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I. Introduction

) Tlle discovery of massive particles with extremely narrow widths at
SLACl’2 and Brookhaven3 has resulted in a myriad of theoretical speculations
on what their true nature may be. The purpose of this report is to discuss, in
as cogent and orderly a fashion as ‘possible, various theoretical schemes which
may account for the existence of these particles. We shall divide the theoret-
ical models to be discussed into three broad classes. To wit, models in which
these particles are:

1. éolored vector mesons

2. charm-anticharm hadron states

3. intermediate weak bosons.

It is possible that the (3105) and the 3695) belong to two different categories
of the above. We shall not consider such a possibility further here. (It is also
possible that they are something else —but what?)

As we shall see, none of the theoretical explanations for the {%3105) and
¥3695) will be truly successful by themselves. Hence, it becomes imperative
to obtain other experimental confirmation for each of the theoretical schemes
considered. Several possible critical tests of the various models will be sug-

gested.



II. Experimental Information

WE list below various relevant physical parameters of the 3105) and
¥3695) which have been deduced from the data of Refs. 1 and 3. The extraction
of the natural widths of these particles and of the;ir‘ partial widths into hadrons
and leptons is discussed ‘in more détail in the report of the QED Subgroup of the

SLAC Workshop.4 The spin parity of the 's is not yet known, although it prob-

ably is 1°.

Y(3105)
M = 3.105 GeV
Fh = 90 keV
I‘e ~ 5.5 keV

P'(3695)
M = 3.69 GeV
I‘h > 200 keV
I‘e =~ 2.5 keV

+ -
The 3105) has also been seen3 in the process p+ Be — e +e +x. The
_6p
cross section on Be, assuming a production cross section g—g ~e 1 for28.5

GeV/c incident photons, is quoted to be approxiinately 10_34 Lcmz/ nucleon.

No evidence seems to have been found in this experiment for the 3695). The
smaller branching ratio of I‘e / I‘h for the (3695) together with threshold fac-
tors limiting the phase space and presumably suppressing its production in this
process permit a natuf‘al explanation for this fact.

There exists an experimental bound from SLAC on the photoproduction of

the 3105):

O',YN___¢N < 29nb
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Another important piece of information is that the decay of (3695) into y(3105)

plus two charged pions has been seen with a branching ratio of perhaps 40%.



ITI. The Color Hypothesis

The narrow widths of the (3105) and y(3695) suggest that some conserva-
tion law is at work. A popular possibility is that these particles are the first
observed "colored" vector mesons. Their decay is suppressed because "color"
is conserved or almost conserved.-

We recall that the idea of color was originally introduced to avoid having
the lowest baryon state be described by a totally symmetric quark wave func-
tion. The relevant invariance group of the strong interaction is enlarged from
SU@3) (or SU(4):’ if one believes in charm) to SU(3) X Gcolor‘ The choice for
G

color
SU(3). Color models where the invariance group is SU(3) X SU(3)' include the

is largely arbitrary but the most reasonable choice appears to be again

red, white and blue fractionally charged quark model of Gell-Mann and Zweig
and the integrally charged Han-Nambu model. Other models are certainly pos-
sible, but not as attractive. For example, one can consider an SU(3) X O(3)
model.

An important distinction between different types of color models is whether
or not colored hadrons exist. In the red, white and blue model, all hadrons
and the electromagnetic current are color singlets. In the Han-Nambu model,
colored hadrons exist and the electromagnetic current itself carries color.
Clearly only models of this latter type are of interest here.

From now on, for definitiveness, we shall restrict ourselves to the
SU(3) x SU(3)' Han-Nambu model. In this model the electric chafge is given by

Q = 13+%Y+Ié+%Y'

where I' and Y' are the "isospin" and the "hypercharge" of the color SU(3)'
group. It is clear from the above that the electromagnetic current transforms

in this scheme according to the (1,8) + (8,1) representation of SU(3) x SU(3)'.
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 If we let the quarks transform according to a (3,3) representation of

SU(3) x SU(3)* then they will have integral charges. Explicitly one has a charge

matrix
P, P, p31 0 1 1
n1 n2 n3 =1-1 0 0
A -
}‘1 9 7\3 L 1 0 0

where the quarks with subscripts i = (1,2, 3) have color quantum numbers

I{g =-%, Y =-(é—; Ié =%, Y'=- —é—; and I:,; =0, Y! =%respective1y. The SU(3)
gquantum numbers for (p,h,A) are 13 =3, Y =%; 13 =-2Y =%—; and I3 =0,

Y =- % respectively.
By assumption the lowest baryon and meson states are color singlets.

For example one writes in the quark mnemonic

+ 1, = - —
T =T3P0y +Pyhy + Pghg)

Besides these color singlet states the Han-Nambu scheme allows for color non-
singlet states. These states are presumed to have a higher mass than the sin-
glet states because of dynamical properties of the quark interaction. Below we
shall discuss the hypothesis that the ¥3105) and the y(3695) are indeed colored

mesons.
If the y's are colored hadrons their coupling to leptons is indirect and it oc-

curs because of mixing with the photon (see Fig. 1).

Fig. 1
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Since the photon belongs to the (1,8) + (8,1) representation of SU(3) x SU(3)'
it follows that the y's must transform (at least in part) according to the (1,8)
representation. That is, they are color octets. Various possibilities are now
open. Among these we shall consider that: |

1. (3105) and ¢(3695) belong fo the same color octet (1;8) and thus color is
not an exact symmetry of the strong interactions.

2. ¥(3105) and ¥3695) belong to different color octets (1,8) which are ordi-
nary SU(3) singlets. Thus, color is not broken.

3. 4)(3105; and y(3695) are members of color octets but are not pure singlet
SU(3) states — they are a mixture of octet and singlet in ordinary SU(3) (that is,
(1,8) + (8,8)). This last possibility is the most natural from the point of view
of SU(6) X color, and color is not necessarily broken.

(1) Let us consider the first case. If color is broken the photon can couple
to two states of each color octet, the ones with I! =0, Y' = 0 and either I =1or

3

I' = 0 (analogous to the po and w, in SU(3)). From this viewpoint the presence

8

of both 's is natural. However the amount of color breaking is sizable. One

has

aM® _3.7% - 3.1)°

M (3.7)

~ 30%

It is difficult to reconcile such large breaking of color in the masses with the
extremely narrow widths of these particles. (Remember however that, in
usual SU(3), the mass, breaking is a lot larger than the coupling breaking.) One
could suppress the decay of one of the particles by Fconservation in addition to
color symmetry. However, decay of the other particle is not suppressed since

it has I' = 0. Furthermore the decay

#3695) — Y3105) + 1 + 1"
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violates I'. Thus it becomes difficult to understand both 's within this first

model,

- -

We should note for later purposes that experimentally the above decay is

suppressed relative to a typical strong transition such as p'(1600) — p + T

by one to two orders of I‘nagnitude.- Taking the suppression factor to be 10_2

and the known value of the p'p77m coupling constant, we then obtain a decay width

r of the correct order of magnitude

Pt — ymm

(phase space )y’

T — prtr~ {phase space)p’

g g = ©ODT

~ 0.01x200%0.1 MeV
~ 200 keV
(2) The second possibility avoids all difficulties associated with color
symmetry breaking by assuming that y(3695) and §(3105) are in different color
multiplets. With this assignment it is natural to suppose color is not broken,
or broken only slightly. Note however that electromagnetism would give at
least 1 - 2% splitting, which is of the order of 30 - 60 MeV. I there is no

)

8) member of the octet to

other splitting we would expect only the (—\/—; V3 +3V
mix with the photon and couple to leptons. The other members do not couple to
leptons electromagnetically, but they may couple weakly. The color octet to
which the y(3695) belongs is presumably a radial or orbital excitation of the
(3105) color octet. This is perhaps not so unnatural if one recalls the p.p' ex-
ample.

A direct prediction of this scheme is that one should find charged partners
to both the 3105)and (3695). These charged states should have masses at most

100 MeV away from the neutral mass values. Electromagnetism will probably

split the I' =1, Y' =0 states and the I' = %, Y' = +1 states differently so that
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one should see doublets of positively and negatively charged states.

(31 The third color scheme which we want to consider makes use of ordi-
nary SU(3) singlet and octet mixing. The ordinary ¢ and w.are not pure SU(3)
states. Rather one has a mixing

w =cos 0 ¢8+sin 0 4)1
¢ =-sin 6 ¢8+cos 0 qbl

This follows from the (35) representation of SU(6). In quark models the mixing
angle is such that ¢ = AX and w = J-%(pﬁ +nn). The idea is that ¥(3695) and
(3105) are also mixtures of ordinary SU(3) singlets and octets while being col-
ored octets. That is, they are mixtures of (1,8) and (8,8) representations.
This would follow again if we classify them in a (35,8) representation of

SU(6) X color. Therefore, a natural hypothesis is that they are the same mix-

ture as the w and the ¢. Then
a _ a . a
P (3105) = cos 6 Z’b(8,8) + sin @ 4}(1,8)

»2(3695)

- sin 6 ZPE(IS,S) +cos 6 Zp?l,S)

V2

We could use the suggestive notation (both usual isospin I =0 and G = -1)

tan 6

1

$23105) = o  »?(3695) = ¢ a =1,...,8.

The other unmixed members of the (8,8) are written then as
I =1:p%; 1= %:K*

The mixing to the photon comes in the (1,8) u'-spin singlet combination
em 3

2 2 )
T s T T3 veas) - T A“[&?{z(ig SRETWA (CaORE ¢’§)J

Note that —p»a cannot mix with the photon.
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If SU(3)' is broken only electromagnetically or if there is further breaking

only in the photon direction( 1 ), then the u'-spin singlet states

(a7 1) (26

o + 3w +3 ¢ ) are automatically eigenstates of the mass
matrix and should be directly identified with thq observed (3105) and (3695)
respectively. The othei' member -of the wa or qba color octets cannot mix with
the photon, and thus cannot couple to leptons electromagnetically. Therefore,
the other o> and <;ba cannot be seen in the e’ e~ channel, the SPEAR experi-
ments, or in the MIT-Brookhaven experiment. On the other hand, if SU(3)' is
broken appreciably in any other direction, say (11_2), then a)S, ws, ¢3, qb8 are
separately eigenstates of the mass matrix, and we would then expect to see
these four states in the SPEAR experiments. For the moment we leave this
possibility - open, but concentrate on a breaking of SU(3)' in the photon direc-
tion (-211) only, since only two 3's have been seen so far. We will discuss
later the possibility for SU(3)' to be broken.

This scheme provides a natural explanation for the two states without
having to put one of the particles in an excited radial or orbital representation.
Furthermore, it makes direct predictions for the ratio of the leptonic widths of
they 's. Since the photon couples to ¢8 but not to ¢ 1 and to ¢1, 8 but not to
Z'b8, g one predicts

T (3695) —e'e) _ Il —~e'e) .[sz(ae;g@' MQ}

TW3105) —e'e™) TI(¢ —e'e) M

Mys105) " M,

This is in rough agreement with the data if one includes the phase space correc-
tions in the square brackets. If these corrections are dropped the agreement is
excellent. (Note that the problem of whether one includes broken mass effects

in such vector dominance calculations is a traditionally unsolved problem. )
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Similarly, it is possible to calculate the ratio of the coupling of p, ¢, ¢,

¥3105), y(3695) to photons in a quark model. Writing

-

2
m.
<0IJE'M' V> = ‘fl €
u v M
one finds
£2 .12, 12 2 72 =9:1:2:8:4

p w Yo Fy3105) F 13695)
In this scheme the ¥3695) ~ ¢oz is made up of A\ quarks while 3105) ~ w®
is made up of p and n quarks in the u'-spin singlets combination. The decay
¥3695) — %(3105) + mw is then suppressed (say, relative to p' — p7rm) in a quark
model by the so-called Zweig rule, which states that quark diagrams with dis-
connected quark lines are suppressed. This suppression factor in the decay
rates, or coupling constants squared, is of the order of 50 - 100 in similar sit-
uations. With such a suppression factor, as noted earlier, the decay width
r p—— is of the correct order of magnitude ~ 200 keV.

We note also that one expects more kaons in the decay products of ¢ than
in that of w. Hence, from the identification of {(3105) as the w type state in
usual SU(3) space and the y'(3695) as the ¢ type state in usual SU(3) space, this
color scheme predicts that more kaons will be seen in the direct decay products
of the ¢! (i.e., not via the y cascade) than those of 3. A naive estimate from the
quark model gives a factor of 2 to 3. As noted before, if SU(3)' is broken even
slightly, in a direction other than the photon, wS, w8, ¢3, ¢8 can all become

physical particles, just like p, w, ¢ in the color singlet case. Then the ratio

of their coupling to photons is

-2
: : : : : . f =9:1:2:2:1:6:3
p o The PR3N3 8 s
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Identifying w3 and q53 with ¢ and ¢', the widths T o and T come out

Y—e Pt — ee

much closer to data (within 10%). They are a factor of 4 down from the exact
SU(3)"case. This scheme also predicts two more narrow width resonances in
the e+e— scattering whose decay widths to e+e- are approximately three times
larger than those of 3 and y'. |

Within the color scheme, the absence of more sharp resonances implies an
exact SU(3)' symmetry except for a possible breaking in the photon direction
(not due to electromagnetism). In the latter case, we still have only 3 and 3'.
The main effec(f of this breaking is the enhancement of hadronic decay relative
to the radiative decay modes of both pand y'. Note also that if we allow for
such a small SUé u'-spin singlet breaking the decay to final noncolor hadrons
which will go through this interaction will obey G-parity selection rules since
usual isospin I is still a good quantum number. ¥ and y' being of w or ¢ type
in usual SU3 space have I =0 and therefore can decay only to odd number of
pions. Experimentally one finds indications that the rir and mn T A decay
mode for yare absent.

This scheme (and the other two before it) runs into difficulty when one tries
to understand the decay widths of the y's. The process

¢ — <y + ordinary hadrons

is allowed by SU(3)' since the photon carries away the color degree of freedom.
To get a feeling for the numbers involved we remark that a typical radiative
width, like @ — 7y is around 3 - 1 MeV (while ¢ — ny is ~ 0.1 MeV). This
value is already above the total widths of the ¥(3105) and y3695). Furthermore,
to make matters worse the phase space available to these particles is 3-4 times
that of ordinary vector mesons and the number of possible decay channels is

also much greater. Hence to explain the size of the ¥3105) width, assuming
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that it is mostly radiative, one has to understand how to suppress it by a factor
of more. than an order of magnitude from what is normally expected in strong
interactions. o

At the present -stage,‘this is an outstanding question for any color scheme.
We will attempt here a possible resolution of this puzzle in the context of a vec-

tor meson dominance model. In that case the relevant diagfam is shown in Fig. 2.

hadrons

Fig. 2

Denoting the transition form factor from a colored vector meson to the photon by

4% zl)(qz ), the width is then proportional to
y )
¢ — <y + hadrons )

2
Y

we have no reason to believe that vy zp(qz) is slowly varying when such a large ex-

On the other hand, the decay of i into lepton pairs involves vy (q2=m$). A priori
trapolation is involved from q2 =0 to q2 ~ 10 - 14. Assuming that vy z‘b(O) &

Y z,b(qz =10) by a factor of approximately 0.1, we obtain a suppression factor of
1072 for i —7v + hadrons.

This assumption has direct implications in photoproduction since again

Vw(o)

appears. For example we can estimate photoproduction of  and y relative to p

and ¢ photoproduction.

2
N — ) _ Y© {arot(sz)

2
. eff .
NP2 ) Grot(oN)] X (bygp oHteCts)
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2 2
(0) [ @'N)
c N — pN) _ Tyr®) | Opot ffects) .
- NN T [arot@N)] X (g OFeCtS)

The suppression factors can be estimated

0
’YII)(O) _ sz ___e+e'— m—£ <'YZ'( ) > ~ 9 x 10_3

,Yi(()) rp R e_"_e_ mzp 'sz(lo)

' - 0
WOy Ty <Z%_’>N 5% 107
Va0 T —ete” Ty\ly !

~ C N &
Further, one could assume that o-TOt(z,bN) ~ Tot(p N) and o;rot(zp N) ~ c;rot(qJN)
since they have the same quark content respectively. The tmin effects are neg-
ligible at NAL energies. Thus one obtains the prediction (valid within one order

of magnitude)
-3
oYN — yN) x 2X10™° ofyN — pN)

o N — §'N) & 5107 ¢ ()N — ¢N) .

The spectroscopy of this model is very rich. Because one is mixing an (8, 8)
with a (1,8) one has a total of 72 vector states. The breaking pattern occurs in
two directions. The first is usual SU(3) breaking which gives ¢-like, w-like,p-
like, and K*-like states which are octets in color, as mentioned before. The
second breaking is the breaking of color by electromagnetism and perhaps addi-
tional small SU(3)' breaking. As mentioned before, as long as the breaking is
only in the u'-spin singlet direction, there are only two 's that couple to the
photon. As a result all states fall into u'-spin multiplets with u'* =0, u' =-21—, and

u' =1. Furthermore, u'-spin remains conserved up to weak interactions.
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If one assumes standard SU(3) octet breaking and validity of first order cal-
culation, one expects that the p-like states are degenerate with the w-like states

- -

(m ~ 3105 MeV), while the K*-like states are located approximately at

M, =%—[M2 + M2 ]g 11.6 GeVZ.
~ 93105 8695

In this case one expects that ¥3695) can decay into the u'-singlet p-like state z/)p
plus a pion, conserving color. These decays (which are also suppressed by
Zweig's rule as y(3695) — (3105) + 7w) are apparently not seen experimentally.
Within the context of the model this could mean a number of things.

(1) First order SU(3) breaking calcula;cions for these high mass states are
not reliable, up to 10 - 20%. Indeed it could be that the p-like states are above
or near 3550 MeV.

(2) There may be additional SU(3) breaking, say in the @7)direction, which
is more effective for these states than for ordinary hadrons.

3) There may be a dynamical reason which suppresses isospin-changing
fransitions among color states.

(4) The model is wrong.

We should comment that if z/)p is above or near 3550 MeV then, when produced, it
decays strongly, zpp — zpw(3105) + 7, conserving color and isospin and not sup-
pressed by Zweig's rule.

Some of the vector states predicted by this model are doubly charged. The

presence of such doubly charged states is a definite prediction of this color
model, and their obsexlvation will provide a strong support for the model. Not
all states predicted by the model are expected to be sharp resonances, since
strong color transitions may occur whenever kinematically possible. An example

of such a transition has been mentioned in the previous paragraph.
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If ¥(3105) and (3695) are indeed colored vector mesons, this will have im-
port:int consequences for deep inelastic scattering and e'e” annihilation. In
deep inelastic scattering soon after it is energetically possible to produce color
states one should begin to feel the effect of the "color thaw'. This would give
‘(temporary) scaling violations. A (naive) way of estimating the effect of the
color thaw is to use the quark-parton model. Below the color threshold, ef-

fectively one has color singlets, so that for the proton scaling function one has
) =50 ) + D) + §aE) + D) + GO + Xx))

since the effective proton (neutron, lambda) quark charge is 2/3 (-1/3,-1/3);

for:the neutron one has, via isospin,

() = Hp(x) + Bx) + 50(x) + 1)) + §E) + Tx))

where of course p(x) is the distribution of proton quarks in the proton, etc.
Hence

£60) +1,(0) = 506) + Blx) + n(x) + Bx)) + 560 + X))

Above the color threshold one is probing the distributions of partons with

charge. These are Py, Pgs By, 7\1 and one has

£, + £309) =[p, 6 + P, ) + Pylx) + B, () + By (<) + Do)
+ 0, (%) + 0y (X) +ng(x) + 0 (K) 0, {x) + 53(x>] +2 [xl(x) + Xﬁ")]
Since protons are color singlets we expect
1 1
P =g PE) 5 mylx) = Tn@; AR =3 AE)
Hence, above color'threshold one has

£60 + 1) = [pE) + n) + plx) +0x)] + 2 [x) + Xex)
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If we neglect the strange quark contribution we find that

~ [fp(x) + fn(x)] ¥
~E

[fp(x) + fn(x)J BELOW

This should be noticeable in the FNAL u—scatteﬁﬁg experiment. A similar

test involves the bound, valid in Han-Nambu models,

<g e

DO [
s 5™

However, violation of this bound may occur in unfavored kinematical configura-
tions (x — 1) where indeed color production may be suppressed.

Finally let us mention that in e+e_ — hadrons one expects that after the
color thaw the cross section should eventually settle down to the Han-Nambu
value:

q
R =—"D =4
U

=

As a final remark let us ask where we can find partners of the y's. A pos-
sible place is photoproduction at sufficiently high energies. Also, associated
production either at SPEAR or with hadronic targets at high energies should be

very interesting.
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Iv. The Charm Hypothesis

Another possibility for the (3105) and 3695) that has received consider-
~able attention is to identify these particles as bound states:of charm-anticharm
quarks. Charm was introduced as far back as _19645 as a ppssible new quantum
number, which like strangeness should be conserved in strong and electro-
magnetic interactions but violated by weak interactions. The relevant invari-
ance group for the strong interaction is then SU(4), not SU(3). However, the
symmetry is s(lupposed to be badly broken so that charmed hadrons have much
bigger masses than non-charmed hadrons. In terms of quarks, SU(4) intro-~
duces a fourth quark "C" with charge + 2/3, isospin 0, hypercharge 0, and
charm 1. All other qﬁarks have charm equal to 0.

The idea of charm was revived in 1970 in order to resolve a dilemma of
weak interaction theory. It was observed that the experimental upper limits on
AS £ 0, AQ =0 weak transitions require that the current—curfent theory of
weak interactions must fail on an energy scale of 5 - 20 GeV, well below the
300 GeV unitarity limit. It was argued then that by adding to the Cabbibo cur-
rent a AC =1 part, the magnitude of these transitions could be understood with-
out modifying the current-current structure. In the quark mnemonic the weak
current of hadrons is represented by

J =pmcos 6 +Asing)+c (A\cos 0 -nsin §)
where 9 is the Cabibbo angle. It is important to add that this explanation of the
AS # 0, AQ = 0 transitions requires that the charmed quark be no heavier
than a few GeV.

In SU@4) the familiar SU(3) vector meson nonet is joined by seven new

states. Six of these new vector mesons carry charm, C # 0, but the seventh
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has C =0. In the SU(@3) quark model the p, w, and ¢ are successfully described

as

po :\]:'L‘z (pﬁ" na)

o = 5 (b + )

¢ =AN
so that in the extension to SU@4) the new C =0 meson is expected to be a fairly
pure cc. In analogy to the purity of the ¢ as A it is sometimes referred to as

the "charmed" ¢

The charmed ¢, qbc , has the correct quantum numbers to be produced in
e+e_ collisions. Because of the upper limit on the charmed quark mass one

expects m , < 10 GeV. Hence it could well be that y(3105) and (3695) are

¢
charm—anti(?harm vector mesons of the ¢c variety. There is no ready explana-
tion in SU#4) for the appearance of two states. One must assume, perhaps,
that the higher state is a radial or orbital excitation of the lower state. Within
specific rnodels,6 to be discussed below, this explanation is perhaps natural.
Assuming for the moment that the y's are ¢'s we can ask why is the width
of these states so small. Clearly since ¢c would like to decay preferentially
into a pair of charmed mesons, it must be below the threshold to do so. It can
decay into non-charmed states only by breaking Zweig's rule. We can esti-

mate this Width7 by cérrecting the ¢ — 37 width by phase space

M
~ 2 MeV

r 600 keV e
~ e X
¢c M¢
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This number is clearly too big. Perhaps it should be even made bigger by

taking into account the increased number of channels available for ¢, decay.

-

If we want to retain the hypothesis that the 's are charm-anticharm mesons

we must understand why the above estimate is wrong. One possible explana-

tion, in the context of asymptoticaily free field theories, has been proposed
recently6 and will be discussed below.

The SU@4) quark model makes numerous predictions for the interactions of
¢C relative to the other vector mesons p, «, and ¢. These predictions have
been nicely diécussed in the review article of Gaillard, Lee, and Rosner. 7 of

particular interest is the coupling of the vector mesons to the photon

2
m
<0130 v > =—f-Y €
M v H
one has the relations
f_zzf—z:f_zzf—z =9:1:2:8

From these relations we obtain Il‘p e etem B 15 keV to be compared with the
experimental value .z 5 keV. In view of the ambiguities due to the very large
SU4) breaking, this is not necessarily an unreasonable result.

The ¢C decays into hadrons by strong annihilation of the cc pairs into
states made of p, n, and A quarks. We expect strong quark-quark interaction
to be mediated by forces which are singlets in ordinary SU(3) so that 1/3 of the
final states will contajn A quarks. In contrast, only 1/6 of photon-induced final
states will contain A quarks. Therefore in the ¢c decay peak we expect 1/3 of
the events to contain K mesons, compared to approximately 1/6 of the events

away from the peak. However jand ¢' decays to kaons with approximately the

same rate, in contrast to the color scheme prediction.
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In the case of charm, as in the case of color before, the most crucial
‘test if the hypothesis ¢ = ¢c will be the success or failure of searches for
other SU(4) particles. Identifying ¢ = qbc we learn the approximate magnitude
of the SU(4) breaking and rough predictions of t_he, masses of other particles
can be made. This is dbne systerﬁatically in Ref. 7, and will not be repeated
here.

Following Ref. 7, we estimate that the charmed pseudoscalar cn has a
mass on the order of ~ 2.15 GeV. Therefore at/s =4.3 GeV in e+e— annihila-
tion we would :éxpect a threshold corresponding to the associated production of
charmed particles. In the Gell-Mann-Zweig quark-parton model, we expect
that beyond this threshold R = ah/% ” =3 —31— . Of the hadronic events, 10% arise
from creation of AX quarks and 40% from cc pairs. Since the charmed states
decay primarily into strange particles, a dramatic signal accompanying the
crossing of this threshold is the increase in the function of events with K's from
~ 1/6 to ~ 1/2. Other features of the decay products of C # 0 states are dis-
cussed in Ref. 7.

Without corresponding experimental evidence, the hypothesis of the (3105)
and (3695) as charm-anticharm vector mesons is in theoretical trouble because
naive theoretical estimates do not give a sufficiently narrow width for their de-
cay. A theoretical scheme which may avoid this difficulty has been proposed by
Appelquist and Politzer6 in the context of asymptotically free field theories of
the strong interactiong. They assume that the underlying field theory is SU{4)

X SU(3) , where the color symmetry is a hidden exact symmetry along the

color
lines of the red, white and blue model. Hadrons are always color singlets. The
12 quarks of the theory interact by exchanging eight massless color gluons; both

quarks and gluons are "confined" and not observable states. In such a theory,
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the effective strong interaction coupling constant o is small, a < 1, at large
momenta (say above 2 GeV) so that Bjorken scaling holds. For low momenta
o, > 1 which accounts for the strong binding of ordinary hadrons and also (per-
haps!) provides the mechanism for quark and gluon confinement. For large
momenta perturbation theory can be used since the coupling constant is small.
Appelquist and Politzer argue that in cc and AX bound states the scale of
momenta is determined by the quark masses m, and m,. For <;bc =cc with m,
> 1.5 GeV the scale of momenta is large enough so that o is in the perturba-
tion theory relgion, while for ¢ =X, g is in the strong coupling region. Hence

our estimate for I", from I', is likely to be wrong. Appelquist and Politzer

b, ¢
find Fcp oc (ozs)6 and hence I‘(P & I‘¢ may be a plausible consequence. By es-
c c
timating T ¢ (total) and T o e'e” from the decay of the y(3105) they arrive at
c c

a value a, = 0.25. This value justifies their calculation of the decay of ortho-
charmonium the same way as one calculates the decay of orthopositronium in
QED. (That is where T'« (ols)6 comes from.) A Balmer series of excited states
of charmonium would also be expected on the basis of their calculation.

The consistency of this interpretation is brought into question by the exist-
ence of the y(3695). If one attempts to interpret {(3695) as an excited state in a
relativistic Balmer series for charmonium, then the y3105) must be regarded
as strongly bound and it is not surprising that one finds oy~ 1. Such a value
is not consistent with Appelquist and Politzer's estimate and it means that their
perturbation theory calculations cannot be taken seriously. Hence it is neces-
sary for the proponents of this theory to find some other explanation for the

%3695).
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Two observations would provide strong support for the charmonium scheme
_of things:

1) Production of charmed mesons (JP =0 , charged and with mass ~ 2.1
GeV) presumably pair produced in ete” collisions.and observed to decay pre-
dominantly to K's - i.e.‘, tanzec ~ #w's/#K"s

2) Magnetic dipole transitions from the 381 ¢ and zﬁ’;states to their para-
charmonium partners with partial decay rates ~ 1 keV. Thus an allowed M1
transition bets_yeen the ¥(3105) and its IS paracharmonium partner has a rate

0

roe (PR M (2
C

where k is their energy difference and M, is the mass of the charmed quark.

Q

C
Using

M2 -ME e M2, - M2 ~iGeVew M2 - M
p” ™

DO

K

k=M,6,,-M, ~ 80k M
"y g eV, Qc

preted as a radially excited charmonium state its decay to the ¥ (3025) is a for-

~ 2 GeV, I' ~ 3 keV. If the §'(3695) is inter-

bidden dipole mode due to orthogonality of the spatial wave functions and in this

case

2

oo @F 160 kP (k7R?
@ 3 e 3
Q

C
and depends on the radius of the cc state. For k'~ 670 MeV and

2

f) , I'" may be as large as ~ 50 keV and easily seen.

- 1



- 924 -

It is also possible for yand ' to be states in a SU@4) x SU(3)' group (i.e.,

+ -
_charm plus Han-Nambu color). This predicts R = oe +,e - — hridr_-.on) =6
g (ee —pup)
at asymptotic energies and more resonances in the e"e™ ¢hannel, However it

does not help to explain the problems we already have in either the charm or

the color scheme.
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V. Intermediate Weak Boson Hypothesis

The widths of the y(3105) and (3695) decays into leptons imply that these
particles have an effective coupling to leptons of the order, of the Fermi con-
stant. To be more specific, if we assume that the coupling of the 's to e'e”

pairs is of the form

Lt = BY Y, lyv5e,)e

then the width T° ’ is given by
PP

Ty = far Gy tep)my
which gives

£ 2,2

5 ey +Cy) = A GF/J'z
Py

with A ~ 0.8 for the 3105) and A ~ 0. 3 for the (3695). These numbers en-
courage one to assume that the y's may be neutral weak bosons. It must be
remarked, however, that ordinary vector mesons have leptonic widths of the
same order of magnitude as the y's. Hence, leptonic widths by themselves can
be misleading.

The reported presence of the decay ¥3695) — ¥(3105) + a' + 1" with a width
of around 100 - 200 keV, would seem to us to put the hypothesis of the y's as
weak bosons in grave peril. The effective coupling for this decay, when one
takes into account thg phase space limitations as described earlier, is of order
of 1/3 to 1/10 of the strong p' — p7r decay. This is difficult to reconcile with
most simple models of weak interactions. However, there may be ways out. 5
Another "experimental' difficulty, not unrelated perhaps to the above, is the

large coupling that the §'s have to hadrons vis-a-vis leptons. Naive quark
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model estimates, using universality, would predict rates differing at most by
an order of magnitude although multiquark schemes can boost the coupling
“ ratio even further. However a weak IVB scheme would suggest that leptons
should appear at a comparable rate to the pions in the '(3695) — y(3105) decay
process. ‘ | |

With these caveats in mind, let us further test the hypothesis that these
particles are neutral weak bosons. If this were the case we can ask in what
theoretical framework do the y's naturally fall.v Three possibilities suggest

themselves immediately:

a) They are part of a unified renormalizable gauge theory of weak and

electromagnetic interactions.

b) They belong in a renormalizable, but not unified, theory.

c) They are weak bosons in a nonrenormalizable theory.
The first possibility, which is the most attractive, unfortunately is not viable.
The other two alternatives, although possible theoretically, do not seem to be
especially desirable. We shall discuss all three below.

a) It is clear that the s cannot be the weak neutral vector boson in the
familiar Weinberg-Salam SU(@2) x U(1) theory. For one thing there is only one

massive neutral boson in this theory with a mass m, >>m_,. However, the s

v
cannot also be neutral bosons in any other unified gauge theory because of the
observed weakness of their dimensionless coupling to leptons, g «<e. A funda-
mental property of gauge theories that include electromagnetism is that the
universal gauge coupling constants g are necessarily larger than the electric

charge e (up to Clebsch-Gordan coefficients). This is familiar in the SU(Q ) X

U(1) model where
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In Appendix A we show that if the true photon is an orthogdnal combination of n

gauge bosons with couplings 811 Bgse e 98y then the electric charge is given by
1 _ 1 1
5 = T3 +.. .+ 5
© &1 En

which proves our assertion that g; > e Therefore, even if one were success-
ful in buildinga unified theory with low mass intermediate bosons, the couplings
in that theory would be too large to identify the bosons with .

There are some ways out of the above argument. Normally all gauge par-
ticles in unified theories are taken to couple to all leptons and quarks. If
¥3105) and (3695) were gauge particles then their coupling to leptons and
hadrons would be at least as large as e implying leptonic widths many times
larger than observed. However, one could suppose that the unified theory con-
tains the y's as a subgroup which did not have any direct couplings to leptons.
The y's could couple to other matter (Higgs particles, other fermions, etc.)
with g v > e. Through mixing with the photon and/or other gauge particles they
could acquire an effective coupling to leptons which could be arranged to be
small. This can be done through a generalization of Berkeley type models ,8
where the 3's would not directly couple to hadrons or leptons. Another sugges-
tion, somewhat different, would introduce heavy leptons which are mixed with
the electron and muoﬁ. Then, although the photon coupling to all leptons is e,
one could suppress the ¢ 's couplings by picking an appropriate coupling scheme
and mixing angle. We see no compelling reasons, at this stage, for trying to

invoke such epicycles.
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b) In the second class of models, mentioned above, the y's are not unified
~with electromagnetism. The simplest possibility is to associate the y's with
U(1) groups that completely commute with the group of unified weak and elec-
tromagnetic interactions. In this case there is no. restriction on their coup-
lings. All gauge theories written down so far have such freedom. Thus the
existence of such y's would not ruin the possibility of having a renormalizable
theory of the weak interactions.

An example of a theory that could accommodate the §'s would be SU2) X
U(1) X U(1) x U(1) where the last two U(1)'s have §{3105) and 3695) as their
neutral weak bosons. One could suppose for instance that {3105) coupled to
baryon number (B) plus lepton number (L) in the combination (B+L), as
Sakurai9 suggested recently, and that 3695) coupled to B-1) Other, more
exotic, possibilities are also clearly possible. Theoretically at least one un-
appealing feature of such theories is that the presence of the z-p‘s gives little
restriction on the overall structure of the scheme. There is basically no a
priori reason for their existence. Putting it another way, although the y's may
account for some (or all) of the neutral current weak effects, they do not tell us
anything about the charged currents.

c¢) The last possible scheme for the 's as weak bosons supposes that they
are part of some nonrenormalizable theory of weak interactions. An example
of theories of this kind is one in which the y(3105) and %3695) are neutral mem-
bers of an SU(2) X U(1) or SU(3) gauge group of massive weak vector bosons.
Such schemes would in general imply that the charged vector bosons have
masses in the neighborhood of 3-5 GeV. Hence they could already be in trouble
with the existing NAL data, 10 if this data is taken at face value. From a the-

oretical standpoint, models of this sort are objectionable because they are
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rendered nonrenormalizable when one attempts to introduce electromagnetism
in the scheme. Hence they appear to us to be a step backward.

Irrespective of theoretical prejudices, it is still useful to suppose that the
Y's are neutral weak bosons and try to see what they predict for neutral cur-
rent processes. This ifl general fequires one to make additional assumptions
on how they couple to neutrinos and quarks,

Our motivation for considering the y as a candidate for an intermediate

vector boson is suggested by its small decay width I ~ 5 keV (as well as

) — ee

r % — hadr ~ 80 keV) which implies an effective coupling to leptons and quarks

of the order of the Fermi coupling.

To be precise, let us begin by assuming the coupling of the y to the e+e_

pairs has the form g % e 'y“ (cV - 'yscA)e. The decay width sz — ee 18 then
given by
£ 2,2

I‘zp-—» ee 127 (CV * CA) mzp

so that
2

E o +ch) = 5x107
Consequently

gy ) AoF ith A= 0.8

——— = wi = 0.

w2

Note that the mass of ¢ is relatively "light" as compared with the mass of
the intermediate weak vector bosons in unified gauge theories. However, in
the latter case, the coupling is of order e (electromagnetic coupling) while here

g is of order ez.
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Having fixed the parameter A, we now proceed to examine the neutrino ex-
_periments.

A. Neutrino-electron scattering

Assuming ) couples to neutrinos in the standard V-A form with the same
coupling g as with electron, then the cross sections for Vue — v“e and v e —

;H‘e‘are given by

2 2 1 2
_ Zst mz,b_ (cV+cA) +§(CV_CA)
o{v e) = A .
H am m2+s (c2 +c2 )2
- P A% A
2 2,1 2
_ 9 st mzp (cV—cA) +~§(CV+CA)
olv e) = X
i 47 2 2
m,+ S 2 2
P (cV+cA)

We remark that because of the y propagator, the cross sections behave asymp-
totically as a constant. In Fermi theory, they rise linearly with energy. How-

ever, in practice s = 2meEV is smaller thaQ mi, hence the propagator ef-

m
fect is difficult to be detected and one has -—2—51)—- ~ 1.
m + S
Y
For Cy =cA =1 one has
o,e) = 3% 107%2 em® . (E/GeV)
c@e) = 1072 em? - (E/GeV)

u

If either Cy OF Cp is equal to zero (purely vector or axial coupling),

ov,e) = o) =4 x 10~ ecm? . (E/GeV)

i

The Gargamelle data are quoted as follows:

41

o (v,) < 0.26 X 10 em? (E/GeV)
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-43 2/ E — -42 2 ( E
3x10 cm <GeV)< o-(v“e) < 3%x10 cm (55\7)

B. Deep inelastic neutrino-nucleon scattering

QZ

In terms of the variable x =52 and y =
2my

2my the differential cross sec-

tions for neutrino and anti-neutrino are written in the usual form:

2 v,v 2 2 2
dg ’ A G 1 m 2
g = s {(1 -y —xy-—;)Fz(x)+xy Fl(x)

dxdy  , 2 22 27 S
y (cV+cA) (1+xyl—n—-é)

¥

Fay( -3 F3(x>\

Assuming Bjorken scaling, spin 1/2 constituents and maximal V-A interference

ZxFl(x) =F, x)=-x F3(x),the differential cross sections take a simple form:

PowN —v +...) _ 2 &Ps 1 F )
dx dy 2 22 27 2 2
(cV +cy) (1 +xy;2)
P
e N—=T+...) _ A & 1 19 F. )
dx dy 22 BT [ py B2 Yr o
PR T e
)

Let us parametrize F2 x)=a+ b x (Regge parametrization). The threshold

behavior near x ~ 1 for F2 (x) can be taken into account by introducing a multi-

plicative factor (l—x)a. Integrating over x and y, one obtains:

22 =
>\2 G Higb b 48 ) arc tan/ s/mz[)
cN—=v +...) = 5 alnfl +—5\+2b{1 -

ey + ci‘)2 2m < mi) J s/mlp
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2 szz rn2 m2
— — A
o(WN —v+...) = > 55 zﬁd) a[<1+_sﬁli>1n 1+-—S—2 _g__s_‘é}
- - (Cy +cy) My
m2 m mz .arc tan\/s/m2
+b 4—‘2 1+l—-—4-’1n 1+ +2—.£—1-‘——¢——1‘§- (4
s .38 : 2 3 s 3 J 2
m s/m
P Y
For s « mi the cross sections are linear in s, and
2 2
C 3GN T S S« S
c(WN—-p +...) =3WN—->pv +...) = 5 2227r(a+3)s
- (cV+cA)
= 2.5 (a +g33) 1072 em? (E/GeV)

Here we take Cy =Cp = 1. The parameters a and b can be determined by fitting

the above equation with low energies Gargamelle data g (N —p +...) =

8cmz(E/GneV) and from the ratioR = LN =V *.--) = 4 95 40,03,

-3
0.78 10 N =)

We extract (W N — v +...) = 0.17 10—38 cm2 (E/GeV) from which we have
a -+ %)- = 0.7

In Fig. 3weplot (N —v +...)and g(WN — 7 +...) for two extreme values
ofaand b (@ =0.7,b =0)and (a =0, b =1.05). For comparison, on the same
figure are plotted the cross sections when the mass of the intermediate boson is
very large. I we fit the parameters a and b to the areaflo o) dEv of Gar-
gamelle instead of to the cross sections at EV ~ 1 GeV, %hen o), o(v)will be
raised somewhat. We estimate that ¢ (v) and o (v) at E ~ 100 GeV will be at
most a factor of two iarger than shown in Fig. 3. This is still substantially
smaller than the linear curve.

Our phenomenological analysis shares some features with models recently

discussed (Adler and Tuan, Sakurai). However here the parameters are fixed
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by SPEAR data, while in previous works the parameters are extracted from

neutrino experiments. Moreover, because of the ''light'" mass of i, the cross

sections ¢ (v) and ¢ (v) as plotted in Fig. 3 soon deviate from the straight lines

which characterize models with high mass intermediate boson. This can be

tested in the near futuré. |
We conclude with a few comments:

1. All the calculations given above are done only for ¢ The coming of the
second ¥'(3695) makes the weak neutral boson interpretation unnatural.
One can of course stick to this interpretation (see, however, objections
later on): in this case the presence of 3695) whose coupling to leptons is
about~/1/3 that of (3105) will increase ¢ (v ) and ¢ (v) by about 25% (see
Fig, 4).

2. If ypand y' are both weak neutral bosons, the decay width of ' — mm can be
estimated to be at most of the order of a few eV.

2

(rz,b' - = - 5 (1- %)3 (M + m)) where m and M are mass. of y and y!.
o T

Hence this puts the neutral current interpretation in a very difficult posi-
tion. One possible way out is to allow a strong coupling for ¥, y' when they
couple in pairs (e.g., P'yrm vertex). This will enhance both ¢ (vp — vyx) and
o (ep — eyx).

Another possible way out is to consider y as the weak boson and'gb’ as a
color or charm state., In this case, one has to invoke some unknown suppres-
sion factor in the cross section (vp — vx) via y exchange to fit FNAL data.

3. It will be interesting to Wsearch for the charrgedm;;artnerr'rs W+W— whose mass
may not be very far from 4 GeV. Its effect on v —-»u_ and v ——>u+ scatter-

ing, namely the x and y distributions, as well as the total cross sections,



- 34 -
will be different from that predicted by models with high Wi mass. Ex-
perimentally, o (v —u ) and ¢ (v — u+) rise approximately linearly up to

NAL energies. However, a simple estimate of the charged-boson produc-

tion cross sections o (v N —»u—W+ +...) shows that it has the same order
of magnitude as the deep inelastic ¢ (VN —pu~ +...). Any lower bound on
the mass of Wi should take into account the presence of W:E production
cross section or the possibility of the presence of more than one Wi.

4. The contribution of y to deep inelastic electroproduction can be estimated

+q
2

m +
5. Assuming the charged partners W™ of phave approximately the ) mass (i.e.
2

to be appfoximately 10 (the interference term of ywith photon vy).
within a factor of 2) and the same coupling g (z%r o 10_6) then the ampli-
tudes for KL — M+M- and KL — 2y are suppressed respectively to Goz2 and
Ga. This means the introduction of charm is not needed to suppress the

K. — 2u decay.

- I")/ — hadron N 2
6. It should be noted that in the quark-parton model T e > Qi
Y —¢€e e =1

where Qi is the charge of the i'th quark (in units of e). The sum goes over
N quarks (12 in the color-charm quark model). On the other hand, if is

— hadron

weak U(1) neutral boson, then = N. Experimentally one finds

sz —ele

rgg — hadron 14
r + - )
p—e e
in the %(3105). However, as far as y(3695) is concerned, this ratio is above
a hundred, which'is another indication that the interpretation of this particle
as a weak neutral boson is in trouble.
Let us summarize the situation on the weak boson hypothesis. First of all,
theoretically none of the schemes is attractive. Further, the schemes do not in

any natural way explain why the branching ratios of y’, Fﬂ/ Pe' > Fh/ I‘e , or why
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the decay y(3695) — y(3105) + 7r+7r_ occurs with a strong coupling constant. On
| the oiher hand, the neutral current experiments may be "explained" using the
)'s as the weak bosons. Clearly more experimental tests.are desirable. Evi-
dence of parity violation in the ee — ee and up qhannels and the appearance of
leptons in the '(3695) - ¥3105) decays would be suggestive for such schemes.
Finding many partners of the §'s (both charged or neutraf) would be probably
difficult to reconcile with the weak boson hypothesis. Seeing diffractive photo-

production of the §'s, over a large energy range, would in all probability dispel

all doubts that these particles are not hadrons.
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Appendix A
The covariant derivative for a gauge model is

-

_ . o o . o o N s o'
VM = au'lglAlFl --1g2A2 Fz—... —-1gnArl Fn

where F? are generators (matrices). The charge operator is
Q=Q +Qy+... +Q
Rewrite
glA}Ql + ngzQ2 + ...+ gnAnQn; =
= e (Q1 + Q2 +...0F Qn) A +Y (operator) + (orthogonal fields)

A = TyiAi = (photon) ; T = orthogonal matrix .

From BHY,8 do it for the first two:

glAlQl + ngzQ2 =g sin ¢2(Q1+Q2)(sin <¢>2A'1 + cos qbZAz)

+ ;gl [cos2¢ Q —sin2¢ Q, | (cos ¢ A, - sin ¢ A_)
cos ¢2 271 272 21 272

tan ¢, = 8,/8;

Now form the recursion
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8.
where tan ¢, = gk/ e, ., which gives sin ¢, = ——=———=s
k k-1 k 2 2
k-1 " 8
‘AThex"gfore,
_.l.. = __—-._L_____.._.. = ._L + 1
2 inZ 2 2
ek Cx-1 S P Bk Sy
Clearly, we now have
1 _ 1 _1,.1 1
;izez‘z‘Lz*-*z’
n €h Bp-1 &1

which proves our assertion.
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