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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 SL(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 M/ (12) symmetry-breaking term. Detailed comparisons with the present
experimental information on weak N* 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 N* production by neutrinos in terms
of three models. Of particular interest was the one
incorporating the SU (6) work of Bég 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 analysis* 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,’ 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)e, 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 M (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 V-N* 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
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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
of M (12) which is known to be too large, itis of interestto
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. IV.

I. INVARIANCE OF Ly UNDER SL(6,c)

In our previous account of N* 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 Bég 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,¢) 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)@SU(3), where
SL(2,c) can be identified as the covering group of the
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homogeneous Lorentz group and SU(3) as the internal
symmetry group. Hence a 12-component representation
Y4 of SL(6,c) can be decomposed into representations
of SL(2,c)®SU(3) by assigning a pair of indices ia to
A, where 7 is the Dirac spinor index and « refers to the
unitary spin index. The inner products ¥¢ and Yys¥
are both invariant under the SL(6,c) transformation
group.

The fields associated with the elementary particles
are assumed to transform like the products of ¢’s and
¥’s. Thus the meson field is represented by a second-
rank mixed tensor, ®,8=%®,,7%, with 144 components
and the baryon field by a totally symmetric third-rank
tensor, Vapc=Viq,jig.ky, With 364 components. These
field tensors, ® and ¥, are then required to satisfy the
Duffin-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, .f of mass mz
and a nonet of pseudoscalar mesons P,? of mass m,
assumes the following form:

D, 18= (’Yu) iiVu.aB“‘ (o’,‘,)ifF,,.,,,,,,ﬂ

2(’”7’)018
+ (v8) i Pof— (vuvs) 0, (P/m)of,  (1.1)
where
Fup=0,V,—0,V,. (1.2)

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

(1.3)

Via,ig,ky=Dijk,apyt Bijk,apy 5

where D and B are 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
V—A interaction for the leptons, the effective weak-
interaction Lagrangian is given by

L,.5.
8

L '<GV vy A) (1.4)
=—i| — — .
T\ T

Here J,” and §,4 are the vector and axial-vector

currents of the hadrons, and L, is the leptonic current
expressed in terms of the Cabibbo angle

0 l,cosl 1,sinf
L,= {1, cosb 0 0 , (1.5)
1" sing 0 0

with —il, =¥y, (14+vs)¢,. To construct Ly in the
SL(6,c) scheme for the 364 to 364 transitions, we

10 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. Riihl, Phys. Letters 15, 99 (1965). M (12)
symmetry in weak interactions was also considered briefly by K.
Kawarabayashi and R. White, Phys. Rev. Letters 14, 527 (1965).
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identify ®w, 4% with the point leptonic current! ac-
cording to Eq. (1.1) as follows:

(I)W,l'ajﬁz (’Yu)ijLu,ag'— (a'uv)ij(ap.Lv'— avLu)aﬁ

2(mr)a
+ (G4 /Gv") (vuvs)i'Lu,of .

The constants G4’ and Gy’ are inserted in order to
yield the proper normalization for the elastic process
vi+n— p+I1~ and will be specified in the next section.

The most general Ly which is invariant under
SL(6,c) is a linear combination of the following twelve
forms:

(1.6)

¥ (@welal)¥, (1.72)
V(vsdwole)¥, (1.7b)
¥ (@wyselel)¥, (1.7¢)
¥ (@wersel)¥, (1.7d)
Y (vs®bwyselel)?, (1.7¢)
Y (vsbwersel)¥, (1.7
Y (®wys@rs01)¥, 1.7g)
¥ (@weys®7s) ¥, (1.7h)
T (vs®wys@rs@1)¥, (1.79)
¥ (ysPw@vs@7s) ¥, (1.7)
¥ (wys075@75)Y, (1.7k)
¥ (vsPwys®75@78) ¥, )

where &y is given by Eq. (1.6) and ¥ by Eq. (1.3).
Contraction of all indices is implied by the direct
products appearing above. If one inserts the expansions
for ¥ and ®w into Egs. (1.7), it becomes clear that Ly
can be expressed in the form of Eq. (1.4) or more simply
as

Gy’

Lw=—i—TusLud’, (1.8)

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

Ju=Ju(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 Ly UNDER M(12)

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

1 The factor (1-++s) is considered to be associated with the
neutrino field in the standard fashion.
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M (12). This is the group of 12)X12 complex matrices,
M, which satisfy the condition

Myl M =v0l, (2.1)

where the unit matrix is a 3X3 matrix in SU(3) space.
In terms of the 12-component representation ¢, of
SL(6,c), the inner product Yy remains invariant under
the group M (12) while the inner product ¥ysy does not.
Since the fields &y and ¥ of Sec. I are assumed to
transform like products of the fundamental tensors ¥4,
the only term in Ly which remains invariant under
M(12) is (1.7a). Hence we are able to write simply

7
vV _
Lyw=—1i—V4PCy ,BUppe.
2

(2.2)

With the appropriate expansions for &y and ¥, we

[‘;{ (6M M .H— 92)'”_ (M1+M2)1:UMPQP+ (M2_Ml)'i(bt}‘p]F )
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can relate Eqgs. (1.4) and (2.2) according to

FW.nv
guVLu= (GV'/GV) I:]uVLn"' ]I‘VT ] (2'3)

mr
and
3#AL;¢= - (GA’/ GA)J #ALM ’

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

Fw y=0,L,—9,L,.

(2.4)

(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,

(2.6a)

T (BB) = [‘;{qz'Yu'*' (M1+M2)'i‘7up%— (M~ Ml)iQﬂ}lb]D
14V 2
_.I._
18M .M,
]MT(BB)= [J’{MIM2H‘7M+ (Puplv—P?vplu)}Kb]D'*"

1 2
- 1 2
]”A (BB) = gH[lP‘Ys’Yn‘P]D'i‘;HDP’Ys’Yu‘P] F.

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

[YOYLIp=Tr(JOLY)+Tr(YOYL),
[YOYL]r=Tr(JOLY)—Tr(YOYL),

where O is any Dirac matrix and ¢ here represents one
of the baryon octet fields. We have omitted the S-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,

@.7)

_ _ D punpau
]“V(DB)=§¢/)\|:H5M—’LE’Y“+ ]7511/, (2.82)

1 Ml 2

JI‘VT (DB) = %‘;)\[H (6)\1"‘/#_ 5}\}477)

P
+M1M2('YMP2V—%P2“)]75¢, (2.8b)
J,A(DB)= %@x[H ot Plx;bzp}p . (2.8¢)
1 2.
The kinematical factors are defined as follows:
g HMI+e 2.9)

MM,

18M1M2[${2M1M2H0'm-—' (P2up1,,— pm’PlM)}\/’]F , (26b)

(2.6¢)

where M, and M, refer to the initial and final baryon
masses in the semileptonic process v;+Bi— Bot1-,
with four momenta denoted by ki+p1— patke
and g=pa— p1="Fki—k,, respectively. It can easily be
checked that the vector currents J,V(BB), J,Y(DB),
and g," are individually conserved.

We now proceed to determine the constants Gy’ and
G4’ appearing in Egs. (2.3) and (2.4) by considering
the elastic process, v;+#n— p+I—. Use of Egs. (2.3),
(2.4), (2.5), (1.4), and (1.5) leads to

L & 030, (SH—4
s ) =—cos )»gw,,[( 4y,

/2 SH ¢ _
+’l<ﬂ+;p><qur"bM2mp(P1+P2)u]‘/’n\ﬁﬂ#
G4 S -
X (1+ys)¥u+——(cost)-H v uysbubrvn

V2 9
X (A4vs),.  (2.10)

At zero momentum transfer, we are able to identify
Gv'=3Gy, Gi'=(9/10)G4. (2.11)

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

Ly= 3[G]VT“ 3GJAT (2.12)
= —351 — otal__ __ a,
S Y 5v2 ”

where

¥V, Total v TFW""
JVroRl L =J VL,—J
mr

(2.13)

The factor 3/5 appearing above in Eq. (2.12) for the
relative weighting of the ¥ and 4 terms is characteristic
of the corresponding SU(6) relations and has been
commented on previously.!?

We now turn to the inelastic reaction of interest

vt — N¥r -y (2.14)

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

I ( N*+) Gv( 0) 1 (1 M1+M2)¢
nw—> =-—(COS¢ )— —I——————— *+
" V2 V3 N

My

20N e
X [HSXM_1Fﬂ+ :

1 142,

]75‘!/n‘pﬂﬂ(1+75)‘pv

Ga V3 pa]
_E(Coso);‘pN*+,)\[H5)\u+M jlﬁbnil’lvn

L2

X (1+'YB)¢V .

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

(2.15)

GaV3 (Mi+M,)?
FlA( )___"_‘—"————7
Gy 5! 2M.M,
F2A<O)=01
FsA(0)=—F4A(O)=F1A(O) )
1/ Myt+MaQLAM? (216
FIV(0)=“<11 QIR (219
\/3 mp / 2M1M2

2M,
Fy¥ (0)=———F1"(0),
M

F3V(O)= _F4V(0)=F1V(O) b)

where M1, M5, and m, denote the masses of the neutron,
N* isobar, and p meson, respectively. Note that the
multiplicative factor,

(2.17)

2 R. P. Feynman, M. Gell- Mann and G. Zweig, Phys. Rev.
Letters 13, 678 (1964) and Ref. 2
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appearing in the vector form factors is the analog of the
proton-magnetic-moment prediction® of M (12) in units
of the nuclear magneton:

pp=1+2My/m,. (2.18)

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 (14, F1¥, and F,") 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
F14 represents the leading contribution is independent
of 9/c, so neglect of baryon recoil has no influence on the
determination of F14(0). On the other hand, the vector
interactions are magnetic in origin and are propor-
tional to 9/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,” u*. In the
work of Bég and Pais? the authors have broken the
exact SU(6) symmetry scheme by including first-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 u, (or u*) is considerably larger than
its observed value. However, if one identifies u* with
the observed proton moment and uses the relation
wp/un=—1.5 in the nonrelativistic formulas of I, it is
clear that the results for F;4(0), F17(0), and F.V(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 five form factors, non-
relativistic SU(6) has nothing to say while the M (12)
theory permits the following observations. Wheras the
static theory leads one to believe that F,4(0) is small,’3
we now see that it is predicted to be identically zero.

054 ‘—j—;‘z in 103 cm?/(Bev/o)?
E (Ey = 2BeV)

Fic. 1. Invariant dif-
ferential cross section
for the inelastic process,
vuy+n— N¥t4-4~ in the
M(12)  theory. The
number in parenthesis
for each curve is equal
to 4/b in mega-electron
volts. The experimental
information comes from
the CERN heavy-liquid
bubble-chamber group
of Ref. 3.

021 (950)
©00)
(850)
ol 800)
(750)

0.05+

002

0O o2 ' o4  os = o8
q2 in (BeV/c)2

13 J, S. Bell and S. M. Berman, Nuovo Cimento 25, 404 (1962).
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Tasie I. Form-factor parameters for the models investigated here and in Ref. 1. The F;""4 refer to the values at zero
momentum transfer, while the values quoted for 4/b are characteristic of the experimental information.

Form-factor parameters

A/b® bb
Model F1A FzA FaA F4A F1V sz FaV F4V (MBV) (MCV)
(1) Pure Fi4 1.0 0 0 0 0 0 0 0 1220 1700
(2) N* photoproduction+CVCHF,4 —0.87 0 0 0 5.6 —5.6 0 0 670 860
(3) SU(6)+CVC —-0.83 .. e XX 3.75 =375 ... cee 820 1030
4) M(12) —0.85 0 —0.85 085 455 —5.18 4.55 —4.55 730 920
(5) Broken M (12), £=0.72 —0.85 0 —0.85 085 362 —4.11 362 —3.62 800 1030
(6) Broken M (12), £=0.5 —0.85 0 —0.85 085 28 —325 2.8 —2.86 850 1100

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

The values of F34(0) and F3V(0) are equal to those of
F14(0) and F,"(0), respectively ; however, the velocity-
induced nature of F34 and F;" is responsible for some-
what smaller contributions to the cross sections.! The
terms in the matrix element involving F,4 and F," are
proportional to the lepton mass and are completely
negligible.

The differential 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 b:
F;74(0)

(A+¢/b)

The value of do/dg® at zero momentum transfer is
slightly increased from its SU(6) value as a result of
the positive Fi4, Fs4 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 6= (730 MeV)?
is characteristic of the older results, a larger value of
(920 MeV)? is more compatible with the new CERN

P (—¢)= (219)

0.5

T (950

04 | ———(900)

Fic. 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)

0.3
| ———-—-(800)

(750)

I

o i 2 3 4 5 é6 7 8
Ey (Lab) in BeV

0.24

0.1

1 As determined from our study in I, this type structure appears
to give the most reasonable fit fo the experimental information.
We have used this phenomenological ¢? dependence, since that
obtained from the 3/ (12) theory in Eq. (2.15) is valid only in the
low-¢* limit. For interesting speculations on the general ¢ de-
pendence, see A. Pajs, (to be published).

analysis. In making this comparison, we have assumed
as in I that all the true one-pion events with M/ NS 2
(BeV)? go through the N* channel. This assumption is
attractive, though it tends to overestimate somewhat
the NV* 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 ¥i* (1385) production process, #,+p—>
Y1*04-put, 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 ¥'1* to N* production as given in Fig.
14 of I remains essentially unchanged.

III. BREAKING OF M(12) SYMMETRY FOR Ly

The enhancement of the vector form factors en-
countered in the 3 (12) theory leads to larger cross
sections for N* production by neutrinos than those
obtained from the nonrelativistic SU(6) theory for a
given value of the parameter 5. It is interesting to note
that the new results are in better agreement with those
derived from the N* photoproduction analysis of
Gourdin and Salin'® and the CVC theory [cf. model
(2) of Table I].

This better agreement notwithstanding, one should
recall that the vector form-factor enhancement results
from the appearance of the derived proton moment
(more correctly u*). 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 Ly.
M (12) symmetry-breaking interactions have already
been considered by several authors. Among those of
interest here, we cite the work of Bég and Pais!” and
also that of Oehme.!® In the first-named work, the
symmetry is broken by a f-admixture parameter, while
the latter work involves a symmetry-breaking spurion.
If only one spurion is inserted for the vertices in ques-

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

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

7M. A. B. Bég and A. Pais, see Ref. 7.

18 R. Ochme, Phys. Letters 15, 284 (1965); Phys. Rev. Letters
14, 664, 866 (1965).
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tion, the results of Oehme and of Bég and Pais are
equivalent. In the framework of Bég and Pais, the
proton magnetic moment is given by

po=1+E(Q2Mn/m,), (3.1)

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 Ly and to incorporate this £ parameter
into the theory is achieved by considering in addition
to (1.7a) also (1.7¢) for Lw. In other words, we select
only one term from the remaining eleven forms of (1.7)
which are invariant under SL(6,¢). In place of Eq. (2.2)
we now write

Gy’
Ly= ——i-\/?\I/AD La®w—BysPwys a®¥spc, (3.2)

where Gy'=1.5 Gy as given in (2.11). For the other two
parameters, a and 8, we identify
at+B=1, a—p=E¢. 3.3)

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

Ly= _%1 (a'l'ﬁ) {E[J#VLV_O:’—E]WTFW’”]
vz +

aB mr

3GAJAL} (3.4)
52 wlp o, .

in place of Egs. (2.12) and (2.13). Only the tensor term
in Lw is modified with the sole effect that the mass
tensor my is replaced by mr/£. As such, p* of (2.17)
now becomes
Mi+M,
W= —,

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,+n — N*t4u~, with
b= (850 MeV)2 The dashed lines refer to the corre-
sponding antineutrino process, 7,+p— N*+u*, and
have been plotted to exhibit the large V' — A4 interference
effect. The enhancement of the M (12)-predicted cross
section is quite apparent. For the broken M (12) theory,
this enhancement 1is considerably reduced. With
£=0.72, the deviation from the SU(6) result is essen-
tially a reflection of the new F34 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.

19 T one uses the central masses of the supermultiplets in place
of My and m,, the value for £ is approximately 0.5, see Ref. 17.
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05 o in107%m?

044

Frc. 3. Total cross
section for w,4n—
N#*t+4y~ in the SU(6),

M(12), and broken
M(12) theories with
b= (850 MeV)2.  The

dashed curves refer to
the antineutrino proc-
€ss, ;IL+P - N*0+l"+:
with the same sequence
of labels.

Ey (Lab) in BeV

IV. SUMMARY

The form-factor parameters of Eq. (2.19) have been
summarized in Table I for all the models of weak N*
production considered in I and in this paper. The values
of 4/b 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 N* 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 first pointed out by
Bég, Lee, and Pais® that the SU(6) prediction for the
p-N** transition moment,

(N*ulp)= 1<FV A F") (4.1)
1] \/6 1 M, 2 y .

is about 1.5 times too small 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 Ly,
£ 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-N*+ 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
cutoff parameter & and, also more recently, with the

2 M. A. B. Bég, 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 N*-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

BY NEUTRINOS B 1617
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 M1 dominance for N* photo-
production and electroproduction and justify the Stodolsky-Sakurai assumption of M1 dominance in

vector-meson-exchange peripheral reactions.

YMMETRY breaking has recently been introduced
into calculations based on the U(12) theory! in
order to treat disagreements with experiment and
difficulties 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 symmelry-breaking terms. The chain
of subgroups obtained in this way is just the chain

* Permanent address: Weizmann Institute
Rehovoth, Israel.
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proposed by Dashen and Gell-Mann® in their nonchiral
U(6) X 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
W-spin collinear subgroup.*

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 v 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 v 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:

(1) Zero-dimensional processes. If all particles in a
particular state are at rest, p,=p,=p,=0 and the
U(12) symmetry is broken only by y°po spurions. The
subgroup of U(12) which commutes with 4° remains a

3 R. F. Dashen and M. Gell-Mann, Phys. Letters 17, 142 (1965).
This work is referred to subsequently in this paper as DGM.
(1; g) J. Lipkin and S. Meshkov, Phys. Rev. Letters 14, 670



