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Abstract

Possible descriptions of the ¥ states as unorthodox color octet

‘states in the Han-Nambu model are discussed. Simple quark-antiquark
';configurations are unbound in the static colored gluon exchange model.

‘More complicated states having indefinite numbers of quarRQahtiquarki

pairs' or “collapsed ¢onfigurations" might be bound. Their radiatiVe
decays would be suppressed b} the small overlap with convent1onal states.
The unexpla1ned spin dependence of both convent1onal and new meson Spectra

is p01nted out. The p - (s-wave hyperflne] mass dlfference 15 about half

’the p- f (s P orbltal) 5p11tt1ng, whlle the B f (p wave hyperflne) spllttlng

is small. New partlcles have low lylng vectors and no trace of pseudo-m"

scalafs A 11nk between these bpectra 1s suggested bv the observatlon g
that prec1sely these features follow from addlng a repu151ve core to ther

'colored gluon exchange potentlal in the color 51nglet spln trlplet statef o




f\. ,.% NN .3,\\3‘““35‘ e R e TR R TR L SR T

1)

We w1sh to p01nt out a poss1ble descrlptlon of the w states ' in

the Han Nambu model 2 as color- octet vector mesons whlch are not
51mp1e quark-antrquark states but have a more comp11cated structure.

Some p0551b111t1es are an '"exotic" conflguratlon involving two or more

quark-antiquark‘pairs or a ''superexotic" configuration which is a mixture
of states containing different numbers of quark-antiquark pairs. Such

3)4)

wave functrons are suggested by 51mp1e models of interacting colored
quarks or1g1na11y 1ntroduced in the framework of a three- tr1p1et model
,to explaln the saturation propertles of the observed hadron spectrum

Compllcated wave functlons are also suggested by the’ experlmental absence

of 51mple rad1at1ve decays of the w states to. ordlnary hadrons.

In models w1th heavy quarks bound‘by strong attractive forces; the

Yukawa interaction produced in the statlc approxxmatlon by exchange of

R R Rk R it o ene 0

an octet. of colored vector gluons leads naturallv to b1nd1ng of quark-'

anthuark and three quark conf1guratlons and a saturatxon whlch prevents

‘1_the blndlng of additional quarks and . anthuarks. -The essential‘feature
of this- rnteractlon whlch,prevents an add1t10na1 quark from be1ng attracted
‘by a bound quark anthuark pair is that the quark anthuark 1nteract10n
is attract1Ve 1n the color 51ng1et state but. 15 repu151ve 1n the color'
J’octet state.j Therefore in the statlc approrlmatlon thls model has no  ‘

hf;bound states of quark anthuark pa1rs in’ color octet conflguratlons

xAny low—lylng color octet states would have to be in: more compllcated

conflguratlons




We now note thar such more complicated configurations provide a
natural’aﬁsWer to the question of:why the ¢ states are‘so narrow. . Ail‘
simple quark—anriquark models for the v face the difficulty ofiexplaining”
why the strong eleetromagnetie coupling to the bhotdﬁ necessary to describe,
the observed production of these states does not gire rise to aklarge width
for electromagnetic decays with the emission of a single photdn.‘ The: |
observed width of . 1 MeV for the decay w -~ wy gives a measure for the eipeeted}‘:
width of such a single photon decay, and the y widthe for this mode are
smaller by several orders of magnitude. The produetion CToss séctionk
for the Y in e'e” annihilarion is comparable to u prodection. Thus‘if
this prodpction is electromagnetic and‘not due ro‘e new:weak inreracﬁren;

i the_megniﬁudc of the matrix element of the electromagnetic currentrbetweeﬁm‘

the vacuum and the ¢ is comparable to that between the vacuum and the w.
<0[J lv> % <0[Jém!m>. | | | Q)

- There can therefore be no symmetry or selection rule suppre551ng

the matrlx element of the electromagnetlc current between the resonant

state and a state HV of one or more hadrons having the same eigenvalues

| as the vacuum for all quantities conserved in electromagnetic interactions.
<0lJ > 3 < Cle> £ 0. . L 2
OPepl¥> # 0K I o> £ 0. @

Yet the experimen;al narrow width of the y tells us that
,<HQ{J~ |w> <<f<ﬁ|J‘.|up- S g ®

‘fThe only pos:lble explanatlon is that the w resonances have a very dlff—

erent structure ‘rom all p0551ble states of lower mass 50 that the overlapﬂf,,;ﬁ




of the Tesonance wave:fuocfion with an}lpoésiblé final state is'smail.'
%Models.in which the new resonances arefbouhd states of a charmed™) quark-
an;iouarkbpair meet ihis criterion only if there are no possibie,final
vstates with appreciable phase space consisting of‘charméd quarks.‘ This
requires that the pseudoscalar mesons made from charmed quark;antiquark
pa1r< should not lie much lower than the second vegtor state P {3700},

in contrast to the rase of uncharmed quarks. Furthermore, there cannot
bo.mixing of charmed quark states into the low-1lying pseudoscalar mesons

as. this wduld allow‘decaysjto the n or Xx° through the charmed component.

Such an "exact 1deal mixing angle" is inconsistent with the kxnd of non-
1deal mlxlng fbund in the uncharmed pseudoscalars. ‘ . , o

In ‘the Han~Nambu model the elecrromagnetlc current contalns a color

octet component which can excxte cclor octet vector meson states., However 
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a quark~antiquark pair in a color octet state with a wave function very

similar to those of the ordlnary color 51ng1et mesons has an electromagnetlc

transition matrix element between such a color octet state and the low Iylngs
o3

pseudoscalar mesons of order unity. There is no:way to forbid ahyfsuch

Han—Nambu quark~ant1quark vector meson which has a Iarge coupllng to the

G i

photon from decaylng 1nto a pseudoscalar and a photon w1th.a w1dth compar-
' able to w +-ﬂy Thls dlfflculty is av01ded in the partxcular versxon of
the Han‘Nambu model dlsoussed 1n I w1th colored gluon exchange forces

because there are no bound color octet states in the quark~ant1quark system

Vo

Wn now examlne all other color octet conflguratlons w1th zeTo
baryon number in. thlS model 1n.the statxc approx1matlon Wlth the Yukawa

potentlal We flrat con51der states of two quarks and two anthuarks. ;H




Eq. (3) »and.Ta;ble 1 of I show that .‘:uvzy_,color octet ls‘tat‘e ha:,a hyigﬁer
mass than that of the diquark-antidiquark systgm and tﬁat the diquatk-

. antidiquark interaction is repulsive in color OCtét sﬁétes.f Furthermore
" 411 color octet states with two or more quark;antiquark pairs can
bdissoﬁiate into a diguark, an antidiquark aad ﬁ number of ordinary c&ldf
singlet.mesoﬁs. Thus there‘are no color octet bound statés at'alifin 
this static approximition.

However, we have neglected higher order effects, such as the creatlon“
and annlhllatlon of quark anthuark pairs and fhe emission oi absorptlon
of vector.gluons. ‘These interactions might oyercome :he repuls;ve-Yukawa
force in color octet states. The importance df paif creation'and‘ |
anhihilation interaétions would suggest that the bound sta£es be éohé:ent
llnear comblnatlons of states Lontalnlng many quark anthuark palrs.“Thusi
" if ‘any .color octet states are bound they must have a completely different
bstructure f:om»the.low-lying color singlet states. Unfortunately there‘
is no simple way to calculate quan;itét;ye propefties afiguch’stﬁtes;

‘This argument can also be»s:ated:iﬁitheiframewo:k-of othér\éode}é"
than thé simple nonrelativistic COnstituéh;:qQark mpdell' In the‘quark-
partOn modelé)‘with?§aleh§éfquarks inva sea of quaik-antiqﬁa&kipairs,;'
‘the sea in-a color octet state could be very dlfferent from the sea in  ; ‘
a color 51ng1et state ‘ Thls would naturally occur 1f the sea 15 produced
: by the constant em15510n and absorptlon of a color octet of vector gluons_l
'whlch create quark antxqu?rk pairs in the color ocﬁet’state but not- 1n

,the color 51nglet state.
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As an example, consider a color octet state in which the valence
quarks arc in a color singlet state and the color excitation is all in
the sea which is a color octet. The wave function for such a hadron

state <an be‘written

> = v > x s> “)

‘where V denotes the wave function of the valence quarks and S the wave
 function of the sea. In this factorized approximation the seas for the
w and T mesons are the same and the w = 7Y decay is a transition involving

only the valence quarks

]

<n|y fw> = <v
em

'leJeleu.\> x <Sn‘lsm> | (5a)

(5b)

I
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<s“}sw>

“If the ¥ has coldr‘singlet valence quarks and a color octet sca the

electromagnetic transition matrix element to a color singlet hadron state

having the factorized form (4) is given by

“<H!Jem]¢§ é‘<VH[V > x <SHIJemlsw> : , ®

The electromagnetlc current must act on the sea part of the wave function

1ntorder to: produce a»tran>1t10n From‘a‘cOlor octet‘t00a4color singlet state.

CompaIISOH of eqs. (5} and (6) thhb that the two- matrlx elements have a.“f ;

completelv dlfferent structure and’ thereLore the ' tran51t10n (6) could be
much sma‘ler than the w decav (:a) 1n agreement w1th the>observed,1nequa11ty?l
ES); In fact lf the sea, has angUIar monentum'fero 1n both >tates as 15

'”fgusually ass umed the matrlx element [6) vanlshes for real photonswby



nuclei.

angular momentum conservation because it is a 0 - 0 transition -
<§,Y{S,> = Q ‘
YISy IR )

Similar qualitative arguments can be given in the context of 'bag"

7)

models”’ of quark confinement. 1t is quitc possible thatltolof octets
stdates in the bag would have drastically‘different properties from the -
color singlet states and that electromagnetic transition matrix eleménts‘
between the two types of states would be very small.

Although the model of superexotic colored quark Eonfigurations in
the Hon-Nambu model gives a natural explanation for the narrowness of.

the states, the absence of any detailed model and a large freedom in

choice of wave functions gives it very little predictive power.  However,

. symmetry properties may enable the prediction of branching‘ratio‘to‘diff-

erent final states. These might furnish a tesu of tho‘approach.

Another oossibility suggested by the. colored-quark octet-gluoﬁ modéL
is to introduoe a very short range repulsiue core into the at;ractivéu
quark-antiquark potential binding the color singlet state. If this. |

potential has the same color dependence as the attractive potential, it

has the opposite sign in the color octet state and betomes a very short

range attractive potentlal surrounded by a repu151ve potentlal barrler

The’ bound states in thlS potentlal could well have a very dlfferent wave
‘functlon from the color 51nglet states and 1nh1b1t the troublesome matrlt

‘element (3. JSuch‘”collapsed" states have been suggested £orfcomp1ex“'
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So far this is very ad hoc. But the assumption that such a repulsivcore must vanish near the origin and have no nodes and thus could be very

(!

Core exists only in the triplet spin state leads to explanations not onlytéjmilar to the radial wave function of the lowest p-state. We take the

of some properties but alse of some unexplained  features of the normalf;gwave harmonic oscillator radial wave function combined with s-wave

hadron spectrum. | ;$gu1ar dependence as an approximation to the s-wave with repulsive core
The spin Splittings‘ in the meson spectrum are very peculiar in the ‘é’fnd calculate the expectation value of the oscillator Hamiltonian. With

non-relativistic quark model. The p-w mass difference is large and is 6nperturbed oscillator wave functions for the spin~singlet‘s~state and

A

the same order as the p-f mass. splitting while the B meson mass is very both p-states, the energy spectrum obtained is
2

hearly the same as that of the f. In the language of atomic physics the (ls—unperturbed] = (3/2)hw

. . " . - . " 3 . _ ) : '
pr difference is the hyperflne\spllttlng in the‘lowest s-state of the (33 p-wave radial with S-wave angular dependence) = 11/6 hy

bound system and is about half of the n-f mass difference which is the E ‘= E (§p and 1p - unperturbed) = (5/2) hw

orbital excitation energy of thellowest p-state. The B-f differe¢nce is ,j
‘ : ‘ : ‘ ‘ ;Thus a repulsive core in the sp1n trlplet color singlet state Nhth
the hyperfine splitting in the p-state and is very small. In conventionag
‘ ‘ reverses sign in the color octet state gives the follow1ng de51rab1e
quatk model descriptions the spin Splitting is due to a spin-spin inter- i
features:

action term which is introduced ad hoc with a magnitude determined by an 4 ‘
: 1) It places the p about midway between the w and f

adjustable parameter. There is no a priori reason for this parameter . ’; - o
- ’ Q‘ 2) It leaves the B and f degenerate
~to be of the same order as the orbital excitation energy for s-wave spin j _ : :
‘ ‘ ‘ ‘ 3) It gives bound states for color octet vector mesons which have
splittings and to be nearly zero for p-wave spin spllttlngs

very dlfferent wave functions from the color slnglet stqtes.

EIO P  GREL NI
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A repulsive core in the triplet‘spin state gives this qualitative
- ‘ ‘ - 4) It does not bind pseudoscalar color octet states and leaves the
jleVel structure. If it is very short range it does not affett ‘the p~wave§ ' ‘ ‘

i vector mesons. as the lowest color octet states.

‘and its effect on the s- wave forces the wave function to be very small
‘ ‘ ) | 3 : SRR : ‘ We' now consider p0551ble experlmental tests of the 5uperex0t1c colored
~ near the origln. The energy of the S state is then pushed up by an
B approach. Rather ‘than examlnlng detailed models we examine symmetry arguments
amount characterlstlc of the orbrtal exc1tatlon energy and 1ndependent i '

of the strength of the spin- dependent repu151ve potentlal For a rough : ‘
We first con51der the classification of thc Y states in the convent10na1

quantltatLVe estimate of thlS effect ‘we note that the rad1al wave functq&
! U(a) There are two ObVLOUS'Ch01CeS{‘ blther the two states are both SU(3)

f the lowest s- state in a harmonlc osc111ator potent1a1 W1th a repu151ve




mesons. The singlet classification 1s consistent with tﬁe charm descrip-
tion, the nonet classification with c010rlbut the‘question of whether
‘the ¥'s are singlets or membeTs Of 2 nonet is model independent and
interesting in its own right.

If the Y's are two states in a nonet there must also be a third srate
having a zero charge and hypercharge. The natural classification in a
color model is to assume ideal mixing in ordipary SU(3) as in the low-
lying vector nonet and to give the two obscrved‘states the quantum numbers
of the w and & . A third state Yet unobserved must then exist witﬁ the
quantum numbers of the p. We denote the three states by wm , wp apd w¢
respective;y. In the Han-Nambu model only ww and ¢¢ are produced by
electron-positron annihilation and have a lepton‘pair‘deCay mode .. Because
the coior octet &omponent of thé electromagnetic current is a singlet in
the ordinary SU(3) and is a ‘1sospin scalar the isovéctor colof octet’wp
has no direct coupling to the photon. |

If the ¢'s are rpally‘in an SU(S)‘noné; and wp is not coupied_to
the photon as suggested by the Han-Nambu model the wp sﬁould'be inva mass‘
kranée néar that of the ¥, around 5.1 Gevjand should be observed in the
fiﬁal»states of the decay'of th: highef wq.)‘7 For éxamp}e in the decay

oy, (3700 »y +  . o o (8a)
. Lo L AT S TS IR E
3 This decay WQUld be gxpectedffa h;ve‘a width cémpérable t§ th#f‘bf thé::
‘observed decay | ‘ ‘ “

: wd‘,(szOO) f»%(slooy+"‘12}ry R R (8b)
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The two decays (8) are directly analogous to the transitions

$=p o+ | (9a)
o ~w + 2T | - (9b) -

In all these decays a strange quark-antiquark pair disappears irto

3 final state containing no strange QUarks; a process fbrbidden by ;weig‘s:
The observed rate of the decay (8b) is coﬂsistent gith'the obsérved
:wgcay (9a) and the total width of the‘w is consistent with the existence 
f an édditional channel (8a) with a comparable width. Difeét deteétion 
f the decay (8a) is moxe dlfflcult than that of (8b) because the absence
f the lepton pair decay mode for w does not give an e3511v detected
'signature like the wm . The simplest way to search for the decay (8;)
éis to examine the vpioh Spectrum to look for a peak chéx‘-ac'tebrisbt‘ic‘ of a
quasi-two- body decay mode. This Of course will be done ih any éése
regardless of the pred1ct;0ns of any theoretical model.

An 1mportant test of the color octet classification wou;d seem to
be pos>1b1e —parlty violation in decays, since the color octet state
‘cannot decay to color SLnglet States via G-~ conserving strong Lnteractlons.‘
) owever only very small e V1olat10n5 are predlcted by‘the s*mplest model
for non—photon electromaénetlc decays, namely the model of em15510n and

leabsorptlon of a photon by a‘qUark—anthuark palr. SlnCe the quantum :

% o (AX)

color 51nglet




For the states‘¢m and @é which are mixtures of p-type and n-type
quark-antiquark pairs, the relative magnitudes of the pp and nn components
change during the emission and absorption of the photon, because of the

differences in the quark charges. This produces some G-parity violation.

(pp+n) +L(pp-na)

I.)f |93 )

p + nn + (2pp*nn : =
tpp )Color octet (Zpp*n )color singlet

However, this is a small effect with a 9:1 ratio favoring the
G-conserving component of the wave function over the G-violating
component.

9)

Further symmetry tests are discussed in detail elsewhere™’.
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