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An extension of our phenomenological study of baryon resonance production by neutrinos is carried out
to include the relativistic generalizations of SU(6). The semileptonic weak-interaction Lagrangian in-
variant under the group SI.(6,c) is constructed for the 364-to-364 supermultiplet transitions. Two special
cases are considered for this interaction Lagrangian: One invokes invariance under the larger group M(12),
while the other includes a simple 3I(12) symmetry-breaking term. Detailed comparisons with the present
experimental information on weak Ne production and with the SU(6) theory are made for each of these
relativistic symmetry schemes.

' 'N a recent paper, ' we have presented a phenomeno-
~ - logical study of E*production by neutrinos in terms
of three models. Of particular interest was the one
incorporating the SU(6) work of Beg and Pais on semi-
leptonic interactions' in the no-recoil approximation.
The cross-section predictions for this model were found
to be in good agreement with the published experimental
information. ' A more recent analysis4 by the CERN
group indicates, however, that the experimental in-
elastic cross section was underestimated, so that now
the SU(6) predictions appear to be too low.

In any event, it is of interest to extend our phe-
nomenological study to include the predictions of
relativistic SU(6). As has been emphasized many times
in the literature, s the relativistic completion of SU(6)
is not unique; however, the simplest one has been
proposed independently by several groups' and is
known variously as M(12), U(12), SU(12)t'., and
SV(12). Partly because the simple M(12) symmetry
is intrinsically broken by the free Lagrangian and the
equations of motion, the predictions of 3E(12) have
not met with overwhelming success. ~ On the other hand,
since the theory appears to fare better in dealing with
vertex functions than with scattering amplitudes, there
is hope that its predictions for the E-E* semileptonic
transition will not be entirely meaningless.

Two points are of special interest. First, the M(12)
theory will provide more complete information on the
set of octet-decuplet form factors evaluated at zero

momentum transfer than could be obtained from the
nonrelativistic SU(6) theory and, at the same time,
will reveal any deviations from those determined in
the no-recoil limit. And second, since the vector form
factors involve the proton-magnetic-moment prediction
of3II(12)which is known to be too large, it is of interest to
introduce some M(12) symmetry-breaking interactions.

To facilitate this study, in Sec. I we shall discuss the
semileptonic weak-interaction Lagrangian in the more
general relativistic scheme' known as SL(6,c), then
restrict our study to the predictions of M(12) in Sec.
II, and finally consider M(12) symmetry-breaking
interactions in Sec. III. A brief summary of our work
is presented in Sec. IU.

I. INVARIANCE OF Lvr UNDER BL(6,c)

In our previous account of E* production by neu-
trinos, ' the octet-decuplet transition vertex was written
in terms of eight form factors. It was shown there that
the SU(6) theory of semileptonic interactions according
to Beg and Pais' together with the conserved-vector-
current (CVC) hypothesis lead to predictions for three
of these form factors at zero momentum transfer. No
clear-cut knowledge can be obtained for the remaining
five form factors, however, because of their velocity-
induced nature. In contrast, the recent development
on the relativistic generalizations' of SU(6) enables one
to obtain normalization predictions for all eight form
factors.

Since the relativistic completion procedure for SU(6)
is not unique, various relativistic predictions are to be
expected for the form factors. Here we shall follow the
relativistic formulation of Sakita and Wali' based upon
the group SL(6,c) to construct an effective semileptonic
interaction. We begin with a brief review of their work.

The group SL(6,c) of 6X6 complex matrices with
unit determinant contains SL(2,c)SSU(3), where
SL(2,c) can be identified as the covering group of the

s B. Sakita and K. C. Wali, Phys. Rev. Letters 14, 404 (1965)
and Phys. Rev. 139, 31355 (1965).

'C. H. Albright and L. S. Liu, Phys. Rev. Letters 13, 673
(1964) & 14, 324, 532(E) (1965), and Ref. 1.
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homogeneous Lorentz group and SU(3) as the internal
symmetry group. Hence a 12-component representation
fjt of Sl.(6,c) can be decomposed into representations
of SL(2,c)SSU(3) by assigning a pair of indices ia to
2, where z is the Dirac spinor index and a refers to the
unitary spin index. The inner products ~ and /vga
are both invariant under the Sl(6,c) transformation
group.

The Gelds associated with the elementary particles
are assumed to transform like the products of P's and
P's. Thus the meson field is represented by a second-
rank mixed tensor, C~~ C; &&, with 144 components
and the baryon Geld by a totally symmetric third-rank
tensor, N~~g=C;, ;p I,~, with 364 components. These
Geld tensors, C and 0', are then required to satisfy the
Du)En-Kemmer and Bargmann-Wigner free field

equations, respectively, so as to lead to a particle-
supermultiplet structure in agreement with that of the
SU(6) symmetry scheme. The meson field, which

represents a nonet of vector mesons V„ I' of mass m~
and a nonet of pseudoscalar mesons I' & of mass ns,

assumes the following form:

identify C~,z with the point leptonic current" ac-
cording to Eq. (1.1) as follows:

C'w, .-"=(v.)"L..-p — -(~")"(~.L. ~.L.)-p
2 (jism). P

+(G~'IGv') (v.vs)"Ip, -P (1 6)

4(C w8181)%,

+(VsC w818»)+,

+(C wVsS»8»)+,

+(C'wSvs81)+,

(1.7a,)

(1.7b)

(1.7c)

(1.7d.)

+(VsC wVs8181)+, (1.7e)

+(Vsc'wSVs81)+, (1.7f)

+(C'wVsSVs81)+, (1 7g)

The constants G~' and Gy' are inserted in order to
yield the proper normalization for the elastic process
vj+ js ~P+l and will be specified in the next section.

The most general 1.~ which is invariant under
Sl.(6,c) is a linear combination of the following twelve
forms:

@in (Vp)i +s, a (&sv)i +pe, a
2(mT) p

+ (Vs)"I'-P (V.V—s)"~.(~/ I)-' (ll)

+(C'wSV sSVs)+,

+(VsC'wVsSVs81)+,

(1.7ll)

(1.7i)

where
F„„=B„V„—B,V„. (1.2)

+iajPkv D, ij, kaPv+Bijk, , aPv q (1.3)

where D and 8 a,re spelled out in Ref. 8.
We now turn our attention to a discussion of the

semileptonic weak interactions. ' With the conventional
assumption of current-current coupling and a point
U—2 interaction for the leptons, the effective weak-
interaction Lagrangian is given by

The baryon Geld can be expressed as a sum of a decuplet
field D and an octet Geld 8,

+(VsC'w SV sSVs)+, (1.7J)

+(C'wVsSV sSVs)F, (1.7k)

+(VsC'wVsSVs SVs)+, (1.71)

where C w is given by Eq. (1.6) and @ by Kq. (1.3).
Contraction of all indices is implied by the direct
products appearing above. If one inserts the expansions
for 0' and C w into Kqs. (1.7), it becomes clear that t.w
can be expressed in the form of Eq. (1.4) or more simply
as

Gy'
Ig = —i J„p I„

Here g„v and il„" are the vector and axis, l-vector
currents of the hadrons, and I.„ is the leptonic current
expressed in terms of the Cabibbo angle

0 l~ cosO lq siI10
I.„= /,„t cos8 0 0, (1.5)

l„~ sin8 0 0

with it„=giv„—(1+vs)f„. To construct t.w in the
SL(6,c) scheme for the 364 to 364 transitions, we

' An alternative approach to the theory of weak semileptonic
interactions based on consideration of the group SU(6) as a little
group is given by W. Ruhl, Phys. Letters 15, 99 (1965). M(12)
symmetry in weak interactions was also considered brieRy by K.
Kawarabayashi and R. White, Phys. Rev. Letters 14, 527 (1965).

where, for our purposes, the total current J„ is a sum
of four currents:

J„=J„(DD)+J„(DB)+J„(BD)+J„(BB). (1.9)

We have elaborated all the possible Sl.(6,c) inter-
action forms above in order to emphasize the great
generality of couplings which this symmetry scheme
admits. Obviously, it is much too general to have any
desirable predictive power. In the next two sections, we
restrict this generality considerably.

II. INVARIANCE OF Lw UNDER M(12)

Here we limit ourselves to a weak-interaction
Lagrangian which is invariant under the larger group,

"The factor (1+ps) is considered to be associated with the
neutrino 5eld in the standard fashion.
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~~sP, &

g vLp= (Gv'/Gv) JpvL —JMt[y4@1)M=y4@1, (2 1)

M(12). This is the group of 12&&12 complex matrices, can relate Eqs. (1.4) and (2.2) according to
M, which satisfy the condition

(2.3)

where the unit matrix is a 3&(3 matrix in SU(3) space.
In terms of the 12-component representation P~ of
SL(6,c), the inner product gf remains invariant under
the group M(12) while the inner product Pyqf does not.
Since the fields C~ and 0' of Sec. l are assumed to
transform like products of the fundamental tensors tP~,
the only term in L~ which remains invariant under
M(12) is (1.7a). Hence we are able to write simply

Gv
LW — & + @8',A +BDC ~

With the appropriate expansions for C ~ and +, we

mT—

Ii p. ,„,= 8„L„—B„L„. (2.5)

The baryon-baryon vector, tensor, and axial-vector
currents have been given explicitly by Sakita and Wali
and are summarized below for convenience.

For the octet-octet transition,

g„"L„= (G —'/G )J„"L„, (2.4)

where contraction of the SU(3) tensor indices is implied
with L„specified in Eq. (1.5) and the weak antisym-
metric tensor defined. by

J„"(BB)= [P{q'y„+(M~+M2)s~„pqp (M2™—&)~q„}f)D
6Mg3f 2

1
+ [f{(6M&M2H q')p„(M—&+M—2)iv„,q,+ (M2 —M&)iq„}fj, (2.6a)

18MiMc
1Jp (BB) 9{M1M2H+p&+ (P2yP1& P2vP1 p) }0'3D+ [0{2M1M&'vga (P2yPlv P2r Ply) }Wlv y (2'6b)6' graf 2 1835j3f2

2
~.'(BB)= H[4vavA]~-+ Hgv~vuf']-~.

3 9
(2.6c)

The D-type and F-type currents are dered as follows:

g~L jD= Tr(POLP)+Tr(P~L),
gOQL jp=Tr(QOL/) Tr(ggiPL), — (2 7)

where 0 is any Dirac matrix and g here represents one
of the baryon octet fields. We have omitted the 5-type
current terms in the above, since they all involve the
trace of L„which is zero in the absence of neutral
leptonic currents.

For the octet-decuplet transition,

where M& and M2 refer to the initial and Anal baryon
masses in the semileptonic process v~+B&~ B2+&,
with four momenta denoted by k&+P& ~ Pa+&2
and q=p2 —p&=k&—k&, respectively. It can easily be
checked that the vector currents J„v(BB), J„v(DB),
and g„v are individually conserved.

We now proceed to determine the constants Gv' and
Gz' appearing in Eqs. (2.3) and (2.4) by considering
the elastic process, v&+n~p+l . Use of Eqs. (2.3)„
(2.4), (2.5), (1.4), and (1.5) leads to

Plk P1XP2y
~."(DB)= 3A H~~. i v~+ —v~4

Mg 3fgM2

J„„(DB)= ,'P H(5 „y„5„y-„)—

Gv'
(2.8a) I- (n P) = (cosg)g„(SH 4)y„—

V2

2 5II q'
+i —+ o&„q„i '(—pi+P2) P Pl'y&

M m M'm,

1)
+ (~.P2. ~.P~.) vs', (2 8b)

MiM2

GA' 5
&& (1+7 )4'.+ ( o 6) HO' 'r 7 4' 4n-

v2
lhp2y

I„"(DB)=-', fy H5y„+
MgMg

The kinematical factors are de6ned as follows:

(2.8c) && (1+v )4'' (2 1O)

At zero momentum transfer, we are able to identify

(My+ M2)'+ q'
H=

2M)3II2

Gv'=
g Gv, Gz' ——(9/10)Gz. (2.11)

(2.9)
Hence the effective semileptonic interaction Lagrangian
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which is invariant und. er M(12) can be written in terms
of the baryon-baryon currents of Sakita and Wali as

appearing in the vector form factors is the analog of the
proton-magnetic-moment prediction of M(12) in units
of the nuclear magneton:

Gv 3 G — a

J v,Total y A. I P (2 12)
v2 5 v2 p

(2.18)pr = 1+2Mlv/m~.

where
&w, ~,

y v,To%a, lL J vt J r (2.13)

The factor 3/5 appearing above in Eq. (2.12) for the
relative weighting of the V and 3 terms is characteristic
of the corresponding SU(6) relations and has been
commented on previously. "

We now turn to the inelastic reaction of interest

vp+s + N +p (2.14)

For this process, the effective-interaction Lagrangian
derived from Eq. (2.12) is given by

Gv 1 ( Mr+Ms
I.rv(e ~ N*+)= (cos8)—

~
1+ Plv~+, l,

V2 43k m,

Plk P1XPsp
X H4, —s v„+ vs4 Av, (1+vs)4,

3fj 3fgM2

GA v3 plumps
(cose)—flv~+. l Hail „+

W2 5 MlMs

X (1+vs)f' (2 15)

When this form is compared with the matrix element
given in Eqs. (2.8) and (2.9) of I, one obtains for the
eight form factors at zero momentum transfer:

G„vS (M,+M,)'
p 2(0)

Gv 5,' 23fgM2

Fs~(0) =0,
p A(p) p A(p) —p A(0)

1 ( Mr+M, ) (M,+Ms)' (2.16)
P, (0)=—

I
1+

v3 'E m, 3 2MrMs
d z in IO cm /(BeY/c)

(E -ZeeV)

FrG. 1. Invariant dif-
ferential cross section
for the inelastic process,

coo) ~ y~ —+3l*++p, in the
3E(12) theory. The

(800) number in parenthesis
(750) for each curve is equal

to gb in mega-electron
volts. The experimental
information comes from
the CERN heavy-liquid
bubble-chamber group
of Ref. 3.

2%2
Fs'(0) =— pl" (0),

Mr+Ms

Fsv(0) F4v(0) F,v(0 0.I-

where M ~, M2, and m p denote the masses of the neutron,
E* isobar, and p meson, respectively. Note that the
multiplicative factor,

0.0 5-

Mr+Ms
=1+ 0 0.2 OA 0.6 0.8

q~ in (BeV/c)~mp

12R. P. Feynman, M. Gell-Mann, and G. Zweig, Phys. Rev.
Letters 13, 678 (1964) and ReL 2. ~3 J. S. Bell and S. M. Berman, Nuovo Cimento 25, 404 (1962).

The form-factor normalizations derived from non-
relativistic SU(6) and M(12) are summarized in Table
I as models (3) and (4), respectively. For the three
form factors (Ft",Fl, and Fs") for which a comparison
can be made, it is clear that the direct axial-vector form
factor remains essentially unmodified while the two
vector form factors are substantially increased over
their SU(6) values. This may be understood as follows:
In the nonrelativistic SU(6) theory, the term for which
Fj~ represents the leading contribution is independent
of %, so neglect of baryon recoil has no influence on the
determination of Ft"(0). On the other hand, the vector
interactions are magnetic in origin and are propor-
tional to tl/c. As such, the exact SU(6) symmetry scheme
gives no information about the vector form factors,
while M(12) theory permits their determination in
terms of the derived "magnetic moment, " p*. In the
work of Beg and Pais, ' the authors have broken the
exact SU(6) symmetry scheme by including 6rst-order
effects in v/c in terms of the empirical proton and
neutron magnetic moments. The enhancement of the
vector form factors thus arises from the fact that the
derived. value of il„(or la*) is considerably larger than
its observed value. However, if one identi6es p,

* with
the observed proton moment and uses the relation
il„/la„= —1.5 in the nonrelativistic formulas of I, it is
clear that the results for Ft (0), Ftv(0), and Fsv(0)
derived from M(12) and SU(6) are compatible. In
other words, the no-recoil limit is a good approximation
in the sense stated above.

Concerning the remaining 6ve form factors, non-
relativistic SU(6) has nothing to say while the M(12)
theory permits the following observations. %heras the
static theory leads one to believe that Fs"(0) is small, "
we now see that it is predicted to be identically zero.
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TAsgz I. Form-factor parameters for the models investigated here and in Ref. 1. The p;~ "refer to the values at zero
momentum transfer, while the values quoted for gb are characteristic of the experimental information.

Model

(1) Pure Fq"
(2) 97* hotoproduction+CVC+Pg"
(3) SU 6)+CVC
(4) 3f (12)
(5) Broken 31(12), )=0.72
(6) Broken bf (12), j=0.5

pA pA

1.0 0—087 0—0.83—0.85 0—085 0—0.85 0

p A.

~ ~ ~

—0.85—0.85—0.85

Form-factor parameters

F4A PI+ P2V P3V P4V

0—5.6—3.75—5.18—4.11—3.25

0 0 0 0
0 5.6 0 0

~ ~ ~ 3.75 ~ ~ ~ ~ ~ ~

0.85 4.55 4.55 —4.55
0.85 3.62 3.62 —3.62
0.85 2.86 2.86 —2.86

gb~ bb

(MeV) (MeV)

1220 1700
670 860
820 1030
730 920
800 1030
850 1100

a These values of Qb pertain to the results of Ref. 3.
b The same for Ref. 4.

F .v, 2 (0)
(2.19)F .'v, A ( g2)—

(1+V'/&)'

The value of do/dq' at zero momentum transfer is
slightly increased from its SU(6) value as a result of
the positive F&", Fs" interference term, cf. Eq. (3.8)
of I. Both the published and the new experimental
numbers from the CERN bubble-chamber group are
presented in Fig. 2. Whereas a value of b= (730 MeV)'
is characteristic of the older results, a larger value of
(920 MeV)' is more compatible with the new CERN

-58
05- cr in IO cm

(@50)

0.4- (coo)

FIG. 2. Total cross
section corresponding to
Fig. 1.The experimental
results of Refs. 3 and 4
are represented by open
and filled circles, respec-
tively.

(850)

—-(800)

—{75o)

O.l-

2 3 4 5 6 7 8
E& (Lab) in BeV

' As determined from our study in I, this type structure appears
to give the most reasonable fit to the experimental information.
We have used this phenomenological q' dependence, since that
obtained from the M(12) theory in Eq. (2.15) is valid only in the
low-q' limit. For interesting speculations on the general q' de-
pendence, see A. Pais, (to be published).

The values of Fs"(0) and Fs (0) are equal to those of
Ft"(0) and Frv(0), respectively; however, the velocity-
induced nature of P3~ and P3~ is responsible for some-
what smaller contributions to the cross sections. ' The
terms in the matrix element involving F4 and P4" are
proportional to the lepton mass and are completely
negligible.

The di6erential and total cross section results are
presented in Figs. 1 and 2 for the M(12) symmetry
scheme with Hofstadter-type form factors" and selected
values of 5:

analysis. In making this comparison, we have assumed
as in I that all the true one-pion events with M~ *'&2
(BeV)' go through the X* channel. This assumption is
attractive, though it tends to overestimate somewhat
the Ã* production cross section to which the theoretical
predictions are compared"; hence the characteristic
values quoted for b are expected to be slightly large.

For the Fr* (1385) production process, P„+p~
F't*'+p+, the M(12) form-factor contributions can also
be derived from Eq. (2.12). One finds that they are
correspondingly altered from their SU(6) values, but
that the ratio of I"~* to S*production as given in Fig.
14 of I remains essentially unchanged.

III. BREAKI1VG OF M(12) SYMMETRY FOR L

The enhancement of the vector form factors en-
countered in the M(12) theory leads to larger cross
sections for Ã* production by neutrinos than those
obtained from the nonrelativistic SU(6) theory for a
given value of the parameter b. It is interesting to note
that the new results are in better agreement with those
derived from the E* photoproduction analysis of
Gourdin and Salin" and the CVC theory Lcf. model
(2) of Table Ij.

This better agreement notwithstanding, one should
recall that the vector form-factor enhancement results
from the appearance of the derived proton moment
(more correctly p*). Since the latter is known to be too
large, it is natural to consider some M(12) symmetry-
breaking terms in the weak-interaction Lagrangian L~.
M(12) symmetry-breaking interactions have already
been considered by several authors. Among those of
interest here, we cite the work of Beg and Pais'~ and
also that of Oehme. " In the first-named work, the
symmetry is broken by a g-admixture parameter, while
the latter work involves a symmetry-breaking spurion.
If only one spurion is inserted for the vertices in ques-

"See Refs. 3 and 4. The experimental uncertainties are too
large at the present time to make any corrections for this over-
estimate meaningful.

"M. Gourdin and Ph. Salin, Nuovo Cimento 27, 193, 309
(1963).See also the recent work by Ph. Salin (to be published).

M. A. B.36g and A. Pais, see Ref. 7.
's R. Oehme, Phys. Letters 15, 284 (1965); Phys. Rev. Letters

14, 664, 866 (1965).
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tion, the results of Oehme and of Beg and Pais are
equivalent. In the framework of Beg and Pais, the
proton magnetic Inoment is given by

-58 20.5 o in 10 cm

0.4-

in place of Eq. (2.18), where $ may be set equal to 0.72
to yield the observed value. "

The simplest manner in which to break the M(12)
symmetry of Lw and to incorporate this P parameter
into the theory is achieved by considering in addition
to (1.7a) also (1.7e) for Lw. In other words, we select
only one term from the remaining eleven forms of (1.7)
which are invariant under SL(6,c). In place of Eq. (2.2)
we now write

6 I

Lw= —f +"nc(~@w PVPw—vs)~ +Bnc, (3 2)

OB-

0.2-

O. l—

M(12)

(geo.72)
SU(6)

:(/*us)

1 2 3 4 5 6 7 8
E& (Lab) in Be V

FIG. 3. Total cross
section for v„+e —+

N*++p in the SU(6),
M (12), and broken
M (12) theories with
5= (850 MeV)'. The
dashed curves refer to
the antineutrino proc-
ess, v~+ p ~ E+0+IJ(,+,
with the same sequence
of labe1s.

where Gv' ——1.5 Gv as given in (2.11).For the other two
parameters, rr and P, we identify

(3.3)

These two relations follow from the fact that Eq. (3.2)
can be cast into the form

Gv ~ P I—"w,„
Lw ——',i(n+——P) J„vL„— J„„~

V2 n+P nzz

3GgJ„"L„, (3.4)
5 v2

IV. SUMMARY

The form-factor parameters of Eq. (2.19) have been
summarized in Table I for all the models of weak X~
production considered in I and in this paper. The values
of gb quoted are characteristic of the experimental
information presented in Refs. 3 and 4. Owing to the
experimental uncertainties in the cross-section results
both for single-pion production and for direct X* pro-
duction, it does not seem possible to single out a pre-
ferred model at this time.

The experimental uncertainties aside, the following
remarks deserve attention. It was erst pointed out by
Beg, Lee, and Pais' that the SU(6) prediction for the
P-Ã*+ transition moment,

in place of Eqs. (2.12) and (2.13).Only the tensor term
in L~ is modified. with the sole effect that the mass
tensor mr is replaced. by mr/P. As such, p* of (2.17)
now becomes

2M' p, 'I

Mr+M2
(4.1)

Mr+M2
u*=1+5

mp
(3.5)

with a similar substitution for the four vector form
factors of Eq. (2,16).

In Fig. 3 we have presented the total cross section
predictions of SU(6), M(12), and broken M(12) with
(=0.72 and 0.5 for the process, v„+e~ 1@*++p, with
b= (850 MeV)'. The dashed lines refer to the corre-
sponding antineutrino process, v„+p —+N*'+IJ+, and
have been plotted to exhibit the large V—A interference
effect. The enhancement of the M(12)-predicted cross
section is quite apparent. For the broken M(12) theory,
this enhancement is considerably reduced. With
)=0.72, the deviation from the SU(6) result is essen-

tially a reflection of the new F3 and F3 contributions
which are relatively small. A value of (=0.5, which is
suggested if one uses central mass values for the super-
multiplets, reduces the enhancement of the cross section
even more.

is about 1.5 times too sma1.1 compared to that derived
from photopion production near the 3-3 resonance. For
the M(12) theory, this transition-moment prediction
is still too small but now only by a factor of 1.2. On the
other hand, the broken M(12) theory with /=0. 72
yields the same prediction as SU(6). In our formulation
of the M(12) symmetry-breaking interaction for Lw,
( must be regarded as a universal admixture parameter.
Hence it must be taken less than unity if Eq. (3.1) is
to be associated with the total proton magnetic moment.
The disagreement between the photopion prediction
and the broken M(12) prediction for the p-cV*+ tran-
sition moment then follows.

From the group-theoretical point of view, the broken
M(12) theory with )=0.72 is probably the most
attractive. On the other hand, we have seen that its
predictions are at odds with those derived from the
photoproduction analysis for equivalent values of the
cutoB parameter b and, also more recently, with the

» If one uses the central masses of the supermultiplets in place
of M& and m» the value for & is approximately 0.5, see Ref. 1'?.

' M. A. B.Bhg, B.W. Lee, and A. Pais, Phys. Rev. Letters 13,
514 (1964).
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calculation of Salin" on single-pion production if one
assumes E~-channel dominance. When more reliable
experimental information becomes available and the
invariant differential cross section can also be de-
termined, the correctness of the broken M(12) model
will be subject to a more severe test. We wish to empha-
size that the type of M(12) symmetry breaking intro-
duced in Sec. III is severely limited by the single

parameter $, which is related to the proton magnetic
moment. It may well be the case that one is forced to
admit some of the additional symmetry-breaking terms
elaborated in Sec, I.
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Broken U(12) and the Dashen —Gell-Mann nonchiral U(6) X U(6) symmetry are shown to lead to equiva-
lent predictions for a large number of processes. Predictions based on invariance under certain subgroups of

U(12) are shown to be valid in U(12) calculations which include symmetry breaking to all orders by mo-
mentum spurions. New predictions from the W-spin collinear group include 311 dominance for E photo-
production and electroproduction and justify the Stodolsky-Sakurai assumption of M1 dominance in
vector-meson-exchange peripheral reactions.

proposed by Dashen and Gell-Mann' in their nonchiral
U(6) )& U(6) approximate symmetry. Predictions based
on these subgroups are therefore valid both in broken
U(12) to all orders in kinetons and simple derivative
couplings and in the DGM theory. We also give some
examples of new predictions which follow from the
8'-spin collinear subgroup. 4

The kinetic spurion has the form y&p„, where the
gamma matrices can be considered as acting individu-
ally on each "quark component" in a meson or baryon.
If all four y matrices are present and break the sym-
metry, U(12) is reduced to ordinary SU(3) and no new
predictions are obtained. However, if any component
of the momentum is zero for all particles in the process
considered in a particular Lorentz frame, the corre-
sponding p matrix does not appear in any symmetry-
breaking term, and a nontrivial subgroup of U(12)
remains unperturbed to all orders in the symmetry
breaking. Consider the following cases:

YMMKTRY breaking has recently been introduced
into calculations based on the U(12) theory' in

order to treat disagreements with experiment and
difhculties in principle which follow from the assump-
tion of strict U(12) invariance. Although the use of
momentum spurions (kinetons) and simple derivative
couplings' lead to some useful results, the number of
independent amplitudes and free parameters appearing
in these treatments greatly reduces the predictive
power of the symmetry scheme. We should like to point
out that predictions from certain subgroups of U(12)
remain valid for appropriately chosen sets of processes
to any order in such symmetry-breaking terms. The chain
of subgroups obtained in this way is just the chain

(1) Zero dimerrsion-al processes. If all particles in a
particular state are at rest, p, =p„=p,=p and th,
U(12) symmetry is broken only by pops spurions. The
subgroup of U(12) which commutes with y' remains a

R. F.Dashen and M. Gell-Mann, Phys. Letters 17, 142 (1.965).
This work is referred to subsequently in this paper as DGM.

4H. J. Lipkin and S. Meshkov, Phys. Rev. Letters 14, 670
(1965).
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