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PREFACE

In the following four lectures, I will give a bird's
eye view of particle physics for physicists who do not
specialize in this subject. The discussions I shall give
are necessarily incomplete as to details and rigor. The
purpose is to provide a background necessary to appreciate
recent developments in particle physics. If I can convey
to you the sense of excitement surrounding this subject if
nothing else through these lectures, I will have succeeded
in my aim.

I will cover the following four topics in these lectures:

1. Classification of hadrons,

2. Spectroscopy of hadrons,
3. Unification of weak and electromagnetic
interactions,

4. Phenomenology of new particles.
I will try a quick tour through the labyrinth of particle physics
to the very recent discoveries of charmed particles.

I have enjoyed my stay in Nathiagali, I wish to express my
gratitude to Professor Riazuddin, Dr. Munir Ahmad Khan, Chairman
of the Pakistan Atomic Energy Commission, and especially
Professor Abdus Salam, for their impeccable hospitality, and

for a glimpse of the majestic Nanga Parbat.

September, Batavia, Illinois B.W.L.
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FIRST LECTURE - CLASSIFICATION OF HADRONS

1.1 Isospin and Strangeness.

We list the well-known hadrons.
i). Baryons: we know eight baryons of spin . They are

fermions, and carry one unit of baryon number (B).

S =20 : Pr N

5 = -1 : E+’ EO, E_,
Ay

S = =2 : EO, R

ii). Mesons; again, there are eight known mesons of

spin 0. They are bosons.

S =0 : W+, “O, L
n .

S = +1 : K+, KO,

s = -1 ; g%, x~

We used the symbol S to denote strangeness to be discussed
presently. We see that hadrons occur in mass multiplets; for
example, p and n are nearly degenerate in mass. They appear
in singlets (A,n), doublets and triplets. Each multiplet
carries isospin I, I = % for a doublet, and I = 1 for a triplet.
For example, the proton and neutron are two states of I3 = 3
and -%, respectively, of the nucleon. Isospin symmetry is a
symmetry of nuclear interactions.

Strangeness is a gquantum number, conserved in

strong and electromagnetic interactions, but not in weak
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interactions. It is related to the electric charge Q by
Q = 13 + % (B+S)

Since Q, I3 and B are conserved in strong and elctromagnetic
interactions, so is S . The important point is that members
of the same isomultiplet have the same strangeness. The
combination y = B+S is known as hypercharge.

Strange particles are always produced in pairs (associated

production) in strong (and electromagnetic) interactions

initiated by nonstrange particles. For example

- 0

T + p > X + A
(S=+1) (-1)

- + k° + k'

(S==2) {+1) (+1)

1.2 $SU(3) Classification.

The eight baryons and mesons we discussed can be unified
in single multiplets of a group larger than the isospin
group.

Let ¢i(i=l,2,3) be a three dimensional complex vector.

Consider a unitary, unimodular (special) transformation in d.

$ > o' = uo ,

o Jl-
vu' = g'u =1 |,

det U =1 .

In longhand, we can write

{(cont.)
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Unitary unimodular transformations in three dimensions form
a continuous group called SU(3}. Since U is unitary,
unimodular, it can be written as

8

U=expi }; a_X
a
a=1

where the o are real parameters and the A are eight linearly

independent 3*3 Heimitian traceless matrices:

det U

It

exp i ) a TrA_

Tr Aa =0

The group SU{(3) is an eight-parameter group. The three

matrices ll, Az, and A3

1
el I i=1, 2,3
1

T, !
L}
1

P
I

have the same commutation relations as the Pauli matrices.

The matrix X defined by

8.'

commutes with Al' A2 and A3 .

Abstractly, the group SU(3) is generated by eight

generators, just as the rotation group is generated by three
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angular momentum operators Lx’ Ly and Lz . The eight
generators satisfy the same commutation relations as the
eight A's. 1In fact, the )'s are the three dimensional
realizations of the eight generators. We can regard xi/z,
i=1,2,3, as the realizations of the three isospin operators,
and ;%;AB as that of the hypercharge operator vy = S+B. It
it not difficult to see that only two operators can be
diagonalized simultaneously, the ones corresponding to A3
and l8 for example. These are the third component of the
isospin operators and the hypercharge operator

We have to learn something about SU{(3) and its

representations. The basic representations are

PRV

= {qbi} ,

{¢i} ;

IR ] ]
Hi
—
-
o
Hl

i _ J. %
, Where U 5 = (Ui ) .

23
n
c

=g
i

We can build up higher representations from the basic ones.
Consider for example the tensor ¢ij which transforms like

¢i¢j . It gives us a nine-dimensional representation, but it is
not irreducible. The reduction of a product representation

to irreducible ones is based on the observation that
symmetretization and antisymmetrization of indices are preserved

under linear transformations. Thus
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383 = 3 ) 6
” - antisymmetric symmetric

It is not difficult to see that the antisymmetric part
transforms like the basic complex conjugate representation.
I leave it to you to prove this. Now consider ¢ij v ¢i¢3 .

The trace ¢i¢l remains invariant under SU(3), so we have

IR
@
¢ Lol
Il
L
&b
¢ Qo

The octet representation is irreducible.

Consider now $ijk v ¢i¢j¢k

3830 3-= [5 ® 6} & 3

We have worked out 3 ® 3 . 5 ® 3 decomposes into 10 and

e

8 , where 10 is the part of ¢ijk completely symmetric in

the three indices;

%111 %2227 %333 7 3
L4 q, + 00+ boya),
A%z * %21 T %on
etc. : 6
J%(¢123 * i3 F 13 T Y3
* b33 F o 0327) : 1
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A pictorial way of showing the content of a representation
is to draw the so-called weight diagram, in which the hyper-
charge Y and 13 of states belonging to the representation
can be read off. Thus, 3 and § are réﬁresented by the

following weight diagrams:

Y | Y

1
N
\ L.

AN B! 13

2 \|/ 2

/

Y

3

a2 3

} ___“.q_,,__-u-‘—" _ 7
The weight diagram for an octet is shown below:

n_ |l _p 8 as constructed
from 3 X 3

We have labeled the states by the octet baryons. For the

spin O octet mesons, we need only to replace p, n, I/ A:s

- =0 - .. . D .
EO and £ by K+,K0,n,an and ¥, Historically the classification
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of hadrons in terms of octets and deciments (see below) of
SU(3) was proposed by Gell-Mann and Neeman. This scheme is
called the Eightfold Way. At that time, it must be recalled,
the eighth spin O meson, n, was not discovered yet,

The decimet representation, EE, is shown in the weight
diagram shown below. The excited spin 3/2 barvons are

assigned to this multiplet.

The existence of was predicted by the Eightfold Way,
which was subsequently discovered.

We recall a basic theorem in quantum mechanics: If the
Hamiltonian commutes with generators of a group, then

eigenstates of the Hamiltonian can be classified into
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irreducible representations of the gorup; states belonging
to the same irreducible representation (multiplet) are
degenerate. Thus if SU(3) is a symmetry of strong interactions,
then members of an SU(3) multiplet must be degenerate.

As the following table shows, members of a multiplet are
not exactly degenerate in mass, but are only approximately so.
In other words, SU{3) is an approximate symmetry of strong

interactions.

I Y Mass (GeV)
Raryons
Spin 1/2 N 1/2 1 0.94
b3 1 0 1.19
(octet)
A 0 0 1.12
g 1/2 -1 1.32
Spin 3/2 A 3/2 1 1.23
v 1 0 1.38
(decimet) *
2} 1/2 -1 1.53
Q 0 -2 1.67
Mesons
Spin 0 T 1 4] 0.14
(octet) n 0 0 0.55
X 1/2 +1 0.50

(Table Continued)
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Table Continued:

Mesons | = I Y Mass (GeV)
Spin 1 p 1l 0 0.77
{octet w 0 0 0.78

*
singlet) K 1/2 1 0.89
) 0 0 1.02

1.8 OQuark Model - SU(6) and Color

The classification scheme for hadrons just discussed can
be explained if there are three fundamental constituents of
hadrons-quarks, corresponding to the basic triplet

representation of SU(3):

s

whose weight diagram is shown below:

Y

l -
-

d 3 su
7
i I3
2
2
3

d

u is called the up quark (isospin up, i.e., 13 = +k), d the
down quark. These carry S=0, and B=1/3. s is called the

strange quark and carries S=-1 and B=1/3. The electric
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charges of these quarks are given by Q@ = I, + yv/2 =

3
I, + (8 + B)/2; these are 2/3, -1/3, -1/3 , respectively.
Now 3 @ 3 contains an octet and a singlet. Spin O mesons

can be constructed out of a quark and an antiquark which

transform like 3 and 3 , respectively. Thus

+

T o oud ; I=1, I, =1,
K+'\JU.§} Iz;irIB=;§l
SIRY % (uu - dd); I=1, I;=20,
1 _ V2 _
n v = (uu + dd - 2ss8) ; I =20, 13 =0,
6
v
etc.
Baryons are compounds of three guarks. An octet

corresponds to three gquarks in a mixed symmetry. For example,

p u(l)[u(2)d(3) d{2)u(3)

+u(2) [u(l)d(B)

tt o u(l)[u(2)s(3)

d(l)u(s)] ,
1

s(2Yu(3)

+u(2)[u(1)s(3) s(1)u(3ﬂ )

We can build a decimet by completely symmetrizing the three

quark states. Thus

2T A wu@uy

R~ os(l)s(2¥s(3), etc.

Further consequences will follow if one assumes that
forces among guarks are approximately spin- and SU(3)-

independent, that is to say, the dynamics of quarks in a
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hadron is approximately invariaﬁt under SU(6), acting on a
six-component object:

(ut)
ut
at
at
st

\s+/

where * and + denote spin up and down.

Let us assume that baryons are states of three quarks
with L = 0, completely symmetric in SU(6) indices. The
number of states of this symmetry type is given by
(6+2)° (6+1)* (6)/3! = 56. These 56 states consist of an

SU(3) decimet of spin 3/2, and an SU(3) octet of spin 1/2;

10 X (2% % +1) + 8 % (2 x % + 1) = 56 ,

just as the observed baryon spectrum.

Mesons can be constructed from a quark and an antiquark.
The low lying mesons of spin 0 and 1 are grouped together in
an 35 representation of SU(6). The SU(3) and spin contents
of this 35 are

s =20

r

too

s =1 1+8

again just like the observed meson spectrum.
There are many remarkable successes of SU(6). Let me

just mention one more. In this picture, the magnetic
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moment of the baryon is completely determined up to an overall
normalization. This model gives the ratio of the proton and
neutron magnetic moments to be -3/2, to be compared with the
experimental values 2.79/(-1.91).

Despite these successes, the quark model formulated as
above is logically inconsistent. We have assumed quarks to
have spin 1/2, but we have also assumed that baryons are made
of three guarks in a completely symmetric configuration with
respect to position,spin and flavor (that is, the SU(3)
attributes u, @ and s}, in violation of the Pauli exclusion
principle. To overcome this difficulty, we endow gquarks with
another attribute which is usally called color. Thus, each

quark - u, d or s - comes in three colors. We require that

all hadrons to be color singlets. For baryons there is only

one way to make a three guark system a color singlet. Let
1 be the color index. Then the color singlet state of three

guarks is

ijk

e a; (L)ay (2)qy (3)
which is completely antisymmetric in color indices. Such a
system, then, must be totally symmetric with respect to other
attributes, as the gquark model assumes.

What are the electric charges of guarks in the color

scheme? There are two options which have been considered.
One possibility is that the quark charge is independent of

color; in this case quarks are fractionally charged, and the
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color symmetry can be exact. Since fractionally charged
objects have never been seen, despite intensive searches,
we must assume that the dynamics of quarks is such that color
nonsinglet objects do not exist in isolation, or else it takes
a very large amount of energy to isolate them.

The second option which has been discussed is the so-

called Han-Nambu scheme in which guarks come in as

+ + a9
Up Uy R

0 0] -
dp dy dp

Q 0 -
Sp Sy SR

where the subscripts B, Y, R stand for three colors - blue,
vellow and red, and the superscripts denote electric charges.
Note that the average charges of the u-,d-, and s-quarks are
2/3, -1/3, -1/3. 1In this scheme quarks are integrally
charged, and the color symmetry is approximate. Quarks can
be isclated, or might have already been isolated at big
accelerators, but they cannot be identified by fractional
charges. The second view has been championed by Pati and
Salam in recent years. It is consistent with all known facts.
I will nevertheless adhere to the first view and develop
a theory of hadrons and their interactions based on it in the
next lectures. We will assume that gquarks are fractionally
charged and the color symmetry is exact. We will then argue
why quarks cannot be isolated, and why physical hadrons are

necessarily color-singlets.
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SUGGESTED READINGS

Particle physics in general:

S. Gasiorowicz, Elementary Particle Physics, (John Wiley

& Sons, Inc., New York, 1966).
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SECOND LECTURE ~ SPECTROSCOPY OF HADRONS

2.1 Gauge Principle.

One of the fundamental differences between classical and
guantum mechanics is that in quantum mechanics one deals with
complex numbers. A guantum mechanical system is described
by a complex wave function, ¢{x). We may demand that physical
laws are invariant under space-time dependent phase transformation:
{(gauge transformations of the second kind) on an electrically
charged systemn,

iep (x

pix) » p'(x) = e )Lp(x)

where A(xX) is an arbitrary real function of space-time.

Consider the free-particle Schrddinger equation:

2, - L
i

1
“Sp VY= 1%

|

3
This is not invariant under gauge transformations. To

implement gauge invariance, it is necessary to postulate the
existence of a four-component field (A,¢4) and make substitutions

7 > y-ieA

3 3

TE -+ §T-1e¢

If we assume that,simultaneously with the phase transformation

of ¥, A and ¢ undergo the transformations
A+ A + VA
b > 6 + oA .
It
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then the Schrédinger egquation

1 )2 1 :
-l - iem) Yy = - I(E% - ieg)u

is left invariant. Of course (A,¢) is the electromagnetic

potential. The fields E and H

=0 A - U4: H =
Begp AT E=7xA

are invariant under the above transformations.
This is the gauge principle. It gives correctly the form
of interaction of a non-relativistic charged particle with

electromagnetic field. The energy density 1is given by

*
H=v" o2 p% - e( po- j+2A) + H(E® + D)

which is gauge invariant, where the electric charge density

and current Jj are given by

* . 1 * * *
P=t v s J =5y Ty - (9 dy) - ery y .

They satisfy the continuity equation
dp/at + .3 =0

which implies the conservation of the electric charge
3
Q = [d xp(x).
We want to extend this idea to strong interactions of

guarks. Each quark, say d9=u comes in three colors:
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where the subscript denotes different colors. Our premise

that strong interactions are color-symmetric implies that

they must be invariant under unitary unimodular transformations
acting on q :

q -+ q' = Ug

We now assert the gauge principle of color symmetry; dynamics

of quarks is invariant under U which depends on space~time:

vut = u'ty

=l’
det U =1,
8
U=0U(x) = exp ig ) aa(x)xafz P
a=1

where aa(x) are space-time dependent parameters.

This gauge principle can be implemented with an octet of
vector fields Aua(x), u=0,1,2,3 and a=1l,.-.,8, as many
fields as there are parameters of the group SU(3). The
substitution rule is

S a
auq(X) - [au - 1q(—§)Au (X)]q(X)
very much like the case of electromagnetism. There is a
complication here, due to the fact that SU(3) transformations
are not commutative {i.e., are non-aAbelian): U1U2 # U2Ul .
The wvector fields Aua are called glucns. Sometimes, it is

more convenient to think of gluons as carrying two kinds
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of color indices:

3 aa]j s B
(Au)i Au [2 ; , (Au)i 0

The gluon (Au)i] is coupled to the color-changing current;

another way of saying this is that a quark Jj can turn into a

quark i by emission or absorption of the gluon (Au)ij as

shown in the Feynman diagram below:

R R, . . q - -
13 . -

f—

(Ay)

As the indices on (Au)ij imply, gluons carry colors.
Gluons are coupled to color currents. These currents are
conserved, just as the electromagnetic current is. The fact

that gluons themselves carry colors implies that they may be

emitted or absorbed by another gluon. That is to say that

non-Abelian gauge theories necessarily imply self-interactions

of gluons. This circumstance is to be contrasted with
electromagnetism: the photon is coupled to the charge
current, but the photon itself carries no electric charge.
Thus, photons do not interact with one another (except in
higher orders in e ).

2.2 Color Confinement.

In the gauge theory of color symmetry, quarks are bound

by forces generated by exchange of gluons. Thus the proton
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may be viewed as a bound state of three quarks, in which the
basic binding forces are generated by diagrams such as shown

below.

This is a typical example of exchange of gluons. Here analogy

with electromagnetic case is in order,

ee

Y N 7 ¢ repulsive force for like
charges
4 - E% : attractive force for
1 opposite charges.
e e

Consider the case of color gluon exchanges. The force

between a quark and an antiguark is attractive.

e
Pre

attractive
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The force between quark and antiquark is attractive

For two quarks here the force is attractive if d9;r 9, are
antisymmetric in color and is repulsive if dq and q, are in
a symmetric state in color. If three quarks are in a totally
antisymmetric state in color, the forces acting between any
two guarks are all attractive and this is the reason how

three guarks are bound.

However, very little is known about the nature of the
exact solution to color gauge theory (this is often called
quantum chromodynamics - QCD for short). In perturbation
theory, infrared divergences in QCD are so severe, that it is.
not expected that perturbation theory is a reliable guide to
long-distance behavior of the theory. 1In fact, it is very
plausible that the effective coupling strength of interactions
increases without bound at large distances. On the other hand,
it is known that, at short distances, the effective strength
decreases, so that perturbation theory is a reasonable guide
to understanding interquark forcés at short distances. The
statements made here are a crude summary of the results of

the so-called renormalization group analysis applied to QCD.



=23~ FERMILAB-Conf-76/80~-THY

Progress has been made in our understanding of the long-
distance behavior of QCD in a lattice version of the theory.
The four dimensional space-time continuum is replaced by a
lattice space, with lattice separation a . Quarks are allowed
to exist only on lattice sites. Gluon fields are replaced by
strings, which connect adjacent sites.

A string carries color indices at its ends. Gauge
invariance implies that each site must be color-singlet. Thus,
an allowed configuration of a guark and an antiguark on
adjacent sites is the one in which the guark and antiquark are
linked by & string so that

'qioo 0 61"

i
(String);

the color index of the guark (antigquark) and the color index
of the string at that end are contracted to form a color
singlet. When a gquark and an antiquark are far apart, many

strings have to be excited to connect the two sites.

.o—-——-oo—}f ® o— o O— —e

a 1 & | |

Strings

L0

Calculation based on this theory shows that the energy stored

in this configuration is
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where 1L 1is the quark-antiquark separation, for L>>a.
To isolate a gquark, for example, the antiquark in the above
illustration has to be moved away to infinity; it clearly
takes an infinite amount of energy to do this. This is the
basis of color confinement. The confining potential is of
the form
V(r} ~ ar

for r > 1/M, where M is a typical hadronic mass scale, say
300 MeV. The confining potential is spin- and flavor-independent.

Eventually, one has to probe the nature of lattice QCD as
a » 0. This has not been done. One would like to show that
results obtained for L/a >> 1 are insensitve to the limiting.
process a - 0; that as a ~ 0, then r + 0, we recover the
classical limit of continuum QCD; and that in the limit
a » 0, the theory recovers Lorentz invariance. We shall
assume that these propositions will be shown correct.

As mentioned before, the forces between two quarks, and’
a quark and an antiquark become weaker at short distances. |

This has to do with the so-called asymptotic freedom in non-

4

L
LT

Abelian gauge theory: for processes involving large virtual
momenta (or short distances), the effective coupling strengtﬁqfr
becomes weak. Under these circumstances, the short distance |
behavior of the interquark potential is predominantly Coulombic,
reflecting exchange of a massless gluon. There are additional
spin-dependent interactions arising from nonrelativistic

reduction of relativistic two-body interaction. The resultant
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nonrelativistic Hamiltonian is

H = g (mg + pi2/2mi) FV_{ry,re )
P.*D: T(T+P;) D.
+ 1 ki.a {L - —= (pl s A - = 3)
i>3 ijvs\r mimj r r3
T .3, 1

1 3
- === (TxpP,) 5., - —= (Txp.)+3 )
2r3 mi2 A T it ti
2 5+ > +:—l> e ((gi‘f)-(gj. )
+ mimj {(rxpi)-sj - (rxPj).Si + 3 r2 _

1i3)]

3 Si'sj)

where summation is over constituent gquarks in confinement,
Vc(rl,"') is the central potential responsible for
confinement, as = g2/4Tr is the strong-interaction analog of
the fine structure constant & = e2/4ﬂ, m; is the effective
mass of the i-th guark, and r = ;i - ;. . The non-Abelian

]
nature of the exchanged guanta leaves only a pale reminder:

~4/3 for qq

[l

k..
1]

-2/3 for [qq]antisymmetric.

In the center of mass system of two particles, we have

5& + 55 = 0. The derivation of the above result may be

gleaned from J. Schwinger, Particles, Sources and Fields,

vol. II, (Addison-Wesley Publishing Co., 1973) p. 349. The
use of this Hamiltonian to hadron spectroscopy, which we

will take up next, was pioneered in A. DeRujula, H. Georgi

and S.L. Glashow, Phys. Rev. D12, 147 (E976).
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2.3 Spectroscopy of Hadrons.
| We shall use the above Hamiltonian for s-wave baryons

and mesons. We split up the Hamiltonian into two pieces:

H=H +H '

0 I
Hy = } (m, +p 2/om ) + V_(r,,e0) +d Jok,, =
0 3 i i i cl' s>l iJrI
) 3,8 EEEp B\
. P:) P
Hy = - I, « m - lr + ; ?
isj =& A ™0y r
T .3, 1 1 16 > =2
t 358 (r) 5 + 5 * 3mT Sy Sj
m, mj i™j

where Qe have dropped the part of the Hamiltonian which, when
acted upon an s-wave, vanishes. We imagine solving the
"unperturbed" Hamiltonian HO' and doing perturbation theory
in Hp . To the extent that we ignore the difference between
M =M (isospin symmetry)} and M, the 36 states of the s-wave
mesons (and the 56 states of the s-wave baryons) are degenerate
in the first step.

The splitting of the S=0 and S=1 mesons are entirely due

to the spin-spin interaction term. Since we have

-
s s=- = =3/4, for S

0
Q
1
)
Q
+
0
i
n
&

= 1/4, for s =1
we deduce

_ 4 m 216 1
R A
m,
4 L 2 16
* - = = - =5 _1
K K 3 as 2 |W(O)I 3mm
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where we have used particle labels for the corresponding
particle masses, and VY{r) is the unperturbed wave function

of the s-wave mesons. We obtain

We can deduce the ratio mu/ms also from baryon masses.

+
For I , we have

> - 2
(su+su.) = 2 ’
- + -+ 2 _ 3 +
(Ss + S, + su.) =7 , for T

because the two up-quarks, u and u', are in a symmetric state.

Similarly, we have

+ 2
(su + sd) = 0 R
Z +3.+3 )2 - 3 for A:
S, Sg Sg = 7 ; fo :
(su + su,)2 = 2 '
> - + . 2_ 15 * &
(su + 8. 8 )= g o for v,
We have therefore
* 3 1
Y e Z T = r
1 2 msm.u
* 1
2Yl + E - 3A @« 3 '_2 z
i
i1
or
2(y, "-1) m
———%———— = m_ = 0.62 ’
2yl +L~h7 S

which is close enough to 0.63, deduced from the meson masses.

We do understand the splittings of the J=0 and J-1 mesons,
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and of the J=1/2 and J=3/2 baryons in this picture.
SU(3) symmetry breaking effects are largely due to the

quark mass dependence of the unperturbed Hamiltonian. If we

expand it in lowest order of the mass difference m, Mg + we
obtain
*
K - p=K-1= (¢ - w)/2
pP=uw
and
2N + 25 = 3A + L ’
A * * __'k__*
-y, = Yl - =5 -0

which are reasonably well-satisfied.

One can explain all mass differences within L=0 hadrons
in this way, except for the J=0 mesons n and n'(958MeV).
The reason for this is that our Hamiltonian does not take
into account guark-antiquark annihilation: the J=0, isosinglet
mesons can virtually make transition to a two gluon state,
and therefore mix. On the other hand, the J=1, isosinglet
mesons (w and ¢) are coupled to a three gluon state. This
means that the w-¢ mixing is much less important than the
n-n' mixing, first because the three-gluon annihilation occurs
with two more powers of as, and second because the average
mass of w, ¢ is higher than that of n,n', so that the
effective value of ag is smaller for the J=1 case. In any

case, w and ¢ have the quark constitutions of (uu + dd)/v2

and sS to a good approximation, respectively.
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What is the mass scale of m, and ms? As we have
mentioned in the previous lecture, the magnetic moments of
the nucleons are wu(p) = 2.79, u(n) = -1.,92 in nuclear
magnetons. In the model under consideration, in which the

proton is an s-wave bound state of three quarks, one has

uip} =% ‘
u
which should be equated to 2.79 (2mp)_'l . Prom this it
follows that
m. = .34 Gev ,
u
m_ =z .54 GeVv
S

The utility of De Rujula-Georgi-Glashow Hamiltonian lies
not only in explaining the spectroscopy of hadrons, including
p-wave hadrons which we have not discussed, but more importantly,
in its predictive power with regards to charmed hadrons which

we will discuss in the last lecture.
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THIRD LECTURE -
UNIFICATION OF ELECTROMAGNETIC AND WEAK INTERACTIONS

3.1 Weak Interactions.

We first consider two well-known examples of weak decays:

(1) v decay: u -+ e + v, o+ Ge

(2) B decays: n+p + e + Ge
A>p+e + Vg
We imagine that weak interaction behaves like electromagnetic

interaction and is mediated by vector bosons:

We extend this picture to B-decay (2). We describe the weak

interaction at fundamental level in .terms of guarks as shown

below

Ve

The Neutron B -Decay
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The A B -Decay

If we normalize the Emplitude of y-decay to 1, then the amplitude
of B-decay (n +p + e + vg) is proportional to cos p, and that

of A »p + e-+ve is proportional to sin g_:

2 , 2 _
cos ec + sin ec = 1 .

This is the Cabibbo universality and Bc is called the Cabibbe angle.

Experimentally

sin 8, = 0.2 .
c

There are other known strangeness changing g~decays, such

0 v

v
strangeness charges by one unit, and we have the rule AS=AQ.

. - - -
as K= - 1 + ei + ( ),Z +n+ e + v,ete. In all these

This feature can be explained if we say that the fundamental

processes at the quark level responsible for these decays are

- - - - +
S > u + e + v ; 8 »>»u+e + v .
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3.2 Gauge Theory of Weak and Electromagnetic Interactions.

A unified understanding of weak interactions is possible

if we assume

\Y \Y) u

e u d
L, L, 'L
where L denotes left chiral components, and

= e -+ i 8
dc d cos o s sin c !

form doublets; these are doublets in weak isospin space which
should be distinguished from the isospin space of strong
interactions. The weak currents are associated with the
weak i1sospin raising and lowering operators ti, and the
electric charge is given by Q = t3 + v/2, where t3 and y are
weak isospin and hypercharge (This defines weak hypercharge).
With respect to weak interactions 4 and s are not

eigentstates but dc is a member of a doublet, and

= - i + os ©
sc d sin ec s C e

is a singlet.
Consider unitary transformations

D) - e i[a0+a-1/2]

acting on doublets in weak isospin space. Gauge theory based
on the U(2) group of unitary transformations in 2 x 2 space
(weak isospin) was first proposed by Weinberg and Salem in the

context of a spontaneously broken gauge theory.
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Now under a gauge transformation U(2), the weak doublet

transforms as

We require the basic Lagrangian describing weak and

electromagnetic interactions to be invariant under generalized
phase transformations generated by four parameters Gpe Bys Qor Usge
For su{2), ey = 0. Gyr Qo Og generate SU(2). Thus

U(2) = su(2) & u(l) .

The one parameter U(l) corresponds to hypercharge gauge
transformations. There have to be four gauge vector bosons
corresponding to Qgr Oyr Oor Qg The form of coupling of

these gauge bosons to a doublet is
= . H o s T FH s u]
Uy [lYu(B ig 1/2-8" - ig'58V)| v,

The coupling for charged vector bosons is graphically shown

below
e e” .
A, — A :
{ 2_W Al+'A2=W+
V2 /2
.e— Vo

Note that there are two coupling constants g and g'
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corresponding to SU(2) and U{(l) and that there are two neutral
vector bosons A3 and B, in addition to wt.

In a gauge theory, gauge fields must be massless, because
the mass term for a gauge field mzAu2 in electromagnetism,
for example, is not invariant under the gauge transformation
Ay TA+ BUA. However, the W bosons, if they exist, must be
massive. Also, we see only one massless vector boson - the
photon - and not two neutral massless vector bosons.

This impasse is overcome by invoking the Higgs-Kibble
mechanism, that is, spontaneous breakdown of gauge symmetry.

To convey the idea involved, we consider a very simple abelian

gauge theory, given by
H = I(at—ieA0)¢12 + I(Y—ie{})cﬂz
+alol? + % o] % + %fﬁz + ﬁz)
where ¢ is a complex field. Since we want the energy to be

bounded from below, we require 3 to be positive. If

2<0, the minimum of H occurs at
lo| = V{a|/8

This is the classical approximation to the vacuum expectation

value of 4

<0l¢|0> = <0l¢ 10> = V]a[/8

The Hamiltonian is invariant under gauge transformations of

eh

the form ¢+el $r Ah+ Ah + auA. But a nonvanishing expectation
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~value of ¢ means that the gauge symmetry is broken, i.e.,

the vacuum (ground state) is not invariant under gauge
transformations. (Let U{(A) be the generator of gauge
transformation in the g-number theory: U*l(A)¢U(A) = e13h¢.

If the vacuum state is gauge invariant, U{A} |[0> = [0>, then
<0fU—1¢U[0> = <0|¢|0> = eieA<0}¢I0> for any A - a contradiction
if <0]¢|0> is nonzero). Under this circumstance, the gauge boson

acquires a mass. It can be easily seen by substituting

* :
4 = ¢ = V|al/B in the Hamiltonian; there results

H = %(EZ+H2) + %uzAuz + constant -

where u2 = Zezlal/s.

The above example is for an abelian group. The U(2) case
is more complicated. Suffice it to say that in the SU(2) case,
it is possible to arrange scalar fields in such a way that

iae(t3+y/2) '
only the subgroup U(l) cof the form e is preserved
as a gauge symmetry. That is, only the gauge transformation
associated with electric charge is an invariance of the
vacuum. The charged fields W o= (Al¢iA2)//§ become massive,
and couple to charged currents:
W‘+[(v Y e), + ---] + h.c.
M e'y 'L
A linear combination of Ay and B, the combination associated
with the surviving U(l) gauge symmetry of electrcmagnetism,
becomes Au' the massless photon field; the orthogonal
combination of A, and B becomes a massive neutral vector

bagson 2 0 ; which couples to a neutral current.
M
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The interactions of vector fields with currents is given

by the expression
]
- L a " 4 g[?u+w+u + jlJ W ”]
(2.2 o[.au_ R .u]
+ YgT+g Zu ;| sin ewjem
where jgm is the electric current, and

'
sin8W= g

.1
+

The charged currents ji = (j7 &
i

currents associated with the weak isospin group:

ijz) and j3 are the three
H H

Vv

. T.- e
A _ - = oi .
ju - (\)ele)LYu 2 + ..
e
L
so that
j+——g""—\jy(l—y)e+\-)y(l—y)u+-.. .
u 27 el 3 TRaT 3
- + oI
3 = {3 )' , etec,
N (JIJ

Since the coupling constant e is defined as the coefficient
!
of the term A“j em’ W€ have
t
e = 39 __ - g sinGW
g2+g'2

Consider now the matrix element for pu—-decay:
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Neglecting spinors, we obtain

2
- _ 1
T(u»evevu) —(5%5) —= .

This is the universal Fermi coupling constant:

_ 2 2
GF//I_ g /(Bmw )
_ -5 -2
G = 10 (mp) .
Since g = e/sinﬁw + we have

5
mW =&l 1 1 2 38 GeV

2 /EbF sinew

This model predicts a rather large W boson mass, much larger

than today's accelerators can produce. With the simplest
Higgs-Kibble mechanism, one obtains a further condition that
m, = mw/coseW .

Before the advent of the Weinberg-Salam gauge theory,
there was no compelling reason to introduce Z0 coupled to a

neutral current. In the old-fashioned theory of weak
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interactions, the so-called neutral current effects:

\J+N—)~\)+N+"'

can proceed only in second order in GF‘ The Weinberg-Salam
model predicts such processes to occur with the strength of
first order weak interactions. Indeed, the neutral currents
effects have been observed at various laboratories since 1973.
The inclusive neutral current effects N =+ v + anything were
first observed at CERN and Fermilab. Recently, the elastic
scattering of neutrinos and antineutrinos have been observed
at Brookhaven National Laboratory.

Finally, we note that neutral current interaction can
cause parity violating effects in atomic physics. This is so
because the couplings of Z0 to electrons and nucleons are
parity-viclating, so that Z0 exchange between electrons and a
nucleus can cause parity admixture in atomic levels. Such
effects are being sought for in experiments done at the

University of Washington at Seattle, Oxford and Paris.

3.3 <Charm.
There is a problem when we try to extend the theory to
the hadronic sector. In the following discussion, we ignore
the color degrees of freedom since color has nothing to do with
weak interactions. For hadrons, the weak doublet is
u

d cosf_  + s sin 8
c c
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The third component of the weak isospin current j3 is of
u
the form ik a
(u, d)
c
-k dc

k(uu -~ dcdc)

%[ﬁu - coszectad) - sinzec(Es)
- cosec s;nec(ds + sd)]

. 0 . . 3 . 2. .
The neutral current to which Z~ couples is (Ju - sin” 0]
Therefore, the last term, which has S=tl1, predicts the !

strangeness-changing quark process, s+d+i+% where % stands

for any lepton:

z-.
Z° i

This implies, for example, the existence of the process

K »T +v+v in first order of weak interactions.

g i
K'{ }11'“
) d
Z° y
~~v

Processes of this sort have been looked for and have been

O G
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found to occur ,if at all, at rates much lower than first order
weak interactions: this means that these processes do not
occur in first order and can occur only in higher orders.
Something has to be done to eliminate the term sd + ds. Charm
has to be introduced here. First people to discuss this in
the context of gauge theory were Glashow, Iliopoulos and
Maiani (GIM). Postulate in addition to (: ) , another
doublet (: ) , where ¢ 1is the fourth quaik called

€L
charmed quark which has charge 2/3, and

] i 6
dc cos c sin c ad

Sq -s1in ec cos ec s
In jlf, there is now a contribution from the second quark

doublet, so it is of the form:

k{uu - acdc) + k{cc - Ecsc)

Y{Qu + cc) - %(acdc+ Ecsc)

L(au + cc) - %(dd + ss) .

Thus we see that if another doublet as above is postulated,
we can eliminate strangeness-changing neutral current.

What is the mass of the charmed guark? If it is low, and
of order of 0.5 GeV, then charmed hadrons, which contain one
or more charmed guarks as constituents must have long been

seen. The absence of such observations argues strongly that
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the charmed quark should be much more massive than ordinary
quarks. But how heavy is it? It cannot be very massive, or:
we will have trouble with certain higher order weak interactions.

0

To see this, consider KO-R transition. This is a pS=2

process and proceeds by second order weak interactions.

d 0. s
— - —— i
KO{ yu,cC U,CA _ } KO L .
TR T ULAA AN LA NN N e ol
s w* d ",__h__iff:

The rate of this transition is experimentally known, and is
very small. It is not difficult to see that in the Glashow-
Iliopoulos-Maiani scheme, this process would vanish
identically were the up and charmed quarks degenerate.
Therefore this amplitude is proportioconal to M=, and. is.a.
sensitive measure of the size of m,. Comparison with the

experimental value suggest that

l‘l’IW >> mc >> mu

and m * 1.5 GeV.

When a sharp resonance at 3.1 GeV was discovered two -
years ago at Brookhaven and SPEAR, which we call now J or y ,
it was immediately conjectured that this was the J=1 bound
state of cc. Evidence since thentsupports very strongly
this assignment. The charmed guark can combine with ordinary

quarks and antiquarks to produce a new family of charmed hadrons.
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Among them are J=0 and 1 charmed mesons of the form

+ - o _ -
D = (cd)J=0 , D7 = {(cu)

*0 _ - * 4

J=0 '

{cs)

i

J=1" and their antiparticles.

+
recently, candidates for D7, DO, and possibly their J=1

F+ = (cg]J=0; D*+ E(ca)J=

l r

Very

counterparts have been observed at SPEAR. I will talk more

about them in the next lecture.
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FOURTH LECTURE - NEW PARTICLES

4.1 Charmed Particles.

We have discussed some of the low lying charmed meson
states. In addition to those, there ought to be a J=0 cc
state. Whether it has been seen is, in my mind, still
problematic.

For s-wave charmed baryons, we expect

J=1/2, Ry o[ud] _;
A e
2, {e,*] clual
% o] cladfpm
7 = 3/2 y e, "]
e,

*O[ *g]

Yé Cl .

In addition, we expect s-wave baryons which contain a strange
quark and a charmed guark, two strange guarks and a charmed

quark, etc.

4.2 Production and Decays.

The charm guantum number is conserved in strong and
electromagnetic interactions. Therefore in ee collisions,
hadron-hadron collisions, and photoproduction, charmed particles

are produced in pairs. For example
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or

or

y+p+0% +B8% + .en |

In neutrino interactions, charmed particles may be produced

singly,

V+p U o+ Cl++

for example, reflecting the quark process
v+d+yu +c .

Since the charm quantum number is conserved by strong
and electromagnetic interactions, at least the least massive
charmed baryon and meson must be stable against strong and
electromagnetic decays, and must therefore decay weakly.
Weak decays of charmed hadrons are triggered by a charmed
quark decaying weakly. There are semileptonic decays of the

charmed quark:
+

e
cC + s + ( +) + v (Cabibbo-favored) ,
Wy
c +d + (e ) + v (Cabibbo-disfavored) ,
+
u

and nonleptonic decays of the charmed guark:

c+5s5 +u+ad (Cabibbo-favored) ,
c+d+u+d (Cabibbo-disfavored) .
s

Q<
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Cabibbo-favored processes are proportional to coé%c and obey
the selection rule AC=AS=*1l., Since sinec = 0.2, Cabibbo-
favored processes should predominate. Thus D0 N~ (cq) is

expected to decay predominantly into

p? - (R + mTr‘s)0 ,

(K + mu's) + + v

Similarly we expect that

pt o (K + mw's)+ .

ot
R + nr's) 0+ + v,
+

u
and

4+ —_
F+ + (mr's) , {mn's + KK)+
+
e

(mn's)0+ + v , etc.
+

u
. -+ 4
Decays of D+ would show up as a sharp peak in the K 7 7w

mass spectrum. The final state has Q=+1 and S=-1; such a
set of quantum numbers is not possible for hadrons which
belong to an octet. This is a convenient signature for Dt:
decay products of this state carries an "exotic" guantum number -

The charmed baryon C * can decay hadronically:

0

+

0 A+ (mn's)+ ,

C
- ' +
+ (EN + mn's) ,

or semileptonically.
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What are the lifetimes of charmed particles? Since
charmed particles are expected to decay into many different
channels, because many of them are energetically open, attempts
to estimate partial decay widths and sum them have been futile.
Instead, we will make a very crude estimate of the inclusive
decay width of a charmed particle by the following consideration.
Consider a charmed quark confined within a small region in
space. When the charmed quark decays, three lighter guarks
are created which carry on the average a large amount of
kinetic energy. This configuration, in which many energetic
quarks are confined in a small region, is unstable, and it
must break up into small pockets of regions, each containing
a stable configuration of guarks, with 100% probability. Under
this assumption, the generic decay rate of a charmed particle

is just the rate for the charmed quark. It is given by

2
G
r, =5 x E 3 mc5
c 1927
Numerically, this is about 10_13 sec. We expect charmed

particles which are stable against strong and electromagnetic

decays to live this long.

4.3 Masses of Charmed Particles.

For s-wave charmed hadrons, we can apply the considerations
developed in the second lecture. Phenomenclogically, we

write the mass of an s-wave meson as

1 1 1
+m, * a(ﬁ— + ﬁ—) + b ——

M=M, +m
1 2 )

0 1

{cont.)
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2 3 m.m
2

1 16 1
1Ll )

where 1 and 2 refer to the constituent quark and antiguark,

respectively.

*
by fitting the known masses of 7,p,kK,K and ¢.

earlier m, = 0.34 GeV and mg =

mass m
=

cc s-wave bound state of J=1.

m_ = 1.
c

0.54 GeV.

We can determine unknown parameters M.,a,b,c

0]
As noted

The charmed quark

can now be determined by assuming ¥{(3.1 GeV) is the

6 GeV.

In this way one obtains

One is now in a position to predict charmed particle

masses.

Since

One obtains

™p
Mg

1.8 GeV

It

2.1 GeV.

My = My = (16/3)(c/mumc) and My = My =

Tpx = Mp

ms
(r‘n_)(mx* - my)
[

0.12 GeVv.

(16/3)w/mums):

Similar considerations give, for charmed baryons,

and

m

C

m

0

= 2.2 GeV ’

m

-m. = (_E)( - m.)
ct c,” \mg mYl* 5

~

0.07 GeV,
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4.4 Discoveries.

Discoveries of the J,y particle, and of a family of
states connected to this by radiative transitions, are now
a legend, and have been well documented, for instance, in

Proceedings of the 1975 International Symposium on Lepton

and Photon Interactions at High Energies (SLAC, Stanford

University, Stanford, California, 1975).

More recently, two states have been found at SPEAR

which have all the characteristics expected of Di, and D0

as far as can be presently ascertained.

0 =0

(1). D ,D° candidates. Narrow peaks have been observed

in the invariant mass plots of S and Kiw¥ﬁ+ﬁ_ produced in
ee annihilation at SPEAR. The peak is at 1.865 + .01l5 GeV;
the width of the state is consistent with being zero (less
than 40 MeV). The recoil mass spectrum (the mass spectrum

of the object recoiling against the 1.87 GeV object) has a
peak around "2 GeV (perhaps with some structures), indicating
that D0 or 50 is produced in association with systems of
comparable or larger mass. It is indicative of production

mechanism
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e +te+ vy > 0 + 5

* -
etc. The last process is possible if m(D +) > m(DO) + m(n+).

F
(2). D_ candidates. Again at SPEAR, narrow charged

states were observed with a mass of 1.876 + .0l15 GeV in the
exotic channels K+ﬂiﬂt. These states are produced primarily
in association with a system of mass 2.0l : 0.02 GeV. It is

likely that the following production mechanism is responsible:

- *
e+e+vy > p* + (D )¥ .

. .
0+, Cl++, = ** candidates. About a year ago, the

following reaction was observed at Brookhaven National

(3). C

Laboratory:

- + + + -
v +p->u + A+ T + 7 + 1 + 7

It can be interpreted as the production and subseguent decay of~

a charmed baryon:

v+ P+ 4+ Cl++

Lm» CO+ + ﬁ+,(strongly)

L A+ 1T+ + 'n'+ + -n'-, (weakly).

. + X
Interpreted this way, the masses of Cl++ and C0 are consistent

with being about 2.4 and 2.25 GeV respectively. Interpreted

instead in the absence of charm, this event would mark the
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first instance of a semileptonic weak process with
AS=-AQ (see Section 3.1).

Very recently, a peak has been observed at 2.25 GeV in
the effective mass distribution of I rat produced in the
reaction

Y+Be >R+ 4+ 4+ + ee-
at Fermilab by the Columbia-Fermilab-Hawaii-Illinois
collaboration. The mass coincides with one of the Aﬂ+ﬂ+ﬂf
combinations of the Brookhaven event. There is in addition
an indication of a state near 2.5 GeV which decays into
™ + (Ar"n"nhy .

The mass estimates of De Rujula, Georgi and Glashow
have been very remarkable. A priori, agreement with
experiments to within, say. 0.1 GeV is not expected, because
of the necessarily perturbative nature of the theory. Therefore
the predicted values mD = 1.8 GeV, mCO = 2.1 GeV must be
considered in agreement with the experimental values
my = 1.87 GeV and mco = 2.25 GeV,

For excited states, we have the prediction that

m -
= = - = =
Moy = My + (mc)(mK* My ) 1.86 + 0.13 = 2.0 GeV

which seems to agree with the observed recoil mass in ee
annihilation. For baryons, we deduce from the relations

derived in the last section and the input m, = 2.25 GeV:
0



-53-  FERMILAB Conf-76/80-THY

2.4 Gev,

=
[

2.48 Gev

)
1

Again, these values seem to agree, roughly, with observation.
Are there proofs that the decays of D (1.87), p°, 5%(1.87)

and C0(2.25) involve weak interactions? Only circumstantial

ones, so far. First of all, their widths are very narrow.

;wtnt peaks correspond to the decays

Suppose the Kint and K
of members of an isomultiplet with spin J=0. Then the parity
must be violated since (Kw)J=0 has positive parity where
(KHW)J=O has negative parity. There is some hint (private
communication from the CFHI group) that A may be longitudinally
polarized, which would imply parity violation in the process
EO >R+ + 0+ 0.

There has also been considerable circumstantial evidence
for semileptonic decays of these objects. One is the

neutrino- (and antineutrino-} induced dimuon events, which

can be interpreted as

vV + nucleon - u-+ {charmed object) + +.-

Lu++v+ooo

which was discovered by the Harvard-Pennsylvania-Wisconsin-

r

Fermilab collaboration and the Keu events in bubble chamber
experiments, reported by the Gargamelle collaboration at
CERN and the LBL-CERN-Hawaii-Wisconsin collaboration at

Fermilab:
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Vv + nucleon -~ u + (charmed object) + «--
Lﬁo+e++v+-cc

In conclusion, particle physics faces new challenges

of understanding charmed particles, of unifying strong, weak
and electromagnetic interactions (and gravitational, too) in a
single conceptual framework. There is further indication that
four quarks are not the end of the story of flavors. I believe
that the truth is inexhaustible, and we will have many more

excitements in our lifetime.
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