for the kaon
system can easily be extended in a straightforward manner. As for the leptonic sector, CP
violation is identically zero in the minimal standard model, but could arise if one were to
include massive neutrinos (Chapter 4). Though the issues involved are somewhat different,

most of the analysis here trivially follows through.
2.83.1 The K%°-K0 system:

The neutral K-mesons K° and KO are characterised by definite strangeness values S = 1
and -1 respectively and hence are good basis states when one is talking about either the
strong or the electromagnetic interactions. This is so because both these interactions do

respect strangeness conservation and hence
(KO|H, + H.rn|KO) = 0. (2.3.1)

However weak interactions do not preserve strangeness and thus can mix K° and K©. This
results in these particles not having well defined masses or weak decay rates. Rather there
exist two independent linear combinations of these states namely Ky, and Kg that do have

precise masses and decay rates. These new states are characterized by the difference in

15



their decay modes and hence their lifetimes. While Kg decays primarily through the 2«
mode (a state with C'P eigenvalue +1), K, has many decay channels mostly going to final
states with CP = —1 e.g. 37 or x%[¥ P, Obviously the two new states do not have well

defined strangeness.
Working with a choice of basis such that
CP|K% = ~[K% and CP|K%) = —|K?), (2.3.2)

if we define two new states as

k) = = (K £ED), (2.3.3)
then obviously ]
CPIKY) = —|K]) and CP|KJ) =|KY). (2.3.4)

So if C' P were »n exact symmetry, this would imply that
K1) = |K9) and |Ks) = |K9). (2.35)
However in 1964, Cronin et al. [20] observed that K, does decay into the x*x~ channel

(i.e. a CP = +1 state) with a branching ratio of 2 x 10~3. Hence the identification in

eqn.(2.3.5) is wrong and we should rather have
K1) = Ni,5 [|K°) % e¥t0:5|KD)] (2.3.6)

where {1, 5 are complex numbers and Ny, g the wavefunction normalizations. Since K°
and KV both mix and decay, their time evolution is governed by an effective hamiltonian
H = H, + Hepm + Hyp such that

i1%) = ), (23.7)

_ 1{53))
W= (iK”) (2.3.8)
and H = M ~iT,

where

with M and I' being 2 x 2 hermitian matrices called the mass and decay matrices respec-

tively. Now C PT invariance demands that
Hy = (KO H|K®) = (K°(CPT)*H(CPT) K"
= (KO|H|KO) = Ha (2.3.9)
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or My; = M,y and T'13 = T'y3. On the other hand CP conservation would require

Hy =(KHEY) = (K°|(CP)"H(CP)KD)

= (KO|H|K®) = Hy (2.3.10)

and hence M1z = My and I'y3 = T'2;. Now, the eigenvalues of H are

i 1
Ers=mps— 3 =35 [Hu + Hyp + \/(Hu — Hp)? + 41{12321] (2.3.11)

and the difference is given by

Ep - Es = Am— %A'y = \/(Hu1 ~ H22)? + 4Hya . (2.3.12)

If K1 s are to be the eigenvectors then we must have

_BL-Huo o oes . Hn

et = i
Hys Eg — Ha

Invariance under CPT then demands that

f=ts=¢=—3l(72),

and CP invariance would guarantee that
e =1. (2.3.13)

However the last relation is phase convention dependeht ag can be seen by redefining the

meson wavefunctions by
|K%) — K% =é*|K9),
|K%) - [KO) = e™i*|KD).

Under this change of basis the diagonal matrix elements of any operator O remain invariant

(2.3.14)

whereas the off-diagonal elements pick up phases
U9 — O;z = e—zi“Om and Oy — 051 = CZiaOgl
and hence
£ ¢ =£(+2a (2.3.15)

Thus the basis invariant condition for C P conservation is that £ be real [21]. An often used
measure of C P violation is given by

1-— et

_1-e 2.3.1
CETre (2:3.16)
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but this clearly is a phase convention dependent quantity.

We turn next to a discussion of the two pion decays of the neutral K-mesons. Bose

statistics demands that the 27 state be in either total isospin I = 0 or I = 2 state. Hence

defining the amplitudes

— .
(n|Huk| K°) =@ ¢, n=0,2

(2.3.17)

where |n) = |2r; I = n) and 6, is the 2r s~wave phase shift for the I = n state, we have

CPT invariance =—> @, = —a,
and  CP invariance = aa/ap is real.

Under the phase rotation as described by equation (2.3.14),
ay, — a‘;‘ = a, eia

and hence the following combinations are phase choice independent

e = (OIHW;,]KL) _ Gy — age""
0 T [O[HaKs)  ao+ae€
o = 1 (2[Huw|Er) _ 1 62— 05‘3’:6 ¢il62-50)
V2 (0| Hur| K's) v2ag + age’
o = lHwKs) _ e- ajet
~ (O]Hux|Ks) ag + age®’

The experimentally measurable quantities are

n+_ - (7f+1r”‘}Hwk]KL> - € -+ €2 =€+ 4
- (W+W”‘Hwk|KS> 1 +w/\/§ 1 +w/\/§
0.0 H, IK) €y — 2¢ 2¢
and 00 E(W'K‘lwk L ::0 2 e U —
T T O EAEs) T 1-vEe  C 1-vaw
where
€ =e - Ko
V2

In terms of the matrix elements of M and T then
; Im(M1203) — iIm(T'1208)
Re(aMiz) — 3 Re(aiT12) + %E(Am - A7)
, i Im(aza})(Am — §Ay)ei®2-6)
¢ V2 Re(al i pelal Taol2 :
Re(ajMyz) — 5 Re(ail1) + S5~(Am — ;A7)

€ =

18

(2.3.18)

(2.3.19)

(2.3.20)

(2.3.21)

(2.3.22)

(2.3.23)

(2.3.24)



All analysis till now has been the most general possible. No particular reference to the
kaons have been made and all the results would hold equally well for any other neutral
meson system. At this stage we would like to specialise to the K9-K0 system and use some

experimental results to obtain some approximate but easy to handle relations.

Now experimentlly we have [13]

mK
Avk

0.498 GeV, Amg = 3.5 x 10715 GeV,

—YKs = —T1.3 x 10715 GeV. (2.3.25)

2 1l

The AT =1/2 rule for K-decays manifests itself in the form of a small suppression factor
(22]
w ~ 0.045. (2.3.26)

The dominant contribution to T'y2 comes from the 2r intermediate states and more specifi-
cally the I = 0 state. Thus

Tz ~ (K°|HSS="0) (0| H 5= KD) (2.3.27)

and hence
Imlyy Im(a})?
Rel'1s — Re(ad)*’

Using the experimental values of nt— and 7%, alongwith (2.3.26) we then get [13]

(2.3.28)

leo] = 2.3 x 1073, (2.3.29)

and the phase of ¢; i3 nearly #/4. Such a small value of the C P violating effact can be hest
understood as resulting from

Iml'g € Rel'ys and ImMiys € ReMis.
Under this approximation eqn.(2.3.12) reduces to

Amyg ~ 2ReMys and Ay = 2Rels. _ (2.3.30)

In the SM, KO — 27 decays proceed through the “box diagram” (see section 2.3.2) and

with a certain phase choice known as the ‘quark phase convention’, one can rotate away the

phase of as to have

ag = |aole™® and a; = H|ag|. (2.3.31)
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Then using (2.3.25 ~ 2.3.31) in (2.3.23, 2.3.24) we get

- e""'“ ImMu
€N = € —\/..."-5' [m + tBHO()} (2332)
ro 1 lasl . 0 isa-bon/2)

=€ X Fm— 8infpetr0THE - 2.3.33
k=€ F 5 o] o (2.3.33)

To determine the parameter ¢k one needs to measure 7~ and 7°° to a great degree of

accuracy, a task of considerable difficulty. However recently such measurements have been

made to yield [23]4 .
lek/ex] = (3.34+1.1) x 1073, ’ : (2.3.34)

2.3.2 Sources of CP Violation

The main thrust of the current chapter and the next is to establish a link between the CP
violation in the K°-K0 system and the quark mass matrices. But before jumping onto any
conclusion, we would rather like to have a quick look at the various possible sources and

only then point out the essential gimplicity of the C K M picture.

CP violation in a theory satisfying the Liiders-Pauli criteria [19] can be categorised as
those

a) violating each of C, P and T;
b) violating P and T but conserving C;

¢) violating C and T but conserving P.

As parity violating offecta 'in strong and clectromagnetic interactlons have been experimen-
tally constrained to less than O(10-%) [25,26], such theories obviously cannot explain ex.
Thus if C P violationwere to come from these sectors, then they must be of category (¢). On
the other hand, C P violating effects in the weak interactions are most likely to be of type
(a), though H,,; might as well have small admixtures of categories (b) and (c¢). Keeping
such considerations in miind, the candidate theories can be classified into four types. Of
these, the millistrong and the electromagnetic models require an adequately small part of

the corresponding hadronic interaction to be of type (¢). The CP violationin K — 27

‘It must be remembered though that a later experiment [24] gives a value (—0.5 £ 1.4) x 1072 i.e.
consistent with zero.
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Figure 2.1: “Box”-diagram generating K°-K0 mixing and ex in the SM

(which i3 supposed to occur through an intermediate state with one of the decays being
driven by the C'P conserving H,;) then arises as a result of an interference of amplitudes.

However, experimentally such models are not favoured [26].

Milliweak models require a part (~ O(10-3)) of H,x be CP violating, resulting in
single-shot K — 27, and hence similar effects should be observable elsewhere, say in the
B-decays. On the other hand superweak models predict a CP violating AS = 2 piece
in Hy,x with K7, — 27 occuring through an intermediate Kg state. In such a case CP
violation occurs only in the K°-KO system. Consistency with the observed value of Amg,
which arises now as a first order effect requires g,, ~ 10~% and hence the name. The

distinguishing feature of this model is that ¢} is identically zero.

In the 3-generation SM, which, for a complex C K M matrix, is a milliweak theory, K%~
K© mixing and K1 — 27 come about because of the 1-loop Feynman diagrams in Figures

(2.1) and (2.2) respectively, giving rise to

G2
ImMiz = =5 fhmgemly B (Nom S(ue) + MmaS(3e) + AdmaS(ye,w)|,  (2.3.35)

and
813823 150MeV r -
bo = H 2.3.36
where
Ai = KLKi. v = mi/miy
fk = 0.16GeV my = B18CeV. (2.3.37)
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Figure 2.2: “Penguin”-diagram responsible for € in the SM

Whereas fx is the pion decay constant, the bag parameter Bx reflects our ignorance of the
hadronic matrix elements. If vacuum saturation approximation were correct then one would
have By = 1, but theoretical estimates only put the rather loose bound of 1/3 < Bg < 1.
The functions S(z) and S(z,y) arise from the loop integral and are given by

S(e) = 2 [+ apey - ey 3 [e5) Ine
S(9) = oy {1+ ol -y ) 85 - dikerky] H (2 o)

The quantities 7; represent QC D corrections [27]). While 7; does not depend on m; and is
evaluated to be 0.85, 7}, is essentially independent of 'm, for 40 GeV SmP™* <130 GeV and
72 = 0.61. 73 and H are slowly varying functions of m; and are approximately 0.25 and

0.37 respectively [28]. However we shall allow for their full variation in our calculations.
2.3.3 The BJ-B? system

The analysis for the B3-BJ system proceeds exactly as for the K°-K0 system. But unlike
the latter, no trace of C'P violation has yet been found here. Instead, we shall concentrate
solely on the issue of particle-antiparticle mixing. Defining the time-integrated mixing

parameters .

(B3| BY) 2t
Td

o gloe—g

(B3| Bg)[2dt (2.3.38)

2 (Amp)® + (ATp)/4
2% + (Ams)? + (AT5)*/4

o8
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(where in the second line we have dropped the subscript d ) and similarly for 74, we see
that CP conservation demands that 73 = r4. Experimentally however one cannot directly
measure either ry or ¥; as generally the mesons are created as pairs. Rather one looks at
the dilepton decay modes and defines parameters Ry and Ay which measure mixing and
decay asymmetry (and thus C P violation ) respectively: '

_ Nt+ 4+ N~ N+t _ N—-

il Ty o Y Y Y

(2.3.39)

where N's denote the number of dilepton pairs with the associated charges. For the ete™ —
T(45) — 33733" process these relations reduce to

_ 1 - . Ta— Ty
Rd~—2(7'd+7'd), Ad_2+7'd+fd'
For the 3-generation SM with a relatively heavy top, the dominant contribution to r4
comes from the corresponding box~diagram with the top flowing in it. With this simplifying

assumption we have

_ Amy _ ZG%

= 3~ = 57 7enBafimamly S\ KiKul® (2.3.40)

where 75 is the B lifetime, fp the decay constant, Bp the bag parameter and 7 a QCD

correction factor. Experimentally we have [11]
rq = 0.21 £ 0.08 = z4=10.731+0.18 (2.3.41)

and

mp = b5.28 GeV T8 (1.16 £ 0.16) x 1012

n = 085 0.1GeV < jovBs < 02GeV. (2.3.42)

Armed with the resources of this chapter, we can now attack the problem of quark mass
matrices and the various ansitze for them. The three experimental inputs discussed here
viz. €x, €k, and z4 shall be used in the next chapter to check for the phenomenological

validity of various models for quark masses.
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