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_ABSTRACT
. Starting from the recent U(3) & U(3) gauge model
of strong intefactions, we discuss the very natural synthesis
with Weinberg's modei of.ieptons. Due to the interplay sf
the two models (a) neutral AS -1 -currents are eliminated
without enlargisg the number of'quarks, and (b) a natural
(3,3) @ (3,3) syﬁmetry breaking emerges‘for‘thevh&drons.

Incorporation of alternative lepton theories is mentioned.

Although there are now &'number of renormaiizable gaugebmodels

of leptons,l only one class of such theories has been constructed for

2 . ) : '
hadrons.. We have asked the question: Can we effect a marriage between
‘the hadron. and lepton theories, - such thaf,-forbsimplicity,'we héve Just
- [(3;3) @ (3,3) brokenl U(3) ® U(3) (3 quarks) for the hadrons, and

only observed leptons? The answer, modulo anomalies, is a very natural

yes. Our removal of anomalies, for reasons mentioned below, involves
fermionic doubling; this will be discussed after presehtation of the

‘model, along with inclusion of other lepton models.
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Our approach to the synthesis is orderly: Starting with the
U(3) ® U(3) gauge model of hedrons, and Weinberg's SU(2) @ U(1)
modei, we study embeddiné the latter:in progtessively larger "primed"2
groups;: Details of this study (and: intermediate modéls), will appear
in a laféer_paper. Here ve sketch the emerging picture: The structure
of the hadron»theory requires‘theb"primed" group at least as large as
éﬁ(}) QD.SU(B),g and Weinbergfs ﬁodeljcaﬁ bs embeddedvfhefein, Unfqr;
tunately,_modsls of this type haye,trouble with stfangenessfchangisg
processes. When we embed the lepfons in ’U(h)é@lﬁh)l however, every-
thing falls-together beautifully,vand it is this model we now present.

.

Groups and Representations. The hadroqic group, entirely loéal, is
. . S ) 1.«
U(3)L (¢} U(B)R. We represent 1ts.generators Fur Fm Y A

(a.=0,---,8, ‘left or right), beirg the usual 3 X 3 SU(3) matrices.

The local leptonic group is SU(E)L_QD U(1), embedded in & "primed"
U(h)L @ U(h)R-. We call the latter's generators FBL, FBR
(B = O,--§,15),_but only four are realized locally. These are

- o a s 1~
g - _ t - - 1 t .3 .
FlI(k =1,2,3) and Y = F,_ + 3 (FOR +‘%OL)’ with representations

3R
, {2 0 0 0
< ' % Ta""Q ‘-l ' 0. cos e sine 0
'tB‘ =R o L ,1:.- R, R = {6 sinoe cose 0 (1)
2 B 0 oo 1

where Tq (g =0,1,2,3, left or right) are the usual Pauli matrices,
Ty  T,T.T,, and the twiddle operation’ R is the Cabibbo rotation.
Trke charge operator is )
= 1 [ 0 l ’v Tt
q = (FBL + FBR) + \[_(FBL + FSR) + (F5L + F5R) + 5(FOL + ‘OR)'
3 2)
2]

Neutrsl operators do not rotate under R: T, =t,, ¥ =17, etc.

3 3’
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Local transformations.

We represent the general local operator trans-

formation in a unified super matrix notation

SL 0 o0 0]
i 0 SR o O
U= exp-l[aL'FL + aR-FR + B*FL + TY} -8 = 0 o § o (3)
. . 0‘ 0 ) 0 SL
) . ~ g 1 ~, . 1 .
where, e.g., SI';. = exp 1(t-B‘ + 3 tOY), SR = exp 21.(‘t33 +:3 FO)Y’ etc.

- Fieids.- Let Vg o Aa“, W”’ B be (respectively) the strong vector and

ax1a1 vector fields and the weak gauge ‘Bosons.

Z<V

propertles of all gaugé bosons at once in terms of a diagonal super-

Defining

N N .
¥ Aa“) 5 W= ; Wy, we specify the transformstion
matrix V¢ (like §), with entries’ VE [y H fv

L »
T n ) ,~1 s
gW + 58 toB ]. Then ?,(Vu‘_ZL lau)s

s 8 (b + 3 to)B,
= s(v“

berg's leptons, we introduce (vL=v , VR=VuC

e
Voot ' 0 ' e 2e
¢ lewoy O g 000 9
e e shrey I S . S S e A I
02 vt e 05§ o

{?)  will be replaced 1ater-by heavy leptons to eliminate anomalies

»

‘and WDC ‘is the charge conjuggte'of: ¥ps then.ﬁ{‘b QL_; f'S_? st
.'Thére is.a great_deallnf freedom in. the quark gssignment.
here the simplest case,‘three‘f}agtionally charged gquarks: (T=transposé)
qT; (a,,85,0,0), 2 q @l -5 q. The supermatrix notation is most’

symmetric for the scalar mesons,

oz o |

+
w o= |20 Mm%, amwtaews™ . (5)
: o M 0 o :

M.E o ¥ o0

the Weinberg scalar field g = ¢ t

Similarly, for Wein-

We will take -

e

Here, % = 0 + iy is the usual (3,3) @ (3,3) multiplet nf scalars
and pseudoscalafs; ML,R are three-by-four complex matrices, being the
scalars of Ref. (2), now with an extra fourth column. These snalars
are the only connections of the weak and electromagnefic interactions
¢ is

+-i¢-t which we see (in this

with the strong, and will give mass to strong vector mesons;2

notatlon) is to the leptonlc system what % is to the hadronic.

Covariant derlvatlves and Lagrangian. The covarlant derlvat1ves can be

read from the covariant momentum operator
.O’u

by commuting this operator with each field.

BT M, M, T 'pty
+ f(VL B+ Vp FR) + g FLl +g'B | (6)
find, = - iv |
We find, Ahq auq 1Vﬁq,/

£d 4 ~i[v ,2], AM=3M-i[V ,M] and the usual F 's for
M W W m mn . : uy

each gauge meson. OQur locally invariant Lagrangian is

L- +rPvp By Ly Bpuw

_ 1 py L _ v
I Tr(FL Fuv R  “pv L. pv "B FW )

1 W
- T T;(Fuv
- iEA“ruq -1 Tr(EA“ruz) - zl: Tr[A“M)+AuM] + a(ELZqR +h.c.)

e Tr(y B 8 4 hee.) + VL) V0K + V() + V(9)

o+ Tr(G §+ML MLQ + GZMRMR?D’*@) + Tr(G; o M.LEMR +h. c) :(7).

3 and

nhere the V(---)'s are the Usual quartlc, and quadratlc terms,

: R 2
1nsert10ns",

the ¢ " which are L4 X &4 diagoral matrlces with entries
: 2 2
£ - m
y g(m n ), G .1, fnmn B 2meK f 4
. ;‘\ e’ U-",' b l 2)\ ] 2 b4 2 s .’ : s
1 1 Ke
Gyt (a,a,b,c), do not spoil the unified gauge invariance. The inter-

pretation of the parameters in these insertions will be clarified in

the following paragraph.

Spontaneous breskdown and symmetries. A detailed study of the compli-

cated scalar system will be presented in a larger paper. Herevwe sketch
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" these as unobservable entities.

_5-
the general ideas. Tirst, we use 21 ‘degrees. of gauge freedom (all but

of ML-M_L+ and M, - M, agd"

all the components of § except ¢0. Next, in order to give masses to

Q) to eliminate the 3 x3 submatrices’

all the gauge fields except the photon, vwe assign vacuum expectation

values {§) = xtd, (Mi) ¥'(MR) = k. These then generate a linear term

in. © (1ast térm in gﬂ) Thus I “itself acquires a vacuum expectatlon

“value (2) = v, which is the usual (3,3) @ (3, 5) hadronic symmetry

breaking in the spirit_of Gell-Mann, Oakes, and Renner.tht further

turns out that'the system allows the following arbitrary'vacuhm

" expectation values:-

K'l. 1 £ 0 0

k =10 Ky 0 v 0 v o= ;73 0 fﬁ' 0
o] 0’ K5 0 0 0 EfK - fﬁ.
' ‘ (8)

and no Goldstone bosons. Except for d, the interpretation of the

péfameters'in Gy and v’ is standard,’ while G,, 4, and V(-.;) can -
be adjusted_to give arbitrarily large masses to ¢O _and'the remaining
scalars in..ML and . MR;'hence with Ref. (2), we continue to regard
Actually, the mcdel:isiperhapsvmore
séfisfsctory with &y —‘KE, leaviﬁé w - ) splitting until Highef"
ofder in strong interactions.“Forvthis case we preseive the Weinberg

sum rules6'ana SO we specialize'to Ky = Ky belcw.

Photon system and diagonalization. Our spontaneous breakdown is such

that the only unbroken gauge Symmetry is generated by Q. Rewgiting
the covariant momentum (6), we isolate the (massless,‘universal) photon

as the coefficient of Q:

AW+, we flnd no neutral AS =

-6~

i3

AY = cos 1 (sin g W, + cos ¢ BY) + sin g :[3 VA
S | | | (9)
e = gsin @ cos n; tan § = &, tan 7 2gsing

Ve

cen 2 ‘ '
With f£°/bx ~ 2 and g, g' small, we obtain approximately Weinberg's

2 2,1
e ~~gg'/(g + g 7)2. Thls dlagonallzatlon induces electromagnetlc

mixing. of bare Po? @, and w, such that the phys1cal partlcles have

order e /f couplings dlrectly to the leptonic electromagnetlc

currents.  This simulates‘vector-dominated electromagnetic form factors
in lowest order, and gives a hadronic correction to thé muonic g ; 2

which agrees with previous estimates.7 To keep the usual.universality ’
of weak interactions, we do not diagonalize the w*-strong vector
meson mixings involved in the ﬁerm .
‘ : Sy oot : ' '
L = & Tr[VL(ML + k) WM + k) . : - (10)_

Thus, charged currents at low energy proceed via vector dominance in

lowest order.

AS = 1 neutral currents. Because our Cabibbo rotation rotates only

1 currents. 1In this model thén,.alfhough

‘we need four "things" to ellmlnate such currents, they are the columns

of the unobservable Mi R’ and not extra quarks.

Fermions and anomalies. As thus far presented, the model has anomalies.8

" bosons just as 4q, WSVD’ but .with the opposite sign of
. 8,D

Further, there appears. to be no way, in the presence of both strong
and weak vector mesons, -to cancel hadronic against leptonic anomelies.

Thus, ve mention a flexible doubling scheme that for hadrons is in the

9

spirit of dual models. We introduce . q', Wé D :that couple to gauge
- : ’

Ys. ‘In the

leptonic system anomalies are cancelled without complication. To avoid
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suppressing no'—aEY;‘however, we also need a new '£', which transforms

like %, but by cholce, couples only to q'. It is then easy to arrange,

with other terms in S 1like Tr[a"m;:z'MRG'l] and (a'ait'qﬁ +h.c.),
" that the masses of q', I' are high with negligible effect on V,A
. masses. Then, “0 f>2r proceeds only through . g. To gét an extra
'factor‘of threelo in amplitude,’thefe are a number of choices--the'».
:éimpiestAbeing the introduction of two mére_ﬁbairs"bdf cancelling
quarks (like gq,q') with large mass. 1t ”

Other lepton models. Among the other lepton models 'in the literature,

“one stands out as fitting our hadrons as well as Wéinberg's. This is
the "second" model of Prentki and Zuminol which mey confront neutral
current measurements more successfully than Weinberg. The Prentki-

Zumino'leptons,fit into. our V¥ uéing the lower right-han& corners

'D,S

as well. All other details are essentialiy the same as above. Not all

leptoﬁic theéries fit our hadron theory however. For example,  the
.modéi of .Georgi and Glashow,l_if it fits at all, appears unnatﬁfal.

In the first place we need # U(5) X U(5).‘hadronic group (five

. quarks beforg-épomaly cancellation), and worse, ﬁheir scalar field:
:,tfanéformé sﬁch that, without'further»scaléfs,'we;cénnot fiﬁd-a'::
.(5,3)-69v(§,5) éymmetry breaking term like Tf[§+M££MR]._ :
¢§nclu§ions. To the best of our knbwledge, oﬁr_unified model is
‘consistent with known low{energy data, in¢1udiqg vecfdr'meson dominance

at low‘enérgies for electromagnetic and weak form factors, and accepted

. theoretical ideas about broken hadron symmetries etc.--in the presence

of explicit hadron dynamics.
The question of deep inelastic scaling for our model (in perturba-

tion theory) remains to be investigated. Although it turns out that

F8-
the current algebra generally~reseﬁbles algebrg of fields, we do not

expeét worse scaling properties than other renormalizaﬁle (longitudi-
nally-damped) theories.12 Possibly relevant to this question is thg-

interesting fact that this unified model can be taken formally scale

invafiant before spontaneous breakdown: By omitting quadratic mass

terms and adding terms of ‘the form Tr(MLMLZZf) ete., all masses for

the scalars are generated spontaneouély.'_In this case, séale invari-—:

ance and intérnal symmetries are broken togeﬁher;

We find it very.encouraging that a unified renormalizable'gauge
theory of stroné, weak;.and electromagnetic intéractioné‘exists ih'_
which all three férces derivelfrqm a single, strihgent principle:

gauge invariance.

We acknowledge helpful conversations with K. Bardskei, M.-Suzukiz

and D. Levy.,
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