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Abstract. The recently discovered narrow peaks (the ¢-particles) in e*e~ system
at 3-105 and 3-695 GeV are interpreted as hadrons in a broken SU, symmetry
scheme. A new additional additive quantum number, paracharge Z, is combined
with the usual SU, quantum numbers in the group SU,. The #(3-1) is assigned
to a ncar ideally mixed LS @ l multiplet of vector mesons (containing the p) as the

I =Y =0, charge conjugation C = — combination of Z = 4 1 members. The
¥ (3-7) is assigned correspondingly to another mixed 151 multiplet containing

the p’ (1600). The hadronic electromagnetic interactions are modified by
the addition of (non-minimal) anomalous pieces that can change 'Z. The decays
of the y-particles are discussed. New enlarged SU,; multiplets of other hadrons
are proposed. Tests of our scheme arc put forward. The most crucial test will be
the obscrvation of iwo rather broad resonances in et ¢~ collisions with masses around
4-2 GeV and 5'1 GeV. Another prediction is the presence of energetic photons
in the decays of the y-particles. Important results concerning the recently observed
phenomena in the process ete~— hadrons follow in this scheme.

Keywords. i-particles; paracharge; SU,; symmetry; anomalous currents; e'e”
annihilation.

1. Imtroduction

From the recent unexpected discovery (Aubert eral 1974 a, Augustin et al 1974,
Bacci et al 1974, Abrams et al 1974) of the particles ¢ (3-1) of mass 3-105 GeV,
and ¢ (3-7), of mass 3-695 GeV, as extremely sharp resonance peaks in the ete~
system in the processes e*e” —ete~ (Bhabha scattering), e‘e” —phyc, etey —
hadrons, and pp — e"¢™ -+ anything®, it appears that we might be witnessing the
opening up of a new era in particle spectroscopy of yet another dimension.
While it may very well be that the new particle states depart from the class of
hadrons, we shall describe in the present paper a phenomenological scheme that
treats them simply as hadronst. In general, however, the decay width of a typical
hadron having a mass of a few GeV is cxpected to be quite sizable, unless forbidden
by some selection rules. It is, therefore, natural to introduce a new additive

* 4 (3-7) has not been seen in pp->e'e” + anything, in spite of a reported search (Aubert
et al 1974 b). This could be because of the small branching ratio into e* e~ and a larger total width.

t A brief account was given in TIFR preprint (Das ef al 1974), Phys Rev. Lett. (1975).
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quantum number, which we namej the *“ paracharge” Z, in order to underst.and
the narrow decay widths of these new particles. All the earlier known particles
will be assumed to have Z == 0, while the new particles, the H (3-1) and the ¢ (3-7),
will be assumed to have Z3£ 0. While purc strong interactions must conserve this
new quantum number Z, the electromagnetic and weak intcractions, in general,
could allow Z violating decays of the particles with Z 3 0 and account for the
observed small width of the ¢ (3-1). The Z quantum number will allow the decay
of the  (3-7) into the ¢ (3-1) plus normal hadrons; but will be shown to be sup-
pressed for reasons to be discussed. Thus the narrow width of the ¢ (3-7) will
also be accounted for. :

The observation of the ¢ (3-1) and the ¢ (3-7) in Bhabha scattering will be taken
to proceed directly thiough the electromagnetic current (figure 1). This has the
merit that the charged leptons are not required to have any new unconventional
interaction and the usual quantum clectrodynamics of the leptons is completely
adhered to. On this picture, these particles will have spin-parity J* = 1= and
charge-conjugation C = —. We are thus led quite naturally to postulate new addi-
tional anomalous (non-minimal) pieces in the phenomenological hadronic clectro-
magnetic currents. These new pieces, besides having othcr attributes, must be
capable of changing Z in order to produce the i particles. We¢ may also have
new additional pieces in the weak interaction currents.

e e
Figure 1, Mechanism for the observation of the ¢ particles in Bhabha scattering.

&

The simplest way to incorporate the new ‘ paracharge” quantum number Z
in a larger strong interaction symmetry group, which also includes the conven-
tional SU; symmetry, is to use the SU, group. Like the SU; symmetry, the SU,
symmetry too is assumed to be a regularly broken symmetry according to the chain’

SU, D SU, ® U, (2) D SU, (DR U, (Y)® U, (Z).

This scheme can be neatly pictured in terms of a quartet of phenomenological
fields, mathematical or real, ¢ = (p, n, A, x), transforming as the basic represen-
tation of SU,. The ftriplet (p, n, A) is comprised of the usual SU; quarks, assigned
Z =0, while X is a fourth, much heavier SU; singlet quark with Z = 4 1. The

"

1t The name * paracharge (Z2) [in company with hypercharge (¥)] is being used here to
distinguish our scheme from older SU, schemes with an additional additive quantum number,
since the detailed physical content of our scheme is very different from those schemes (even though
the same mathematical framework of the SU, group is employed). We must also emphasize right
at the outset that we are taking a strictly phenomenological approach in the present discussion
and do not have any *‘fundamental ™ gauge theory in mind. For older SU, schemes, see, e.g.
Gaillard eral (1974). o
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conventional (lower energy) hadron spectroscopy is strictly adhered to by construct-
ing the mesons as £® ¢ and the baryons as ¢ @ £ ® £, making suitable assign-
ments of the physical quantum numbers. The usual modifications, like adding
colour or applying parastatistics to the quarks, etc., can be easily incorporated
but will not be gone into here.

The  (3-1) has the quantum numbers / = Y =0 and is the C = — mixture
of Z = £ 1 states of a near ideally mixed 15 @ 1 multiplet containing the vector

mesons of the p-family. A new vector state P with /=Y =Z =0 and C = —
is also expected at around 4-3 GeV in this multiplet on the basis of SU, mass
formulae. The ¢ (3:7) has the same quantum numbers as the ¢ (3-1); but belongs
to another mixed 15 ¢ 1 multiplet which contains the p' (1600). Corrcspondingly,
another state P’, with the samc quantum numbers as the P, is predicted in this
multiplet at around 5 GeV.

The scheme we propose here has the merit of making clearly testable predictions
for the decays of the y-particles. Specially to be noted is the fact that the dominant
decays will be through the emission of extremely encrgetic photons leading to
final states of =, ', f" and ¢ mesons. This helps, at least qualitatively, in resolving
- the so-called “ energy crisis ” in the process ete~ —- hadrons.

In section 2 we describe the symmetry scheme. The assignment of quantum
numbers to the -particles is given in section 3. The phenomenological electro-
magnetic and weak currents are introduced in section 4, Section 5 is devoted to
the breaking of the SU, symmetry and discussing the mass-formula. The general
mass-formula and SU, multiplets of other hadrons are discussed in section 6.
Section 7 is for the present the crucial section discussing the mechanisms for the
decays of the new particles. This section is subdivided into five subsections
dealing with (1) general considerations, (2) selection rules for the decays of the
J (3:1), (3) estimates of the partial decay widths of the s (3-1), (4) decays of the
¥ (3-7) and (5) decays of other new particles. In section § we discuss the impli-
cation of the anomalous current in e*e~ — hadrons, and finally in section 9 we
make some concluding comments, indicating further lines of work under way.
In Appendix 1 we collect a number of useful results on the SU, group.

-

2. The symmetry scheme

We shall be guided, as stated earlier, in the assignment of quantum numbers in
our symmetry scheme by adhering strictly to the conventional lower energy
hadron spectroscopy.

We would like to accommodate the lower lying particle ¢ (3:1) in the regular
15 dimensional representation of SU, containing the usual SU; octet of vector mesons
of the p-family. This requirement, together with the quantum numbers Q =
Y =0, Zs0 for the ¥ (3-1), uniguely specifies the expressions for 0, I3, ¥ and
Z in terms of the generators of the SU, symmetry group.

The physical multiplets are most simply constructed as £® & (mesons) and as
£E® EQ® ¢ (baryons) by combining the basic quartets
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E (~4%) == (p, 0, A, X). .
Here (p. n, A) is the conventional SU,; quark triplet assigned Z =0 and X. is an
additional SU, singlet paracharged quark with Z = 1. We note the 0O, I3, Y,
assignments for the quark quartet (note the values given to the X):

O (electric charge) =diag (3, —% — 5 — D

I =diag &, — £,0,0)

Y (hypercharge) =20 —2I, =diag (}, §, — % — 2)
Z (paracharge) = diag (0, 0, 0, 1).

The 4 > 4 diagonal matrices representing the physical charges” Q, Y, Z for
the basic quartet are not traceless. They are thus themselves not to be identified
with the traceless diagonal (mathematical) generators of the group SU,. The
three diagonal gencrators of SU, in the basic representation arc (using an obvious
extension of the conventional SU; notation, sec Appendix 1):

. 1 1
_F'3 —_—:]3 :IL ,\3 :*‘dlag(‘}" i, -— ‘2, O, 0),
1 . 1 1 2
FB——ng\S~—dlag(§, ’3,_‘33 0),

3 . 1 1 1 3
Fo = pfghs =dine (3 3o 30 — )

The remaining 12 non-diagonal * shift” generators may be constructed in the

standard way (see Appendix 1). Making also the baryon number assignment of
the quartet:

B=diagE LY

we may now express the (physical) ¢ charges” in terms of the (mathematical)
generators of SU, and the baryon numbcr B as follows:

Q=F;+3Fs+%1F;—%1B

Y=Fg+3F;—4B=Fy—3%Z

Z =% B — F;. .
These expressions are.of course valid for all the representations of SU (4); The

construction of representations and determination of the quantum numbers now

follow on completely standard_lines from the above choice of the basic represen-
tation ¢ and its conjugate &. ‘

3. Assignments of the ¢ (3-1) and ¢ (3-7) to 15-plets

As mentioned carlier we regard both the ¢ (3-1) and the i (3-7) to be vector 111e;sons.
We he_we a well established SU; nonet of vector mesons (p, wg, K*, K*) @ Wi
We will extend this SU; nonet to an SU, representation, 15 @ 1, forming a U,

16-plet. The old w; will be identified now with the SU, singlet. The SU, ®
U, (Z) content of the 15-plet of SU, is displayed below. .

SU, SU, ® U, (2)
5-8(Z=0@¥Z=-D®3*Z=+1)D1(Z=0).
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The new SU, multiplets (besides the usual, Z = 0, SUj octet) have the (I, Y, Z)

contents:
3(Z=—=1) ——— ((DDY: I=4(0=10,Y=1,Z=—1,
) SU2(1)®U1(Y){S : 1=0(Q0=0),Y=02Z=—1;
f 3#¥(Z=+4+1) ——— ((D,D): I=4%(Q =0,—1), Y=—1, Z=+1
) {E L 1=0(Q=0),Y=02Z=-41
1Z=0 —w P . I=0(Q=0),Y=0,2Z=0.

Thus, in addition to the old nonet, we have seven new vector mesons: (D*, DY),
(D, D). S, S and P,. The 3* (Z = -+ 1) and 3 (Z = — 1) mesons form mutually
charge conjugate scts. The Huark contents can be read off from the orthonormal
states of the 15-plet given in Appendix 1.

The  (3-1), which is a charge-conjugation C = — state, can thus be identified
with* ' . ‘
S—§
3 D) =—" =8"
PO = =5 |
‘ Obviously the # (3.1) is a lincar combination of Z = -+ 1 and Z = — 1 states

and is thus clearly stable under pure strong interactions if there are no lower lying
hadrons with Z £ 0. We will show later that a 0~ particle with the same SU,
assignment and slightly lower in mass does not change this conclusion.

The only other C = — states belonging to a 16-plet which can be secn in Bhabha
scattering (apart from the p), according to figure 1, have / =Y = Z =0. There
are three such physical states in the 16-plet of U, and these, in general, would be
some linear combinations of w,, ws and P;. Two of these can be identified with
the w (790) and the ¢ (1020) while the third one we shall denote by P.

We consider the # (3-7) to be the S°’ state belonging to another SU, 15-plet,
the one containing the p’ (1600), etc. Correspondingly, there will also be the P’
state with /=Y =Z =0. :

4. The hadronic electromagnetic and weak currents

The 1ogic of our scheme as developed so far forces us to make a departure from )
the conventional description of the phenomenological electromagnetic interactions R

of the hadrons. To be able to produce, for example, the §.°_, it is clear
then that the usual electromagnetic current must be modified by the addition of
an anomalous piece that enables transitions with AZ =+ 1, AI=0, AY =0.
This additional piece is thus anomalous in terms of the quantum numbers.
Besides, it must be anomalous in anothir important sense. Since the electric
charge carried by the conserved electromagnetic current is still given by Q =1
+ 1Y, and since Q is a superselection quantum number, the *charge” carried
by the new additional piece must vanish identically.

We postulate that the anomalous current transforms as a member of a 15-plet

tensor operator (y (x), (i =1,...,15), of SU,." Denoting by I ), (=0

* We denote by SO=(S:£8S)/+/2 the C = + eigenstates analogous to the usual K;,
K¢ mixtures of K® and K°.
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3 9 o i 3 .

1 {5), the normal currents whose *‘ charges” F, = [ F, d® x are essentially
, ey 15), ; . tiall
the generators of U,, we write for our phenomenological hadronic electromagnetic

current density operator the expression

JE (x) = G () + 3 Fr () + G 0

L =95 +190 — 19w
where Fp = (v/2/3) F,. is the baryonic current. The anomalous (non-minimal,
current (i must have € = — and contains, in geneial, the components i = 0)

3,8, 13,15 of (i (¥). In particular, it is the component (" that transforms

like the S®. and enables transitions with AZ = =& 1, Al = AY =0. The strengths
of the various pieces will have to be fixed through a phenomenological analysis,
in this framework, of suitable experiments. :
As with the hadronic electromagnetic current, so also with the weak hadronic
currents may we have to contend with the addition of new anomalous pieces,
since we like to retain the idea that all thesc currents have close family relation-

weak

ships. The anomalous weak current g, (vector and axial-vector) will then be
taken also to transform according to 15-plets of SU,. There will thus be present,
in particular, pieces having the quantum numbers of the D, D" D? and P,. We
may specially note the neutral pieces which will induce transitions with | AZ| =1

| AY|=1, | AZ|=1. These will not contribute, e.g., to K, =i, K —a*l
in the lowest order. Thoy will, however, give rise to Z#0, Y £ 0 hadrons 1
v + p — v - hadrons, for instance.

As an example of the anomalous currents, it is useful to note the form they
will have in terms of the quartet quark fields:

Gh (9 = B oo 0 (£ ost)

where M is a suitable mass parameter and f is a strength parameter. These
currents may thus be viewed as generalizations of an intrinsic magnetic moment
(Pauli) current of the quarks. :

In the picture so far drawn, it is clear that the C = 4 state S} can be produced
singly in the lowest order of electromagnetism. This, as well as the states S, S,
D%,D0, D? (and the corresponding primed states), can be produced in Z-conserving
associated productions involving strong interactions. They will also be produced
singly in weak interaction processes (see, however, section 9) and in the decays
of heavier particles having the appropriate quantum numbers.

'S. The SU, symmetry breaking and mass relations of the vector mesons

We shall now consider the mass formula for the SU, symmetry breaking down
to SU;® U, (Z). To begin with we postulate (as in the well-known case of SU3
symmetry breaking) that most of the effective symmetry breaking in the mass-
squared matrix of the mesons transforms as the Fj;. This leads to the following
mass formula relating the masses of the SUj-multiplets in the SU, 15-plet (for

outlines of the derivation see Appendix 1) assuming it does not mix with any
nearby multiplet:
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m*(3) =5m?(8) + §m*(1).

This formula as such should not be used for the vector mesons, since it is well
known that mixing of the neutral states is quite crucial. Let us start from the ideal
situation of an entire U, degenerate 16-plet and calculate the mass splitting taking
account of the maximal mixing* of the neutral mesons wg, P; and ;. We then
have to diagonalize the 3 X 3 mass-squared matrix in the (wg, P;, w,)-space. To
describe the symmetry breaking U, - SU; — SU, we may picture the eﬁ”ecnve
Hamiltonian in the quark field language as

H=Hy+ A —l—pXXX.

The quark contents of the orthonormal (degencrate) eigenstates of H,, namely
wg, Py and w;, are given in Appendix 1. Using these we may writc the mass-
squared matrix in terms of the symmetry breaking parameters (the quark mass
differences) p\ and u,. The diagonalization leads to the orthonormal physical
eigenstates of H, with quark contents as follows:

o= 75 (IpB) +1mi)), ¢=|M), P=[xi)

The mass-relations are:

2 2, 2 2 .,
Mp =My 5 2Mge = Mgy + mjy ;

2 ’

Mige — M = mg — mp |
2mp = mk + mj.

These relations predict m, > mg and m, ~ m,. Further, taking m, =31 GeV,
we obtain m, ~ 4-3 GeV. Similarly, if we take my =37 GeV, we obtain
my =50 GeV, with m, =16 GeV. Since the mass of the p’ is rather un-
certain on account of its large width, the mass of the P’ is also uncertain to the same
extent. [Also the mass formulae are expected to hold only to within ~ 5%.
Both the P and the P’ should be produced in e*e~ collisions at the appropriate
energies.

It is of particular interest to note that the quark contents of the conventional
(SU;) maximally mixed w and ¢ states follow here quite automatically. Also
to be noted is the | XX ) structure of the P and the P’.  Of course, we must remcmber
that- maximal mixing could itself be of approximate validity. ’

A measure of the SU; versus the SU,; symmetry breakings is provided by the

ratio (mg» — m) @ (mg — mg) ~ 1: 30,

6. Other multiplets and the general mass formula

Once the paracharge has been unfrozen with the energies now becoming available
we, of course, expect the enlargement of all the conventional SU; multiplets
already known. Observation of the new expected states will require the use of
a variety of experimental techniques.

* Qur treatment here and below parallels that for the SU; case given by Okubo (1963). When- .
we l:.lSC “ quark rules” below it is equivalent to the use of the SU, generalization of the nonet
ansatz of Okubo. In particular the ansatz (absence of the trace of a single 16-p]et in couplings)
allows the decay S’ — S - 27 while the Zweig rule (only planar connected quark diagrams allowed)

CoultAn
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We expect the enlargements into SU,-families of the J? == 0~ nonet (=, K, K,
7, 1), of the Jr = 2% nonet, of the baryon octet, of the baryon decimet, etc.
The additional members of these families will be produced in strong interaction
processes via associated production (conserving Z), and also in weak and electro-
magnetic processes. Decays of heavier particles with appropriatc quantum

numbers will be another source of new particles.
The baryons in our scheme are obtained through the construction ERERE

(sec Appendix 1):
49404=20, ONON O

The SU,-octet of baryons (with Z =0) belongs to
SU4~> SU;; . '
N — 5 §Z=0@6EZ=1)93FCZ=103Z=2)

The (I, Y) subfamilies within each of the additional SU,-familics with different non-
zero Z-values are as follows:

6 Z=1)-1L0O®G-Da0 -2),

FEZ=)->000¢-1

3 (=2~ -D®0, -2
The SU, decimet (with Z = 0) occurs in the SU, family:

SU;-> SU,
0,———— 10Z=006(Z=DD33(Z=2)@1(Z=)I).

—_—

The (I, Y) contents of the additional SUg-families (with Z s 0) in the above 20
is as follows: |

6(Z=D—>0L0®G— 1+, —2)
3Z=D)=0G—-D®O —2)

-—

1(Z =30 -2
We can clearly also have an SU, multiplet 4% of baryons with (SU,, Z) contents:
#=3Z=N01Z=0)
where the (I, Y) contents are
FZ=D)->0000-1
1(Z=0 - (0,0).

We have thus, in the 20, in addition to the Z = 0 octet, one A-like particls (with

the.same Iand Y and so the same Q) with Z =1 which we denote by A4,, and
similarly one 2, triplet, two E, doublets, one =, doublet, one £, and oln,e Q..
In the 20, we have one each of 3, 5/, &, ], Q) and Q- The particlze
symbols refer to / and Y, whereas the subscripts give the Z values, |
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The genetal mass formula (applicable to representations R of SU, such that
R®15 does not contain 15 more than twice - quite enough for the situations of

interest here) for the symnrctty breakings SU, ~8U, ® U, (Z) - SU, ()@ U, (¥)

® U, (Z) is as follows [where (p, q) denotes an SUpmultiplet in the highest weight
notation]:

m =y +imZ +my [C(p, q) — Z*] + meFy + m, [+ 1) = §(Fyp
—3$C 9,
CoO=p+pr+a+3(p+9)
Some relevant points concerning the derivation are given in Appendix 1.

In the interesting case of 20 (B=1), we have the relation among the SU;,-
symmetric masses

§m () +imE) =m@ +m(Q)
while in the case 20, (B =1) we have the equal spacing rule:

(10 —m(@ =m©-m@) =mn@-mn)

7. Decay systematics of the J-particle

7.1 General considerations

Before discussing the detailed decay pattern of the y-particles it is useful to dis-
cuss some general features of the experimental information so far available. The
present experimental setup at SLAC detects only the modes involving at least two
charged particles. The neutral particle modes (i.e., those in which all the ulti-
mately detected decay products are neutral) are thus really unknown. For this
reason the various partial decay widths extracted from experiments are to be taken
only as lower bounds.

It is possible to derive certain bounds on the parameter x defined as

ch

X = e~

r’
where 'y, stands for the partial width of decays in which at least two charged
particles are detected, and I', is the total width. Let us define (in obvious notation):

F:,; = Arts (Fa; = FWZ)a
I’chrea = Bpt’
T,;-E Cly

where I', is the partial width for decays into exclusively hadronic channels (charged
or neutral). Then we obtain .
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Now we have

I, =Tg+ T+ + 270

Fch:Feg‘l‘F#ﬁ+'Y11P!1+Z’Y1Fi’

where [I', stands for any mode involving photons (or perhaps) lepton pairs m
addition to hadrons. X, and x; arc the v-parameters for the individual channels.

We then obtain

znﬂzﬂﬁl—»

i

RN

Q+%@L

A A
Z\Fi :Fch{PmEE__B(ZTC}}‘

Clearly.

A
|- 3@ +x50) |
YR = Miin {x} = .
ch Fz - “B (2 -+ C)

p o M‘ax =
: r

Since x = B4y, we find from the above inequalities,

. P
Xmag = A »
=SR2 =p) +C s = p)
x . (23
“min A

1 [2(1 —0) + C (x, — 0)]

B
which will clearly depend on the decay schemes of the particle concerned in any
particular theoretical model. Experimental determination of x would thus be
very useful for distinguishing between alternative theoretical schemes. We shall
discuss our scheme below.

The present experiments on the y-particles (since they do not have sufficient
resolution and therefore can measure reliably only the peak heights) provide
values for A (from Bhabha scattering) and B (from ete~ — two charged particles
-+ ...). Thesc numbers are still preliminary. We take A/B ~ 1/16 for the
¢ (3-1) for illustration. The value of C is known from ete~ annihilation experi-

ments just below the ¢ (3-1) peak to be ~ 3, in a reasonable model discussed in
the following subsection. ’

7.2 4 (3-1) = 8% decays: Selection rules

In our scheme the s (3-1) is identified with the S2 so that it has Z = - 1 compo-
nents in a C = — state with 7=V =0. It clearly cannot decay through (Z-
conserving) strong interactions into the usual hadrons with- Z = 0. Of course,
since we expect a 15-plet of pseudoscalar mesons also, it could decay strongly into
suitable members of this along with the usual hadrons, provided that the para-

St WP
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charged pseudoscalars (PS) have sufficiently lower masses. These masses, how-
ever, cannot be much lower since the experimental width is known to be excep-

tionally small. 1Itis interesting to note that S° —/— §° (PS) -- = by isospin con-
servation; S% —/— S} (PS) + 27 by parity, charge conjugation and Bose statistics
for the pions. S2~-> 82 (PS) - 2= will go only in high angular momentum states

[with the two pions in mutual /=2 and together in / = 2 relative to S° (PS), at
g

least] and so will be suppressed. We then expect the strong decays to be
negligible.

() The dominant mechanism for the decay of the S¢ in our scheme is through
the electromagnetic interaction, since the current involved can also change Z.
Among these the main mode is expected to be

¢

S2—h + v,

TS T

where h stands for one or more hadrons, and | . Z| =0, 1. Consider first the
piece of the electromagnetic current gi°, which effects | 21| = ~ ¥V =0, | AZ |
=1 transitions; then h must have Z=/=Y =0 and C= 4. Thus S*—/—
7' +y. The cases where I is a single particle (resonance) include

SE_-—-)')’] + Vs 77, —I‘ Y, f-}_ ¥ fl +'Y: etc.
In addition, because of the picce &) + 4+ Fu, we shall have the decay
S > 83.(PS) + 7,

assuming, of course, that the S} (PS) has a lower mass than the S° Since two
body modes arc available, we shall at this preliminary stage neglect more body
modes, which will be relatively suppressed due to phase space limitations.

The special quark contents (e.g., S ~ | XX) etc.) of the mesons will be made use
of to further delimit the possible radiative decay modes by the well-known approxi-
mate rule® of using planar quark duality diagrams only (often called Zweig’s rule;
see for a review, Rosner 1974). Thus, since the pion has no A or y components,

; S° —nr +y will, according to this rule, be very rare. The same rule also

supptresses S — f 4y
Thus the dominant modes are:

SS9 +y, 4" 49, f -+ y (anomalous current),

SO — 8% (PS) +y (normal current).
Of these, the f'y mode will be the fastest (El) radiative transition.
(i) Next in order will be the electromagnetic modes

S — hadrons (h),

that can go according to the diagrams in figure 2 (4, b). Clearly h can be either
with 7=0 or T =1, with C = —. We expect the contribution of figure 25 to be

* Footnote (See p 111).
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small in comparison with that of figure 2 « (as suggested by the success of a
similar treatment of the usual vector meson decays, Gell-Mann et al (1962)). In
that case, since we must have J? = - for the h, for estimates on the exclusive
decay channels we could use the intermediaries p, , ¢, p', etc. However, we are
i terested here in the total S2 —hadrons width, which is more readily and reliably
obtained from the e*e~ annihilation experiments using the ratio equality

I'(S® — hadrons) _ o (e"e” — hadrons) _ 5
TR —piw) oo —uw)

at an energy just below the ¢ (3-1) peak (discarding. as explained, figure 2 b).
_ P v
Y T h ,_‘f’__ﬂé;—_:;é h

(a) (b)

Figure 2. Mechanisms for the decays of the ¢ particles into hadrons: (a) via a
single photon intermediate state and (b) via an intermediate state of a photon +
hadrons.

(iii) We have also the decay modes
S — ete” (uiu),
S? - e*e” (utu) - hadrons.
We shall ignore the latter. The former mode is what determines the Bhabha
scattering cross-section at the i (3-1) peak, as shown in figure 1.
7.3 (3 1) decays: Estimates of partials widths

We now consider in some detail the dominant modes S° — S$(PS) + y (via

the normal current) and S2 -7y, 7" +y /' +y (via the anomalous current).
For illustration, consider the matrix element relevant for S° — 4 L y, where
A is a J* =0 meson, given by

( 2 -
(A [T O[5 p, o) =0 2L =0 pecspply
) \/4Po](0V2 ’
where g = p — k, and m is a mass parameter so that G, is a dimensionless form
factor. The decay rate is

mg

where m, and mg are the masses of the A and the §°.

For the case A == 53 (PS), the partial width is sensitive to the mass of the
pseudoscalar particle. If we estimate it using the spin-SU
relation® '

JH,

spin independent

* This is the analogue of the spin-unitary (SU,) spin independence relation 7m?

= m* (p) — m* (w) (Babu 1964, Schwinger 1964), (K¥) — m* (K)
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m?(S) — m2 (S (PS)) ~ mj — m ~ 0-57 GeV?,

1o be = 2-9 GeV, and if we take m ~ | GeV (characteristic of the normal current)
and Gi(0) ~ 1, we obtain I'(SI-S?(PS) +9) ~20keV. This estimate,
like others in this section has, at best, only a qualitative value, considering that
small changes in the mass of S (PS) can result in I' changing by a substantial
factor. It is worth mentioning that roughly the same estimate is obtained
(= 30 keV) by comparing with the known I (w —=%) in the quark model.

In the case 4 = 7 (or '), the decay must go via the anomalous current. Since
the anomalous current must have an identically zero *charge”, the effective
current of the particles involved has the form 3,T),, with an antisymmetric Ty

built out of the phenomenological fields of the particles. Then the effective form
factor has the form ‘

Gy (%) =B % (%) Fy (4?).
Here the factor g.p (=1 [m§— my -+ ¢%) takes care of the requirement of
vanishing * charge” and F, (¢ is supposedly a relatively smooth form factor.
Taking M ~ m, (characteristic of anomalous currents), Fy(0) =~ 1, we obtain
I'(8°—ny +7'y) ~ 180 B2 keV.
(In this estimate we have ignored the small mixing of 4 and »" and considered only
their AA-contents in line with the quark-rules).t An estimafe of f is quite diffi-
cult at this stage. We may attempt to get a very rough idea of its magnitude

from I'(S2—ete”). The width I' (S —>ete”) which is due to the anomalous
current is expected to be of the order of B2 (m/m,) with respecy to a typical width
via the normal current like I' (o — e*e”), taking the dimensionless photon-vector
meson coupling constant to be about the same in both cases. To the extent that
these widths are not very different, we have f% ~ 1. With this estimate we obtain

I'(S°—m +7'y) ~ 45 keV.

In a similar way we estimate I'(S° — f' +y) ~ 150 keV. It must be emphasized
that all our estimates are very preliminary at this stage, specially since the relevant
electromagnetic form-factors are unknown. Also the parameters f and M may
need revision in future.

These highly rough estimates are indicative only of the orders of magnitudes
involved. They also emphasize the importance of the decay channels considered

in relation to some of the observed features. For example, the decay S°%—S% -

(PS) + y may well account for the K-mesons in the final products in the decay of
the 4 (3-1) already indicated by experiments at Frascati. The K-mesons are
expected, since the dominant decay mode of the S (PS) will be S} (PS) ¢ +
(see Table 1) and the ¢ decays mostly into KK. The f* in S2— f 4y also decays
mostly to KK. Also from the decay modes SX-»7(y") +y, the subsequent
decays of the 5 and the 7' give rise exclusively to charged pions and neutrals
(y, 7" — 2y) as the final decay products.

Using our estimates for the partial decay widths, and the various branching
ratios for the decays of the, /' ¢, 7,7, we find

+ Footnote_(See p 111).
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I, ~ 130 keV.

cth —

We also compute the parameter x from the same analysis to be

x~06.
It is interesting to note here that the hounds on x discussed in wection 7.1, which
do not depend on a knowledge of the detailed branching ratios, are numerically

0-33 < x < 0-86.
If we are prepared to assume that I" (82 —=ny) = 2I'(S2 —7'y), as suggested
by the quark rule, then these bounds get further strengthened to 0-55 € x 071,
In getting these numbers we have taken x, = |, clearly suggested by the data on
e+ e~ — hadrons just below the ¢ (3-1) peak.

7.4 4 (37) decays

The 4 (3+7) (which is the S° in our scheme) has the same quantum numbers
as the 4 (3-1). Tt can, therefore, decay strongly into the  (3-1) and pions (one
pion 15 not allowed by isospin conservation). The most prominent such mode
will be :
$(3:7) 3 (3+1) + 2w (all S-waves).

However, this decay could be strongly suppressed through the Adler 7610 arising

from the special role played by the pion in PCAC and chiral symmetryt. Another
strong interaction channel is

$(3:7) ~ 52 (PS) + 2m.

This will also be suppressed for the same reasons as discussed for the decay of the
% (3+1) in section 7.2. Nevertheless, the larger phase space here is likely to make
this mode not entirely negligible. At the present moment, we cannot give any
quantitative estimates of these widths.

The strong f\vo body modes apparently allowed are (i) S'—-S (PS) + 7,
D (PS) - K. D(PS) +K and (i) S'—~S 47, D+K, D+K. By the SU,
symmetry the set (i) is related to p"— w7 (only F-type coupling allowed) and the
set (ii) is related to p' = K*K, wm (only D-type coupling allowed). It is known
that p’ -» 2 is absent. There is also at present no evidence for p" - K *K and w.
From this we conclude that the above modes of the S’ decays will be negligible
compared to S —S2 + 2w, as in the case of the dominance of p' —-p + 27 in
the p’ decays.

Concerning the radiative modes, most of the discussion of section 7.2 applies
here also. Additionally, we also have the decay channel (via the normal current)

b (37 =SB 1) +y

If we gstimate iGN —ny +ny+fy) and I'(¢(3-7)~S2(PS) +

by assuming the couplings involved to be the same as for the case of zz- 31 '1yc)l
correcting only for the differences in phase space, we get the rough valu : ‘3];0
keV and 800 keV respectively. These two modes, therefore contributeca oo
mately 650 keV to I'y (4 (3-7)). We must emphasizc on,ce again thatpptrli):sl(;

+ A similar possibility in a *‘charmonium ™ scheme is di
: . 1scussed by J.
thank Dr. Pasupathy for discussions on this point, See also Callanyet alP(a;;l.;lg.thy (1974).  We

-
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estimates are sensitive to the mass and coupling parameters involved, and are thus
to be taken only as rough indications. Together with the I',, arising from the strong
interaction decays and the decay # (3:7) -~ 833 1) ++ 9, as well as other minor
modes, we thus expect the total charged width I, ( (3:7)) to be around | MeV.

1.5 Decays of the other new particles

The new expected particles, the P at around 4.3 GeV, and the P’ at around 5 GeV,
both have I =Y =Z =0. They can decay by strong interactions into normal
hadrons. Of course, if they were strictly | XX ) states, as in the ideal mixing situa-
tion, and if we were to strictly follow the quark duality rulet (Rosner 1974) the
strong decays would be forbidden. However, as is well known from the decay
¢ - p, the ideal mixing is only an approximation (especially in the wave function).
Also the quark rules can only be approximate. Thus we certainly expect large
widths for the P and the P’, typical of strong interaction decays.

We shall not enter here into a detailed discussion of the decays of all the new
particles expected in our scheme. The simplest two body decay modes of the new
3 mesons based on quantum number selection rules, as also the quark rule, are
summarised in table .

Table 1. Dominant decay channels of the vector meson 15-plet (containing the
p meson) and of the pseudoscalar (PS) meson 15-plet. The second vector meson
15-plet [containing the p’ (1600) meson] will have all thesc channels available as
well as a few more (on account of its higher mass) some of which we have indicated
in the text. We would like to stress that we have used, inh this enuneration, the
quark-duality selection rulef which may be quite approximate. Decay
channels with more than two particles in the final state are not listed when 2-body
modes are available at approximately the same energy. In all radiative modes, an

asterisk*) on y denotes a transition induced by the ““normal ™ current CL;L; otherwise
through *“anomalous” current QL

A. Strong decays of the vector mesons®
5# I P[P .(PS) + a)P
" K + K. K + K* K* 4 R, K* kR

-+ o, + oty -Fol

2. SL Sk (PS) + ek

3¢, Dt — D" (PS) +
D (PS) + »+

44, D" = D*(PS) + 7
DO (PS) + =°

* Some or all the modes involving the PS mesons may actually be forbidden since their
masses (which are likely to be quite close to those of the corresponding vector mesons) cannot
be deduced exactly.

b Strongly inhibited by high angular momentum barriers and limited phase space.

¢ Allowed by the selection rules (including the quark-dyality rule) since P is not expected
to be a pure | XX ) state. Only decays arising from a | A} ) admixture are listed.

¢ The decays of D° and D- are obtained from these by charge conjugation.

1t Footnote (See p 111).
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Table 1. (Conitd.)

B. Radiative decays of the vector mesons

. PSS +7y 3. S3—>é +v
S (PS) +y S2 (PS) +»*
P(PS) +y* 4¢, Dt =K' +vy
(o + P K** +y
(" +v%° D* (PS) + ¥~
2. S.?.“)'('T) _{_,},)c 5 D¢ —K°® -+ y
(' +¥)F K*0 45
oy DO (PS) + y*

S (PS) + 7
(P (PS) + )

s If the only admixture in P (which is mostly | XX ) is | AA).

® Even if P is pure | XX ), this will go through because P (PS) and 7’ are non-ideally mixed.
¢ Quark selection rule allows both since » and 7’ are non-maximally mixed.

¢ If P(PS) has mass < 3-105 GeV

¢ The decay modes of D° and D- are obtained by charge conjugation.

C. Radiative decays of the pseudoscalar mesons®

3 SE®PS)—>¢ +v
48 D+(PS)—>K*+ +y
. 5% DOPS) - K*° 4y

. | XX ), then the main admixture is just | AX).

w has no [ M) admixture.
s obtained by charge conjugation.

Qualitative aspects of the decays of the baryons (with Z £ 0) are quite interesting,
however. The first point to note is that none of the new baryons in the 20, can

be higher than Q7 (the well-known 7). As for the 20 representation, simple
quark counting (or equivalently the mass formula) tells us only that 3(Z=2)
i5 the most massive. We cannot say which of the two, 3*(Z =1) and 6 (Z = 1),

15 the lighter (they are quite likely to be close in mass, much as X and ;1 are, in
the corresponding SU, case). So we can say that M (6) > M (£2-), otherwise

2= will decay rapidly into Qf (which is a member of 6) and a photon. The second
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qualitative remark is that in spite of their often high Z and Y values, a// the new
particles are unstable against radiative decay, whatever be their relative masses.

For example, the most massive, @,~, will cascade down by photon and pion

emission to 27, a typical chain being £2; —L.Q;' L 92—1 91—1520 (for the
notation, see section 6). A fair fraction of paracharged particles produced (in
association) in high energy pp collisions will thus end up as €7, and the presence
of substantial numbers of these and bunches of monochromatic photons in
ISR and NAL experiments is another qualitative test of our scheme.

8. e* e—-Annihilation

Before the discovery of the y-particles, the experiments* on et ¢ -annihilation into
hadrons had already begun to indicate some puzzles—the so-called “ energy crisis ”,
the constancy of the cross-section, etc. Our scheme opens up at least qualitative
pathways for understanding these apparent problems. Everyone of the radiative
decay modes of each of the expected new particles denotes (by crossing one particle
line) also a new channel in et e~-annihilation. We give in table 2a catalogue of
channels in et e -annihilation in order of increasing threshold. As in section
7.2, we take m (S (PS)) ~ 2.9 GeV ~ m (D (PS)). It is obvious from table 2
that a very large number of channels open from around 4/s ~ 3-5 GeV.

To estimate the contribution of these channels to the annihilation cross-section,
it is necessary to have an idea of the cross-section into a typical channel through
the intermediary of a virtual (anomalous current) photon. For example, the

cross-section for ete™ — Sy is given by
s + mé ‘”m'q]
0 22 e X
o (82) = B0 [~

1 82
X 5 [s2 — 25 (m§ 4 my) + (m§ — m-?,)’] ,

where 8, M and F, (¢* =s) have been defined in section 7.2 (iii). Since F, (s)
has poles at s =-m? (S) and at 5 = m?(S8'), we expect an enhancement of this cross-
section just above threshold. Since the ¢ (3:7) is our SY, this effect will be
most pronounced at 4/s =3-7GeV. With the values of M and B as estimated

earlier, and taking the SSv coupling constant to be of the order of a typical strong

interaction coupling strength, we find that it is very reasonable to have o (S 2n)
of the order of 0-1-0-2nb. Bearing in mind that about 15 new channels open in
the energy range 3+5 to 4 GeV, it can be safely estimated that a fraction of the
order of 10% of the annihilation cross-section goes into the production of the new
particles. The decays of each of these new particles, according to table 1, are
dominantly into a high-energy (~1GeV) photon plus hadrons. Furthermore,
the final resulting hadrons are mostly either neutral or are K mesons. The large
fraction of energy carried by neutrals (the energetic photons from the initial decay,
as well as the much softer photons from the decays of the final #’s) will provide
in our view a simple explanation of the decrease in the fraction of the total energy

* All aspects of e*e~ annihilation that are touched upon in this section are reviewed in the
London Conference report of Richter (Richter 1974).
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: - annihilation via one intermediate photon at

hannels in c*e annihilation via _ . ‘ ‘

T?b]e 2. kg\‘;, Clglannels involving particles of the primed mulf;plct are not

.\g_ztz(f theey'are casily worked out (the lowest such threshold will be around
indica 5 !

4.1 GeV).
Channels Threshold (GeV)
D+ K-, D- K=, D® K9, D° K° i : Zg
Sf_n > . i
D* (PS) K*, D- (PS) K=+, D¢ (PS) K*". DY (PS) K*! 3-9
D- K*-, D-K*-, D® K*0, DY K** 3-9
\ ’ 4-0

(S% (PS) 8)° ;
Sey’ 4-0

-7
St 4-1
S2 (PS) f 4-5
So¢ 46
(Pn)® 4-8
Py’ 5.2
D+D- (PS), D-D- (PS), D" D° (PS), D' D° (PS) | 5.8
$%S2 (PS), S2.S% (PS) | 6-0
(S2P (PS))* > 60

. etc.

e There is no Sf’l_ (PS) @ because here we assume ideal w-¢ mixing.

b Since P has a ]A}\) component.
¢ If m (P(PS)) > 3-105 GeV.

carried away by charged particles at /s = 3-5-5 GeV (it must be remembered
that this fraction is computed by assuming all charged particles to be simply pions.)
The singularity in F, (s) at /s = mg due to the  (3:7) is sufficient to account
for the pronounced dip in ( E,, )/+/s observed at =~ 3-7 GeV (Richter [974).
This mechanism, peculiar to our model, is also able to account qualitatively for
the fact that at /s ~ 4-8 GeV, the total number of K~ mesons in the final states
is approximately 10°; of the number of =~ mesons (Richter 1974).

We may also note that, since the dimension of the anomalous current is 4 in
the free quark field theory, its contribution to the annihilation cross-section is
expected to dominate over the normal current contribution and to attain constancy
at asymptotic energies. Tt is difficult to say at what energy the asymptotic behaviour
sets in. With the opening up. at enecrgies a little beyond 3-5 GeV, of a sizable
number of new particle channels, an apparent constancy of the cross-section
(ignoring possible fine structures) need not be surprising. Of course. such constancy
i1s not the asymptotic constancy.

9. Concluding comments

(a) The most important and immediately testable prediction of our scheme is

“%D
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the existence ol two further rather broad resonances (the P and the P') in e*e
collisions®, one around 4-1-4-3 GeV, and the other around 5-0-5:2 GeV.

(b) Since the dominant decays of the ¢ (3.1) are into [/ 4y, 7+, 7' +7,
S? (PS) -+ v, a very important feature is the expectation of monochromatic bunches
of high energy photons both at the resonance peaks and above the thresholds of
production of the new particles, many of which have still to be discovered. The
new hadrons proposed in our scheme have very specific quantum numbers and
other properties—in particular, all of them are electromagnetically unstable
(see. e.g., table 1). From table I, it is also clear that among the decay products
of the new mesons a major fraction will consist of neutrals and K mesons.

The presence of energetic bunches of monochromatic photens is also a charac-
teristic feature of the decays of the new heavy baryons. Since among the baryons
there are many with the (/, Y) values of the £-, another typical expectation is
the occurrence of exceptionally large numbers of 2-s in very high energy pp colli-
sion products.

(c) The parameter x introduced in section 7.1 is, for the reason indicated above,
a sensitive experimental parameter distinguishing between various models. We
have a definite range for it from the study of the decay mechanisms (section 7).
This is also an easily available experimental check on our scheme. It simply
requires the detection of all neutral particles in e* e~ annihilation at the y-peaks.

(d) A qualitative explanation of the somewhat surprising behaviour of the
processes efe” —hadrons above 4/s ~ 3 GeV is available in our scheme. We
may also mention that in the deep inelastic lepton-proton scattering the single
production of paracharged particles is absent to the extent that the quark duality
rule is strictly valid. Above the threshold (r ~ 25 GeV) for associated production
of the new particles, such channels can be expected to play a major role. This
would appear as an apparent violation of scaling. Apart from this, the dimen-
sion 4 of the new anomalous currents would lead to definite violations of scaling
in the asymptotic region.

(¢) The present scheme, if it proves to be useful, opens up new lines of work.
We have to examine the chiral version of the higher symmetry giving a special
role to the enlarged multiplet of the pseudoscalar mesons. For purposes of hadron
spectroscopy the question of spin, SU,-spin independence is also worth considering.
The detailed investigation of the new components in the weak and electromagnetic
hadronic currents is expected to be fruitful. Implications of our mechanisms
for generating high energy photons in stellar evolution as also in laboratory experi-
ments are of equal interest. We hope to report our considerations on these and
other related questions in future publications.
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Appendix 1
Some useful results on the SU, group
(1) The generators
Let us introduce creation and annihilation operators for the basic quartets:
|p)=a*[0), [p)=Db*{0),
|n)=a**]0), |n)=0b*]0),
[AYy=a*3|0), |d)=Db*|0),
[x)=a*]0), [X)=b*[0);

aa'0>=ba|0>:os (CL=1,2,3,4); (A.l)
with the anticommutation relations
[aq, a*F]. = [bg, b*Fl, =88, (a, B =1, 2, 3, 4) (A.2)

and with all other anticommutators vanishing. Then the 15 generators of our
4
SU, group are given by (note 'Y‘ijl FY = 0):

a o a + o sl
F§ = (a**ag — b*F b,) — & 85 gl (a*Y @y — b*7 b.y) (A.3)

They satisfy (on account of eq. (A.2)) the correct commutation relations for the
generators:

[Fg, F§] = Fy 8§ — FY 33. (A.4)
For the basic quartet { we have, for example, because of eq. (A.1),

+ 00 0
0 2 0 0
— (F%); =
= g 80 (A.5)
0 0 0 —3
so that the paracharge operator is given by
Z =3B+ Ft (A.6
)

The conventional SU, sub-group (of our SU,) has the eight generators
. - 3
fiG7=1,2,3; 3 fi=0) given by:

i)
f§ o =Fy i) (j=1,23);
Fi =F+3F, (=1,273). (A.7)

In the quartet representation (§ ~4) we may now introduce the more conventional
hermitian 4 > 4 representation matrices :

F=F+F=

= Ay

oo~
cooo
cooo

0
1

Ofv-
>

.
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{E*gr

= e i e B
OO DO ¢
oo o

DO O«

Fy=(F +F) =



126 T Das et al
0 0 0 0
o 0 0 0 —i -
Flgz—:.l(F;—Fg):‘: 0 0 0 0 —)‘12
01 O )
0 0 0 O
. 00 0 O
0 010
0 0 O 0
o 0 0 O 0
F14~=—1(Fi'_” 3) = 00 0 —i == Ay
0 0 i 0
3+ 00 8
0 + 0 _
F15-—--—F.f= 0 6 . 0 = /8 Aig . (A.8)
0 0 0 —3
We also introduce
{1 000
0 0 0 2 :
=0 g ° =l/3- A (A.9)
0 0 0 %

The A-matrices have the normalization: 77, ()% = 2.

(2) The 15-plet

It is useful to write the quark contents of the orthonormalized states in the
15-plet with their SU;, I, Y, Z contents:

— PR}, =5 (9P) — [nR)), |nb):
I=1(=+1,0,—1), ¥ =

8(2=0: IpAY, |nA)y: T=13(, = +2,_~_) Y — 4+ 1;
—Ilf\?l),l/\p): I=yIy=+% — 1, Y= —1;
7\4;6(lp5>+|nﬁ>—2'1m>):I:Y—_—.o;

| - - .
1(Z=0): jvg(ipp)+fn11)+[)\/\))-_])Lx) I =Y =0.
3 (Z=—1): {‘p’?)f‘“@ =3l=+4 -9, ¥ = 41;
- . [X): T=Y=0.
3% (Z = — ]): "‘iX?l) |\p> 1*“'2([3: JZ,-—-]—, :_1,
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Also we have for the

SUy-Singlet: 4 (pp) + ) + [ AR} 4 [x0)): [= ¥ = Z =0
(A.11)

() General representations and their dimensions

The Uy irreducible representations are given by tensors with the symmetry of the
Young tableaux with four rows with lengths f1, fo o fas Fi=fo> fs = fi

__,___._Ll___,_,i N=f =1y
_~J(_‘~’_~__] A=y~ [y
| [ N=fy—f,
Sq! N=T, (A.12)

For SU, irreducible representations we have to take only three rowed tableaux
so that Ay =0. The dimension of the representation is given by

d =g O 1) O+ 1) O + 1 10+ s +2) (o + 4 + 2

XM A A 4 A9 + 3], (A.13)
For only purely symmetric tensors:

fi=Mfo=f3=f,=0;
A=A A=) =0;
d=FA+1D)A+2)( +3). - (A.14)

Examples:

® A== =0:d=1

E:’ N=14h=4=0;d=4
I A= h=4=0:d=10
T A=3, )\2:/\3=0:d=20:(2_0s)

____.'____ DA =LA = Ay=0:d=20

— DA =0 A= =0:d=6

| poA =0, =0, h=1:d=4:(@4¥% (A.15)

To find the physical contents, (SUj-dimension, 7, ¥, Z)-values, it is important
to remember that ¥ and Z are not the generators of our SU,. The generators
are Fy and F, where the physical quantum numbers are

——N&,
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Y=F—%Z; Z=3B—Fy (A.16)

depending crucially on the baryon number B. We, of course, still have strange-
ness S = Y — B. The quarks (p, n) have S =0 and (A, X) have S = — 1. We
note below a few examples of the contents (SUj-dim.; I, Y, Z):

5@B=0=:41L0®@E;,00DE:000E; % — 10
®G:5LL—-D®E;00 — D
@G*: L —-L+D)@E%0,0 +1)®1;0,0 0
4+ B=1)=03%4%—-1LD>dE*: 001
@ (;0,0,0).
0EB=D=8:%L00¢;1L00D3:000®HE:4 — 10
DE: L0, PG5 - LDDEG:0,—2,1)
®E*0,0, H®E* % - LD
®GE:L - L2)@®G;0.—2,2).
20,(B=1)=(10;4,1,0) ®10; 1,0,00 ®(10; %, — 1,0)
- @ (10;0, — 2,0)
®E6: L0 DG - LD®E: 0 -2 1)
®G:5H - LY®G;0,-2,2)
@0, —2,3). : (A.15)

The construction of direct products of irreducible representations and the
working out of the reduction into irreducible components follow completely
standard lines (Singh 1966, Pais 1966, Itzykson and Nauenberg 1966). We simply
quote an important result (Singh 1966) useful for our general mass formula (see
the next subsection):

THEOREM. The direct product R ® R*® 15 contains 1 n times,

n=00—D+0Q —1)+80—1

where 6 denotes the usual step function (8 (x) =1, x>0; =0 otherwise) and
(A, Ay A) signifies the irreducible representation R. (Note: the conjugate
representation R* is denoted by (As, As Ay)).

(4) The mass formula

Let us assume that the symmetry breaking terms in the effective Hamiltonian trans-
form as irreducible tensor components A3 (SUj-breaking) and B# (SU,-breaking).

Now, for any regular tensor operator Tg (transforming as the 15-representation

of SU,) we have, due to the Wigner-Eckart theorem, the result that within a given
irreducible representation R,
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Tg=aFg +b 2 {[Fy, Fl.— the trace } +
Y=1

+e 3 {IF5[F} Fjlli—tho trace) (A.16)
=1

where a, b, ¢ are the reduced matrix elements for the irreducible representation
R. In the special case of R being such that R ® 15 contains R at most twice,
we may drop the last term (z e., ¢ =0). Then we have mfhm R (dropping the
symmetrical contribution):

B = M,Z + M, [C(p, 9) — Z7] (A.17)

At =MFy+ M I +1)—+Fi =1 C(p, q] (A.18)
where _

Clp)=p*+pg+q*+3(p+9q), | (A.19)

and (p, q) denotes SU; irreducible representations in R in the highest weight nota-
tion. Thus the mass operator for R is given by

M =M, + B + 4} - (AL20)
in terms of Bj, A} given above.

As examples, ignore A; (SUs-breaking); then we have the baryon mass for.
mulae:

0(B=1):§M@E)+1ME =ME) +M Q)
0,(B=1): MU0~ M) =M ) —MB) =M@ —M() (A.21)

The latter is in the form of an equal spacing rule.
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