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ABSTRACT

The transformation properties of hadron states and current
operators under the SU(6)y algebra of currents are reviewed. A
transformation from current to constituent quark bases is intro-
duced, and the algebraic properties of certain transformed cur-
rent operators are abstracted from the free quark model. The
resulting theory yields selection rules, relations among widths,
and relative signs of amplitudes for both pion and real photon
transitions among hadrons. The agreement with experiment
found, especially for amplitude signs, lends strong support both
to the proposed theory of current-induced-transition amplitudes
and to the assignment of hadrons to constituent quark model mul -
tiplets. The theory may then be used to classify states and to
predict properties of yet unseen decays, thereby providing a new
tool in hadron spectroscopy.

INTRODUC TION

Someday, when we have a real theory of hadrons and their interactions,
we will be able to calculate all the current-induced-transitions among them.
That is, we will be able to calculate the matrix elements for the vector and
axial-vector current induced processes: V, (x)+ Hadron — Hadron' and
A“ (x) + Hadron — Hadron'. At the particular point q2 = 0, if we were then
willing to invoke the vector dominance hypothesis or the PCAC hypothesis,
such amplitudes could be related to those for the purely hadronic processes
p +Hadron — Hadron' and m+ Hadron — Hadron', respectively.

To find ourselves in this happy situation, even at g2 = 0, we must actu-
ally solve two problems at once. First, we must know the properties of
currents — what symmetry properties do they possess, what are their com-
mutation relations? Second, we need to understand the structure of
hadrons — what are their relations to one another, how are the currents
flowing within them distributed ?

It is progress on these questions which has been most dramatic since the
last conference in this series and which forms the principal subject of this
talk. These two problems have been attacked by relating them — through a so-
called "transformation between current and constituent quarks'. The end
result is a well-defined theory of vector and axial-vector transition matrix
elements within the context of the quark model. We shall review the formu-
lation of the theory and its application to pion and real photon decays of
hadrons.

The agreement of the theory with experiment that we shall find lends sup-
port both to the theory of current-induced-transitions and to the quark model
for hadron spectroscopy. Particularly the success in predicting amplitude
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signs indicates that in a sense, not only do hadrons fall into recognizable
quark model multiplets, but the relation between their wave functions is at
least roughly given by the quark model as well.

- CURRENTS AND QUARKS

In order to formulate a theory of current-induced~transitions among
hadrons composed of quarks we need a group theoretic framework for label-
ing the states and operators involved. For this purpose it is natural to turn
to an algebra of charges formed by integrating weak and electromagnetic
current densities over all space. We use currents because: (a) it is plau-
sible to work to lowest order in the weak or electromagnetic interaction but
to all orders in strong interactions; (b) the symmetries and commutation
relations of such currents are relatively well understood; and (¢c) matrix
elements of currents are measured in the laboratory, or if not, in cases of
relevance to us they are related by the Partially Conserved Axial-Vector
Current Hypothesis (PCAC) to pion amplitudes which are measured.

To start with, consider vector and axial-vector charges:

Q) = fd3x NES)) (1)
Q) = f a°x ACE Y, (ib)

where « is an SU(3) index which runs from 1 to 8 and Va(?{, t) and a(:—{, t)
are the local vector and axial-vector current densities with measurable
matrix elements. The vector charges are just the generators of SU(3).
These integrals over the time components of the current densities are as-
sumetii to satisfy the equal-time commutation relations proposed by Gell-
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where £OPY are the structure constants of SU(3). Sandwiched between nu-
cleon states at infinite momentum, the last of Eqs. (2) gives rise to the
Adler-Weisberger sum rule, 2 From this point on, we shall always be con-
sidering matrix elements to be taken between hadron states® with Py — .
For the purposes at hand we need a somewhat larger algebraic system
then that provided by .the measurable vector and axial-vector charges in
Eqgs. (1), which form the algebra of SU(3) X SU(3) according to Egs. (2).
To obtain the larger algebra we adjoin to the integrals over all space of 4

V§(X, t) and A% (X, t), those of the tensor current densities T;‘z (X, t) and



Tg‘x (X, t). In the free quark model these charges have the form:
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where ¥(x) is the Dirac (and SU(3)) spinor representing the quark field.
When commuted using the free quark field commutation relations, these
charges act algebraically like the product of SU(3) and Dirac matrlces
(A2/2) 1, A2/2) o,, A\Y/2) Boy, and \%¥/2) B oy, respectively.®> The Dirac
matrices g oy, Bay, and o, form the so-called W-spin.® They are invariant
under boosts in the z direction and the corresponding charges are ''good',
in the sense that they have finite (generally non-vanishing) matrix elements
between states as p, — «». This makes them the correct set of charges to
use to label states in terms of their internal quark spin components. If welet
a =0 correspond to the SU(3) singlet representation (and A° be a multiple

of the unit matrix), then Eqs. (3) consist of 36 charges which close under
commutation. They act like an identity operator plus 35 other generators of
an SU(6) algebra. We call this algebra the SU(6)wof currents® because of
its origin. Q% and Q% then essentlally form a chiral SU(3) X SU(3) sub-~
algebra of this larger algebra.,

Given such an algebra, we define the smallest representations of it
(other than the singlet), the 6 and 6 representations, as the current quark
(q) and current anti-quark (q) respectively. We may build up all the larger
representations of SU(6)y,,out of these basic ones.

Can then real baryons be written as three current quarks, qqq, and real
mesons as current quark and anti-quark, qq, with internal angular momen-
tum L, as in the constituent quark model7 used for hadron spectroscopy ?
While possible in principle, it is a disaster when compared with experiment.
For it leads to g4 =5/3, zero anomalous magnetic moment of the nucleon,
no electromagnetic transition from the nucleon to the 3-3 resonance (A), no
decay of w to ym, etc. It would also yield results for masses like My = MA’
M, =M,, etc. The hadron states we see can not be simple in terms of cur-
rent quarks. They must lie in mixed representations of the SU(6 ), of cur-
rents. Work in past years has shown directly that hadron states are quite
complicated when viewed in terms of current algebra.

We may restate this complication in terms of the definition of an opera-~
tor V for any hadron:

!

|Hadron> = V|simple qqq or qq state of current quarks >

= |simple qqq or qq state of constituent quarks > (4)



All the complication of real hadrons under the SU(6)y of currents (i.e., in
terms of current quarks) has been swept into the operator V. On the other
hand, real hadrons are supposed to be simple in terms of the "constituent
quarks' used for spectroscopy purposes, as indicated by the second equality
“in Eq. (4). In other words, the transformation V connects the two simple
descriptions in terms of current quarks and constituent quarks.? It is for
this reason that it is sometimes called the '"transformation from current to
constituent quarks'. 10,11

Up to this point we have only managed to restate the problem via Eq. (4).
But as often happens, phrasing the problem right is a major way toward the
solution. For what we are after in the end are matrix elements of various

current operators, ¢. Using Eq. (4) and assuming V is unitary we may
write

< Hadron'|¢|Hadron >
= < (simple current quark state)' vt ov
| (simple current quark state)> . (5)

This has two important advantages. First, we may study the properties of
V™10V in isolation, and then apply what we learn to the matrix elements of
O between any two hadron states. Second, even though V itself is very com-
plicated and contains (by definition) all 1nformat10n on the current quark
composition of each hadron, it is possible that the object V™ 1pV for some
operators ¢ may be relatively simple in its algebraic transformation prop-
erties.

This last possibility is of course exactly what we shall assume on the
basis of calculations done in the free quark model. In that model, Melosh12
and others13,14,15 have been able to formulate and explicitly caleulate the
transformation V. While one would not take the details of the transformation
found there as correctly reflecting the real world, one might try to abstract
the algebraic properties of some transformed operators V‘lﬁv, from such
a calculation. In cases of interest, this turns out to be equivalent to assum-
ing that the transformed operators V-1¢V have the algebraic properties of
the most general combination of single quark operators consistent with SU(3)
and Lorentz invariance.

Thus, while Eq. (3) shows that Q itself behaves under the SU(6 )y of

currents as simply
o
S0 (5) o, ve0

a direct calculation in the free qluark model shows that algebraically V"lQ
behaves as a sum of'two terms:
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where the products of Dirac and SU(3) matrices are understood to be taken
between quark spinors (and integrated over all space). Here v, is a vector
in configuration space, so that vy +1ivy raises (lowers) the z cgmponent of
angular momentum (L, ) by one unit. “The particular combination of Dirac
majrices and vector indices in the two terms in Eq. (6) is dictated by the
demands that the total J, = O and the parity be odd for the axial-vector
charge, Q§, and for V- logv

For the vector charge, Qa , we must have
-1 o o
V'V =Q (7)

since we want these charges to be the generators of SU(3), both before and
after t%1e transformation. However, the first moment of the charge den-
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is not a generator and is transformed non- tr1v1a11y by V. One finds in the
free quark model that in algebraic properties V- D V behaves as a sum of
four terms under the SU(6)w of currents: 1
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where again the Dirac and SU(3) matrices are understood to be taken between
quark spinors.,

We abstract the algebraic properties of V™ 1Q%V and V lDO‘V given in
Egs. (6) and (9) from the free quark model and assume them to hold in the
real world. We are then able to treat matrix elements of Q 5 and Da between
hadron states as follows: _

(1) We identify the hadrons with qqq or qq states of the constituent quark
model where the total quark spin S is coupled to the internal angular momen-
tum L to form the total J of the hadron. The states so constructed fall into
SU(6 yy % 0(3) multiplets. Meson states formed in this simple manner are
enumerated in Table I, where candidates are given for the isospin 1 and 0
nslots" for each J¥C value from among the observed mesons. 7 The sad
state of meson spectroscopy is reflected in the lack of established states
even at the L =1 level. The situation for baryons is of course much better I
there being one or more established candidate for every J P value in the
SU(6 )y ¥ 0(3) multiplets 56 L. =0, 70 L. =1, and 56 L =2.



Table I Meson states of the constituent quark
model and possible I =1 and 0 candidates. 7

Quark’
- SUB)yx 06) SUE) Spin SPC Candidates
Multiplet Multiplet S I=1 and 0
35+1 841 1 1 0,00
L=0 8+1 0 ot 7, X7
3B +i g+1 1 2™ Ay L1
L=1 8+1 1 1 AL?,D,?
8+1 1 - 5,€7,8%7,¢'2
8+1 0 1+ B,?,?
35+1 8+1 1 37 g w32, 7?
L =2 8+1 1 27" F?,?,?
g8 +1 1 17 p'?,?2,?
8+1 0 2" A,2,2,?

3

(2) Since very few weak axial-vector transitions are measured, given a
matrix element of Q we use PCAC to relate it to a measured pion transi-
tion amplitude. Applﬁcation of the golden rule then yields:

_ p 2 22
rr— o) = Ly ST BUE D ity Qh-ie) o,
47rf7r 2J'+1 M! A

(10)

where f o 135 MeV. The factors in Eq. (10) are forced on us by PCAC and
k1nematlcs — there are no arbitrary phase space factors.

For real photon transitions, matrix elements of DY + (1/ J3) D+ are
directly proportional to the correspondmg Feynman amphtudes. The width
for H' — vH is given byl7

. _ e Y 3 8 2
rH' YH) = = ¥ z : [<H', KID++ (LA3) D+!H , A=1>]%,

A (1)

(3) Given a matrix element of Q% or D% between hadron states which is
related to measurements by either Eq. (10) or (11), we transform using V
from simple constituent to simple current quark states. The particular
matrix element is thus rewritten in terms of V™ Q V or V-1D +V, and simple
current quark states. We know the algebraic propertles of all these quan-
tities under the SU(6 ), of currents via abstraction of Egs. (6) and (9) from
the free quark model and our identification of hadrons with quark model
states. We may then apply the Wigner-Eckart theorem to each term to ex-
press it as a Clebsch-Gordan coefficientld (of SU(6)y) times a reduced




matrix element. Since the same reduced-matrix element occurs in many
different transitions, relations among the corresponding transition ampli-
tudes follow.

- CONSEQUENCES OF THE THEORY

The experimental consequences of the theory outlined in the last section
have been considered by a number of authors. 12,20-29 Thege consequences
fall into the following three categories:

(1) Selection Rules For transitions by pion or photon emission from
states (either mesons or baryons) with internal angular momentum L' to
those with L, one finds22

h-ni-1l <4 < L+ +1 (12a)
IIL'—LI-1‘§j75L+L'+1, (12b)

where £, and j, are the total angular momentum carried off by the pion and
photon in the overall transition.

For example, £, can be 0 or 2 ({; =1 is forbidden by parity), but not 4
for a pion decay from L' =1 to L, =0, Thus the decay of the D,5(1670), the
JP = 5/2 N* resonance with L' =1, into 7A is forbidden in g—wave Uy =4),
although otherwise allowed by kinematical considerations. Similarly,only
jy =11is allowed for L' =0 to L =0 photon transitions, although Jy =2 (and
even j, =3 for A'— yA) is generally permitted by kinematics. This particu-
lar rule is well-known for A —+yN, where it is just the successful quark
model result3Y that the transition is purely magnetic dipole in character,
i.e. the possible electric quadrupole amplitude is forbidden. The inequali-
ties in Eqs. (12) might be regarded as the generalization of these particular
results to all L and L' in the present theoretical context.

Note that for [L - L'| > 3 the lower limit of the inequalities becomes
operative in a non-trivial way, forbidding low values of £, or j, which would
otherwise have been favored kinematically. Unfortunately, the relevant
hadron states which would provide an interesting test of this have not yet
been found.

Selection rules of a different sort govern the number of independent re-
duced matrix elements. For pion transitions from a hadron multiplet with
internal angular momentum L' down to the ground state hadrons with L =0,
there are at most two independent reduced matrix elements, corresponding
to the two terms in Eq. (6). For real photon transitions between the same
two multiplets there are at most four independent reduced matrix elements,
corresponding to Eq. (9).

In general structure, the theory described above includes various con-
crete quark model calculations, both non-relativistic3l and relativistic. 32
In fact, a one-to-one correspondence exists between the quantities calcu-
lated in such models and the reduced matrix elements in the present theory.
However, such models are usually much more specific, with parameters
like the strength of the 'potential'', quark masses, etc. fixed. Since the
quantities corresponding to reduced matrix elements are expressed explicitly
in terms of such parameters, they are computable numerically and the scale
of the reduced matrix elements is determined.



Also included in the general structure of the theory are the results fol-
lowing from assuming strong interaction SU(6 )y conservation. 6 For pion
transitions, thls corresponds in the present theory to retaining only the first
term in V-1Q 5V Since this hypothesis fails experimentally, various ad hoc
schemies for breaking SU(6)y have been proposed. 33 Such schemes still fall
within the general structure of amplitudes presented above34 and they are
similar in §iving relations between amplitudes while not setting their abso-
lute scale. 99 However, as we shall see below, they are generally more re-
strictive in that they tie together pion and rho decay amplitudes.

(2) Decay Widths The simplest such set of relations are those for pion
transitions from L' =0 to L, =0 mesons. Here there is only one reduced
matrix element (the second term in Eq. (6) has AL, =+1 and so can not con-
tribute when L' = L =0), so that the amplitudes for p —77,K*(890) — 7K,
and w — 7p are all proportional. The ratio of the amplitudes for the first
two processes may be obtained from I'(p — 7m)/T (K* — 7K), while the am-
plitude for the latter is obtainable from w — 37 and rho dominance. W1th1n
errors, the ratio of the three amplitudes is that predicted by the theory

For pion transitions from mesons with internal angular momentum L' =1
to those with L. = 0, both terms in Eq. (6) are possible and there are conse-
quently two independent reduced matrix elements which describe all such
decays. Rather than performing a fit to all the data, we choose two meas-
ured widths as input and thereby determine all the other decay rates. For
this purﬁse we take I'(Ag — mp) = 71.5 MeV, from the latest particle data
tables, and I') (B — mw) = 0. This latter condition, the vanishing of the
helicity zero gongitudinal) decay of B —7mw, is suggested by high statistics
experiments3 which find the transverse decay to be strongly dominant.
While probably not exactly zero, we take this as a very reasonable first ap-
proximation to the data. Exact vamshmg of I'y ((B — mw) corresponds to
only the second term in V-~ QaV with the alge ralc properties of (A%/2)
[(Box + 1,80 Wvx - ivy) - (BUX - ipoy)(vx + ivy) ], having a non-zero re-
duced matrix elementy This well 111ustrates ﬁe experimental necessity of
a non-trivial transformation V; for if V = 1, only the term behaving as
(A%/2) 0, would be present and the predicted helicity structure for B — mw
would be completely opposite that observed.

The results3? can be seen in Table II. The correct values for I'(Ay —7p)/
T'(K*(1420) — 7K*) and T'(f — 77)/T'(K*(1420) — 7K) may be regarded as
testing the SU(3) component of the theory, while, for example, the value of
T'(Ag—mp) or I'(K*(1420) — 7K*) relative to I'(f — 7)), I'(K*(1420) — 7K)or
I'(Ag — mn) tests the full theory, including the phase space factors in Eq.
(10), since one is relating d-wave pion decays into pseudoscalar vs. vector
mesons. As for the other decays in the Table, we note that: (a) other
strong interaction decay modes of the B meson very likely exist, as we dis-
cuss later, although 7w is certainly dominant; (b) the ''real'' A; resonance
still remains to be found for comparison with the theory; (c) the now estab-
lished I =1 scalar meson, 0, only has 7 as a possible strong decay channel,
so the total width should almost coincide with that into mn; (d) we have
chosen 1300 MeV, the mass where the s-wave 7K phase shift37 goes through
90°, as the mass of the strange, JP = 0" meson40
The overall agreement found in Table I between theory and experiment is
quite good, with the exception of I'(Ag — 7X°). While mixing of the pseudo-
scalar mesons is such as to alleviate this discrepancy, reasonable mixing
angles do not change the width appreciably from the value in Table IL



Table II Decays of L'=1 mesons to L=0 mesons by pion emission. 39

. 37
I'(predicted) T'(experimental)
- Decay (MeV) (MeV)
A, (1310) —mp 71.5 (input) 71.5 = 8
K*(1420) — 7K* 27 . 29.524
£(1270) —7r 112 141 +26
K*(1420) — 7K .55 55 %6
A, (1310) —my 16 15 +2
A, (1310) —7X° 5 <1
B(1235) —7w,A =0 0 (input) Tiotal = 120 # 20
Tw, with A=1 strongly
A=1 75 dominant, 38 only
mode seen
A;(1100) —mp, A =0 63
??
A=1 31
5(970) —my 41 50 +20
k(1300) —7K 380 ?, broad

A more likely source of trouble lies in the theoretical assignment of the X°
to be dominantly that SU(3) singlet pseudoscalar meson associated with the
octet containing the pion and eta. In any case, an actual measurement of the
Ay — 7X© decay width, rather than an upper limit, would be an ‘interesting
quantity to determine experimentally.

For L' =2 mesons decaying by pion emission to the L = 0 states, there
are again two independent reduced matrix elements. About the only decay
width determined with any certainty is g — 77. The meagre information
available on other decays is consistent with the theory within the large ex-
perimental errors.

For photon decays of mesons the data are even more sparse, although
there are plenty of theoretical predictions. 28 fact, only a few decays
among L' = 0 mesons are actually measured, where there is just one possible
reduced matrix element. Fixing this from I'(w —7y7), the predictions4! are
collected in Table III. What widths have been measured are consistent with
the predictions of the theory, although at the limits of the error bars in
several cases.

There are a large number of pion and photon transitions among baryons
which are gredicted by the theory. They are compared with experiment else-~
‘where.22:23:28 (Qyerall there is fair agreement between theory and experi-
ment, with a number of predicted pion widths "right on the nose'!, but others
off by factors of 2 to 3. In many of these cases there are large experimental
uncertainties, as well as the theoretical uncertainty inherent in using the
narrow resonance approximation to compute decays of one broad resonance
into another,



Table III Decays of L' = 0 mesons to other
L =0 mesons by photon emission.

I'({predicted) T'(predicted) I'(experimental )37
no mixing g, =-10,5°
KeV) (KeV) (KeV)
w — 7 .870 (input) - 870 (input) 870 % 60
p — T 92 92 30£10 < T < 8010
(RéL. 42)
¢ — T 0 0 <14
o — v 36 56 <160
(Ref. 43)
w — v 5 7 <50
¢ — vy 220 170 126 + 46
X0~ 160 120 0.27 I'(X0— all)
X% — yo 15 11
¢ — X’ 0.5 0.6

(3) Relative Signs In the process N — N* — 7A, the couplings to both
7N and 7A of all the N*'s with a given value of L are related by (SU(6)y)
Clebsch-Gordan coefficients to the same reduced matrix element(s). The
signs of the amplitudes for passing through the various N*'s in 7N — 7A are
then computable group theoretically. The correctness of these sign predic-
tions is crucial, for while, for example, one may be willing to envisage a
small amount of mixing of the constituent quark states, and corresponding
corrections of say, 20%, to amplitudes (and 40% to widths), this will not
change their signs. A wrong sign prediction could well spell the end of the
theory!

This in fact seemed to be the case last year44 when a comparison of the
theoretical predictions22,45 was made with the amplitude signs observed in
an earlier phase shift solution of 7N — 7A by the LBL-SLAC collaboration,46
Since then a newer solution7,48 with much better X 2 has been found — in
fact, the new solution is the only one left once additional data in the previous
energy ''gap" between 1540 and 1650 MeV is used as a constraint, 49

The present situation with regard to am5plitude signs for intermediate
N*'s with L =1 in 7N — N* — 7A is shown®0 in Table IV. Aside from an
overall phase (chosen so as to give agreement with the sign of the DD15(1670)
amplitude), there is:ione other free quantity. This is the relative size of the
reduced matrix elements of the two terms in V'lQ%V or, what turns out to
be equivalent, the sign of an s-wave relative to a d-wave transition amplitude.
In Table IV we have fixed this by using the sign of the SDg,(1640) amplitude.
All other signs for N*'s in the 70 L =1 multiplet are then predicted theoreti-
cally. The seven other signs determined experimentally agree with these
predictions. The sign of the s~-wave relative to d-wave amplitude is su&h
as to show that the reduced matrix element of the second term in V'-Q5V,

- 10 -



Table IV Signs of resonant amplitudes®0  with the algebraic properties of
in 7N — N* -~ 7A for N*'s in the 70 L=1  (A%/2) [(B0y+1Boy)(Vy -1vy) =

multiplet of SU6)yw X 0(3). Amplitudes - (Box - 1B0y) (v +1ivy)],1s dom-
are labeled by ((;n Lrad1,2g and the inant for L' =1 to L=0 pion tran-
resonance mass in MeV. sitions of baryons, just as it is for
- L'=1 to L=0 pion transitions of
mesons,
Resonant Theoretical Experimental

For N*'s with L=2, many of

Amplitude Sten Sten the amplitudes have not been seen
DS ,(1520) oo ‘ - experimentally. As the overall
DD, .(1520) _ - phase is already fixed, there is
13 just one parameter free. Again
8D, ,(1550) * ? this is the relative size of the two

SD,, (1640) + (input) + possible reduced matrix elements,
only now it corresponds to the sign

DS, (1690) - - ;
of a p-wave relative to an f-wave
DD,,(1690) - - pion decay amplitude. We use the
DD, . (1670) + (input) + FP15(1688) amplitude in Table V
15 to fix this sign®0— it corresponds
DS, 5(1700) - - to the reduced matrix element of
DD, ,(1700) + + the first term in V‘lQ%V, behav-
s, ams) N . ing algebraically as (\%/2)c_, be-

ing dominant. All other sighs (3)
which are measured in Table V
agree with the theory.

Table V Signs of resonant amplitudes®? Another reaction where rela-
in TN — N* — 7A for N*'s in the 56 L =2  tive signs are predicted is
multiplet of SU(6)y % 0(3). Amplitudes YN— N* - 7N. This involves the
are labeled as in Table IV. theory at both the yN N* and 7N N*
vertices, Although the situation is
more complicated, there are also
Resonant Theoretical Experimental more amplitudes determined ex-
Amplitude Sign Sign8 perimentally. An analysis26,28 of
FP, . (1688) - (input) - the situation shows that not only
are there 15 or so signs correctly

FFy5(1658) * ¥ predicted, but the information on

PP, 4(1860) - ? the 7N N* vertex so obtained

PF 4(1860) + 2 agrees V\fith that f?om TN— N* —7A
as to which term in V-1 Q%V has

FF34(1950) . - the dominant reduced matrix ele-

FP,(1880) - ? ment.
With our confidence in the

Fy5 (280 ) ) theory for giving correct ampli-
PPaa( ) + ? tude signs thus established, we
PR ( ) o ? may use the theory as a tool to
classify new resonances. For ex-
PPy, (1860) * ? ample, a Pg3(1700) state is seent8

in TN — N* -— 7A and other reac-
tions. 37 Does it belong to a state
of three constituent quarks with
L =0or with L =2? Both such '"slots' are open in the constituent quark
model, the former being the partner of the Roper resonance, Py(1470), and
the latter a relative of the third resonance, F5(1688). Fortunately the

- 11 -



amplitude sign in 7N — N* — 1A corresponding to these two choices is oppo-
site. Experiment then allows a determination of the correct assignment:
the P54(1700) belongs with the P;;(1470) and has L =0, as shown in Table
VL. We have thus established both non-strange members of a new (although
long~suspected) quark model multiplet.

Table VI Signs of resonant amplitudes®0 in 7N — N* — 7A for N*'s in a
radially excited 56 L =0 multiplet of SU(6)y X 0(3).
Amplitudes are labeled as in Table 1V,

Resonant Theoretical Experimental
Amplitude Sign Sign48
PP1 1 (1470) + +

PP3 3 (1700) - -

Finally note the inelastic reaction 7N — N* — pN, If strong interaction
SU(6 )y conservation is assumed, the pNN* and 7NN* (or mAN*) vertices are
related since the 7 and p are in the same strong interaction or constituent
SU(6 )y multiplet. The same result holds in broken SU(6 )y, schemes. 33 As
far as the transformation from current to constituent quarks is concerned,
there is no such relation, for only by using PCAC and vector dominance,
respectively, are pion and rho vertices obtainable from axial-vector and
vector current amplitudes — amplitudes which are themselves totally unre-
lated. An examination of the Argand diagrams from the LBL-SLAC analy-
sis*® shows that the 7 and p couple differently to the N*'s with L. =1. This
particularly spells trouble for the so-called "{-broken SU(6 )y " scheme,33
as emphasized by Faiman9l recently.

SOME APPLICATIONS AND OPEN QUESTIONS

Let us then consider some further problems in meson spectroscopy
which can be treated using the theory of pion and photon transitions we have
been discussing: _

(1) Is the p'(1600) a qq state with L =0 or L. =2? In the first case we
would have a radial excitation (of the p), while in the second we would be fill-
ing out the L. =2 multiplet (see Table I). Just as we were able to classify the
P3 (1700) using amplitude signs, a similar application of the theory per-
m1§s an unambiguous classification here also, In particular, it turns out that
the relative signs of the amplitudes for 7 — p' — 7w and 77—~ g — 7w (Or
am — p' — KK* and, 7t — g — KK*) are the same (opposite) for L =0 (L =2).
Amplitude analysis of this kind should be possible given the new generation of
spectrometers discussed by Leitho2 at this conference.

(2) Can we have a p' state which decays to 7w and not 77? This possi-
bility, which is sometimes invoked53 for a p' (1250) state, is difficult to
understand in the theory of pion transitions discussed above. The Clebsch-
Gordan coefficients yield a factor of 2 (1/2) for I'(p' — 7w)/T(p — =m) if
L =0 (L =2), while phase space always favors the 7m mode. Thus, without
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invoking a very particular mixture of L =0 and 2, p' states should have com-
parable 77 and Tw decay modes.

(3) Where are the isoscalar JP =1 mesons ? A direct calculation of
the width of an isoscalar partner, H, of the B meson to decay into 7p shows
that™

TH — 1) = T'(B — 1w) (13a)

if H is the eighth component of an octet,
TH — mp) = 2TB — 1w) (13b)

if H is the appropriate SU(3) singlet, and
TH — 1p) = 3T(B — 1w) (13¢)

if H is an ideally mixed combination of singlet and octet. b4 Here T denotes
the reduced width, with phase space taken out. As the H is presumably
heavier than the B, one should be looking for a broad object — at least 100
MeV wide, and more likely 200 to 300 MeV wide! No wonder it's been hard
to find.

On the other hand, the isoscalar partner of the A;, the D, has no decay
by pion or kaon emission into the ground state L. = 0 mesons. It can only
decay to other L. =1 mesons by pion emission, and should be relatively nar-
row, as indeed is seen experimenta11y37 for the state at 1285 MeV.

(4) Pion decays among L =1 mesons. The decay37 D — 76 seems to be
the dominant decay of the D(1285), and the recently discovered A, — mrw
mode®® may well proceed (virtually) via Ag — 7B — 7rw. The existence of
these pionic transitions among L =1 mesons suggests that decays like
B— m — mrn, B —7Ay — wmp, and D — mA; — 7w7p should also occur.
While there is insufficient data on other decays to make a definite prediction
for the latter three, one expects widths of roughly 10 to 20 MeV. Until these
possible modes are investigated one should use caution in assigning the B
decay width entirely to 7w,

A similar situation holds for pion transitions from L =2 to L =1. The
decay w(1675) — B — 7rw seems to have been recently detected, 6 where
the w (1675) is presumed to be the isoscalar companion of the g(JPC= 377
Decays like Fl(JPC =2 ) —md, g — 7H, etc. should occur with comparable
rates.

(5) Bounds on widths. One would like to go beyond symmetry relations
and obtain information on the absolute magnitude of some amplitudes. One
method of attack is to use the last of the commutation relations in Eq. 2) in
the form '

[af, @] =@ (14)

where Qﬂg = (1/J:‘Z) (Qé + iQ25). Sandwiching this between I =1, I, =1 meson
states, H', with helicity A, and assuming no I =2 mesons yields

; |<H®, AlQ;HT, A > 2= 1. (15)
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Therefore

-t
<H®, MQLIH, A> | < 1, (16)

-

and PCAC then implies a bound on T"(H' — 7H). Unfortunately this is not
very useful in practice, for it only tells us that I'(D — 76) < 310 MeV —
about a factor of 10 too large; I'(B — md) < 135 MeV — roughly the total
width and probably also a factor 10 too big; and I'(p — 7m) < 300 MeV —
which is closer to the true width but still not very useful. Equation (16)
only assures us that things can't be really wild.

(6) Masses. Information on masses can be obtained®7, 58 by using the
commutator

d Q)
[Q‘;(w, —di—] =0, am

where the right hand side is zero under the assumption that there is no I =2

sigma-term. It is clear that masses now enter, since the time derivative

is proportional to the commutator with the Hamiltonian. One then probes the

structure at a deeper level than when one just uses commutators of charges.
If the transformation V was simply the identity, then it is possible to

show that the solution to Eq. (17) is

M2 = M%(L) + Mi(L)ST‘o , _ (18)

i.e., states with internal angular momentum L are only split in mass by a
spin-orbit term of arbitrary magnitude. 99 When V # 1, the situation be-
comes very complicated. It is clear that v-1M2V can not be like a single
qufrk o%erator in algebraic properties, for this would result in M‘?‘T =Mj5,
My = MA , as Eq. (18)would also have given. Thus we can not abstract
some quantities from the free quark model — we do not want its mass spec-
trum, in particular. 60 while Eq. (17) has been used to derive interesting
results for masses in terms of the complicated mixing of representations of
current algebra realized by real hadrons,®7:58 it has so far proven difficult
to extract much useful information directly from it61 using the transforma-
tion V. This is an important area of further research.

CONCLUSION

The theory of pion and photon transitions which we have outlined has had
great success in prédicting the signs of amplitudes — more than 25 relative
signs are correctly predicted in the reactions 7N — N* — 1A and yN — N*—7N,
There is also at least fair success in predicting the relative magnitude of
decay amplitudes, particularly for mesons.

This success lends support both to the theory of current-induced -
transitions we have presented and to the assignment of hadron states to consti-
tuent quark model multiplets. In particular, the amplitude signs found to be in
agreement with experiment mean that, at least in a rough sense, the relation-
ship between the wave functions of different hadrons is that of the quark
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model. At q2 = 0 one sees evidence for a quark picture of hadrons which is
just as compelling as that obtained in a very different way as q% — » in deep
inelastic scattering.

Aside from pushing further on questions like masses, the extensionZ9
to q2 # 0 current induced transitions, the relationship62 of V and PCAC,etc. ,
what is most needed is a deeper understanding of why we can get away with
such simple assumptions — why can we abstract anything relevant about
transformed current operators from the free quark model? Even given that,
why can we recognize so clearly the hadrons corresponding to the constituent
quark model states? Why aren't the multiplets more badly split in mass and
mixed? Most of all, to answer these and other questions we need at least
part of the dynamics, at which point we might be able to calculate magnitudes
of the matrix elements as well.
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