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It is shown that a ““minimal” six quark model based on the Weinberg-Salam theory of
unified weak and electromagnetic interactions may be constructed if a small (consistent
with experimental uncertainties) deviation from e-u universality is assumed. This minimal
model offers a solution to the difficulties of the standard charm scheme associated with
R = o(e* +e~ — hadrons)/o(e*+ e~ — u*+p*)and the abundance of u~p* and gy~ pairs in
neutrino reactions. It also explains in a natural way the character and smallness of CP vio-
lation.

1. Introduction

In spite of the successes and popularity of the standard charm model [1-4], there
are some reasons to consider its modification. They are connected with the following
difficulties of the four quark model:

1. The ratio o(e"+e~ — hadrons)/o(e”-+e — pt-+pu~) predicted by the charm
model is 34 while the measured values is =~ 5.

2. The roughly estimated cross sections for the dimuon events are too small to ac-
count for the observation [5]. The same concerns the p~p~ and p*tu* events respectively.

3. CP violation is not accounted for in this scheme.

Recently there were several attempts to solve these difficulties by extending the stan-
dard model and including some additional quarks and leptons into the theory [6-9]. Some
of the proposed versions of the theory contain right handed, charged weak currents cou-
pling with a full strength neutron and one of the heavy quarks. Such coupling should change
drastically the slope of a7, versus E and the ratio a:“m/'cr,”m above the appropriate threshold.
Since we do not yet observe such effects, it scems worthwhile to try first to construct a satis-
factory 6 quark model which contains only V-A currents and is as close to the standard
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charm model as possible (a “‘minimal” model). In a previouns paper [9] by S. Tatur and the
present author, the 6 quark model with Harari’s interpretation of y (3100), v (3700) and
 (4200) as bound states of three heavy quark-antiquark pairs [10] was examined from this
“minimality’” point of view. It turned out that none of the difficulties of the 4 quark model
(except R ratio) could be solved, in fact some new troubles appeared.

In this paper we want to show that by combining a 6 quark minimal model with Wil-
czek’s idea of very well satisfied X spin symmetry [6] it is possible to construct a satisfactory
model solving the problems enumerated above.

2. Model

The gauge group of the model is the same as in the standard charm model, i. e.
SU, x U, x SUS"". There are 6 quarks p, ¢, t, n, 4, b grouped in the following multiplets

P c t
(cpnn + cp/l’?' + cpbb)L’ (’f:cnn + ccl)" + chb)L, (cmn + ct,‘L}" + C‘bb)L’

Pr> Cr> tR’ Dy, )'R’ bR' (1)

Following Wilczek we assume that ¢ and t quarks are nearly degenerate and therefore
the physical 1- states are 1/y/2(cc+tt), 1/3/2(cc—tt), and bb. In this ideal case (later on
we shall consider some small corrections) the first state couples to the photon with double
strength of that for v (3100) in the standard charm model, while the second one (the X-spin
vector) is decoupled from the photon and therefore cannot be observed in the experi-
ments in which y (3100) has been found. Using this assumption, the whole family 3’ (3700),
p'’ (4200), ... is interpreted as radial excitation of v (3100) — exactly as in the charm
model. The quark b is assumed to be much heavier that ¢ or t quarks. (If the recent rumour
about.a narrow vector meson with mass ~ 6 Gev is confirmed it will fit this scheme per-
fectly).

The above possibility (including the structure of multiplets (1)) was brleﬁy considered
by Wilczek and rejected on the grounds that Cabibbo universality cp,,+c . = 1 implies
¢pp = 0 (or extremely small) which leads to some serious problems. We propose the fol-
lowing way out of this difficulty. '

As it is well known, the condition for cancelling anomalies in the SU, x U, group
demands the existence of equal numbers of leptons and quark doublets. We have, therefore,
a heavy charged lepton L and a new neutrino v, which we assume to be massive. With
degeneracy of the neutrinos broken it is meaningful to introduce some mixing between
them, thus we may assume the following form for the lepton doublets

<ve> v, €OS 0+ vy sin a) (-—-vu sin &+ vy cos a) @
e’ H L L L
If sin o % O then the e—pu universality is violated. Experimentally we have [11]

Sl 1

= = 1.007+0.014; (3)
Sy cosa
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therefore, at the level of one standard deviation
sin? a < 0.042. 4)

Testing Cabibbo universality, the e— p universality was always taken for granted. With
sin a # 0 the conclusions change in the following way.

Denoting by G, the standard Fermi coupling constant relevant for purely electronic
interactions (mediated by W), we have

G, = Gocosa, Gy = Golcy,l,

1 for an electron in the final state
Gps=1 = Go%"pﬂ ) (5)
cos o for a muon in the final state.

Since |c,;| is small, it will not be important for further considerations which the expression
for G45-, is used. From (5), we have
_ G;**‘st:x 2 G;'*‘st:x

c:fn-%c;?‘,1 == G2 = COs” o —G 6)

and

: GZ-Gg—GjSﬂ
¢z = 1—(ch+cl) ~ sin® u+ ~”—G2-——~— . @)

As far as the Cabibbo universality in the conventional form: G2 = G; + G 5., is concern-
ed, the following number is quoted [12]: (G§+G,2,s=1)/Gﬁ = 1.0011-0.004 hence again
at the level of one standard deviation, we have

G:—G;—Gis-
“—-QGT& < 0.003. (8)
u

Combining (7) and (8) we obtain
e, < V0.045 = 0.21. 9)

This bound on ¢, is not small — it is of the order of the Cabibbo angle. We assume in our
model that |c,,! is close to this bound. Now we can study the problems mentioned in the
introduction.

3. The R ratio

Above the highest threshold for bb production the value of R given by a simple count-
ing of quark charges is 5 — the same as in the model of Harari. Below that but above the
charm threshold, the value is slightly smailer: R = 4 4. The measurement in this region
gives R ~ 5 which is not in bad agreement if we remember that in the asymptotically free
theory, the limiting value should be approached from above [13] and that below the charm
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threshold the experimental value of R ~ 2.5 is really somewhat higher than predicted by
the parton-quark model (R = 2). If this picture is correct, it means that the threshold
for L+~ production has not yet been reached in the e*e~ experiment. This gives us the first
clue concerning the mass of the heavy charged lepton m; 2 4 Geyv.

4. The dimuon events

The lepton mixing we have previously introduced now provides the possibility for
a better understanding of the neutrino reactions with two charged leptons in the final
state [14-17]. In contrast to the 4 quark model, in the present scheme there are two addi-
tional sources of u—u* events and one efficient source of dimuons of the same sign.

The first additional source of y~u* is simply the reflection of the existence of two
similar quarks: ¢ and t. The total number of particles with quantum numbers ¢ or t produced
by neutrinos from the valence neutron quarks is proportional not to sin? 8 as in the 4
quark model, but to the sum

!Ccn1,2+!ctni2 = I—icpniz = gcpliz'*'icpblz' (10)

We have argued that the assumption 0 % |c,,| ® |c,,;] = sin O is compatible with the pres-
ent experimental situation and in fact it is essential to the very existence of our model.
With this assumption the sum to which the total number of dimuons is proportional be-
comes

iccnl2+lcm|2 ~ 2 Sinz OC'

The second source of dimuons is connected with heavy lepton production. The lepton
current in our model has the form which implies the new phenomena leading both to yu—u~
(or ptut) and p-utevents. The charged lepton current which follows from the assumed
form of the lepton doublets is

Jo = ep{(1=75)ve+c0s apy (1 —ys)v,+cos aLy (1 —7s)vy
+sin app, (1 —ys)vp —sin aly (1 —75)v,. (i

With such a leptonic weak current, the v, interacting with nucleons via the exchange of
W has two options now: in most cases (~ cos? o) it will transform into g, but from time
to time (with probability sin®a x mass dependent threshold factor) instead of p~ the heavy
lepton L~ will be produced. It decays by one of the following four sequences:

Ay v,+N->L" +hadrons
l

~> v, +hadrons (or e +v,)

'

' 4~ +hadrons (or e* +v,)

B) v,+N - L~ +hadrons
I

- v,  +hadrons (or e~ +v,)

!—>#“+#++V"
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C) v,4N > L~ +hadrons
L) VL +”— +;ﬂ
L, u +hadrons (or e +v,)

D) v,+N-> L~ + hadrons

L v pTHy,

|—> p+pt+ v,
The final channel A is not particularly interesting. It is practically indistinguishable from
the usual process in which pu~ is produced directly.

Channel B is an additional source of opposite sign dimuons. The analysis of the
invariant mass distribution of u~ pt pairs [16] shows that it is not possible to attribute
all the dimuon events to the decay of one kind of neutral lepton, however it is perfectly
admissible that some fraction of them is produced via this mechanism. In fact a closer
inspection of the invariant mass distribution diagrams in Ref. [16, 17] shows some concen-
tration of events below ~2 Gev. It fits qualitatively our picture if we assume m, ~ 2+
+2.5 Gev. We do not attempt to make a precise fitting because there are too many un-
known factors and the statistics are not very good. However, we should check the consis-
tency of this estimate at least with the condition that both L and v, have to be sufficiently
short living particles. With v, itself there is no problem. Neglecting the muon mass in com-
parison with v, the formula for partial leptonic with of v; can immediately be written down

m,\% 1
rLoteRens 02 a( L) _ (12)
m,) T,

which for m, 2 20m, and sin® « = 0.04 gives I' VL>leptons o, 1 /(10-115). For the decay
of L, the v, mass must be taken into account and integration of the spectral distribution
calculated in [18] for this kind of decay leads to the expression

- 5 m,
FL—+vL+n+v,‘ — i (__n_’l_k) G( L) , (13)
T# m" my,

G(&) = 1—-8E2+8E5—¢(8—24841n &. (14

where

With the help of this expression we find that for m, ~ 2-+2.5GeV and mg >4 GeV the
lifetime of L is even shorter than that of v;. These lifetimes are safely outside the region
excluded experimentally [14] for particles which are the source of additional muon in
dimuon events.

We have argued that m; > 4 GeV but if the proposed mechanism of dimuon produc-
tion has to be effective, the mass of L cannot be much larger than this limit, becuase other-
wise the probability of heavy lepton production would be much smaller than sin? «. The
relevant kinematical factor was numerically calculate in [19]. For typical energy of
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the incident neutrino E, = 100 GeV and m; = 4 GeV the suppression factor is 0.38 and
it decreases rapidly for m; > 5 GeV. Therefore our guess is

4 GeV < mp < 5GeV.

With the suppression factor ~ 3 the actual probability of L production (relatively to 1)
is therefore ~ 1%/. The probability that v; will be produced as a result of L decay is practi-
cally the same. Now, to estimate the number of y~u* pairs we have to know the branching
ratio

F(ve = p +p" +v,)
(v, - p~ +anything)

15

It seems that there are reasons to believe that this number should be ~%;++. Exactly
1/5 follows from the simple counting of channels open to the decay of the virtual W+
created in the process v, — u~+W+. The W may decay either into utv, or into e*v,, pinic
where i = 1, 2, 3 numbers the various colours of quarks. This is the same kind of argu-
ment which implies R =2 for ¢y " ¢*" - hadrons)/(y = u+y~) (below charm
threshold). However the actual value of R in the vicinity of £ = 2 GeV is somewhat higher
than the predicted value — similarly the considered branching ratio for v; decay into
leptons is expected to be smaller than 1. The other reason for the possible suppresion of
this branching ratio may be connected with the charm threshold. Im ete~ this threshold
is ~ 3 GeV because two charmed quarks have to be created. In the weak process, however,
only one is involved and the threshold is lower, possibly as low as ~2 GeV. In any case,
the reduction by a factor of more than 2 is unlikely — hence our estimate 15+ 1.

Finally, we come to the conclusion that the amount of p—p* pairs from the decays
of v, may contribute about 1% x (%5 +1) ~ 0.1+0.2%; of single muon events. This is not
much (the observed value is ~ 0.8%;). But we should remember that it is only one of the
four mechanisms
(2) production of charmed particles from the sea of A quarks
(b) production of ¢ quarks from the valence n quarks
(c) production of t quarks from the valence n quarks
(d) put from the decays of v.

The (c) and (d) mechanisms operate only in the six quark, but not in the four quark,
model.

Although process (d) is not very important for the u—u* events it is crucial for the
understanding of the origin of y—u~ pairs. Once we agreed that process (d) occurs at the
level ~0.1+0.2%; of single muon production we immediately come to the conclusion
that a similar amount of y—p~ pairs should be produced via channel C. The reported cross
section for the p—u— pairs is actually of the order ~0.19; of the single muon production —
fully consistent with our picture. A similar discussion can be carried out for the antineu-
trino reactions, but since the various uncertainties are even larger in this case, we omit
it here.

Finally, let us observe that if both L~ and v, decay muonically (the final channel D),
the trimuon event should be observed. Since in this case two small branching ratios are
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involved, the number of trimuon events is expected on the level of ~10%; of yu—u~ pairs.
As the number of p—u~ pairs actually observed is of the order of 10, the prediction is that
if statistics increase, some trimuon events will be observed soon.

5. CP violation

Any realistic model of elementary particles has to be able to describe if not predict,
the phenomenon of CP violation. In the gauge theory of weak and electromagnetic inter-
actions, the most natural way to have the CP violation is through the mechanism of spon-
taneous breaking, and not by a CP noninvariant Lagrangian [20]. Although such a prin-
ciple restricts the number of possibilities there still remains too much freedom in specifying
the actual form of the effective CP violating interaction.

On purely phenomenological ground, the effects of CP violation may be satisfactorily
described by a single parameter ¢ measuring the nonorthogonality of K; and K. With our
present understanding of the mechanism of spontaneous breaking there is little hope of
calculating this parameter in terms of some already known quantities only. In such a situa-
tion the mere explanation why CP violation manifests only through KK, mixing and
why ¢ is not of order of unity, but ~10-2 would be a satisfactory result.

In the most general case, the effective CP nonconserving interaction is caused by both
Higgs scalars and gauge bosons exchange. However, it would be very inconvenient to
associate any physical effect with Higgs particles exchange. Their masses are completely
arbitrary and their theoretical status uncertain. It is not excluded that they are only an arti-
ficial device to maintain the spontaneous symmetry breaking and will be eliminated comple-
tely from a future theory. Therefore we restrict ourselves of the effects of CP violation
which are explicitly contained in the form of weak currents. The role of Higgs particles
in our approach is to produce a quark mass matrix which in the case of spontaneous CP
violation is not symmetric, but a general hermitian matrix. This implies that the matrix C
considered previously cannot be orthogonal, but in general must be a unitary matrix.
This generalization does not affect our previous discussion, because we made use only of
the property ) |c;;|2 = 1 which is equally valid for any orthogonal or unitary matrix.

J

It is important that the unitarity (as opposed to orthogonality) of the C matrix does
lead to an observed CP violation in the six quark model, but not in the standard four
quark model. To see this let us consider the Feynman diagram contributing to
(KO[H | KO

n A
P,C,(f} p‘lc‘.'(;}
A ]

Fig. 1. The Feynman diagram contributing to <{K°|Hese|K°)
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The addition of such diagrams with various intermediate quarks effects in replacing the
quark propagator by the sum

N 1 « 1 . 1
cpncp;m +CenCez _jé_:r—n—c + (cmc‘1 m) . (16)
In the four quark model, the unitarity condition
ConCpi+ CenCer = 0 17
allows us to rewrite the sum of propagators in the form
o1 1
CrnCoa (k “m, —mc) ' (18)

But the on-shell matrix elements (K°|H¥|2n), (K°|HY|37), ... which determine the
antihermitian part of the K°—~K© mass matrix are also proportional to c,,cs; therefore by
appropriate choice of the X meson wave functions phase, we can make both M,, and I';,
in the K°—K©° mass matrix real. Alternatively, we can say, that by appropriate change of 4
quark phase the cp,,c;:e ,» can be made real which proves that no observable effect of CP viola-
tion in the K°—K9 system appears.

In the six quark model, the unitary condition

* * *
Cpncp}. + CenCea + CeaCit = 0 (19)

leads to the “‘effective” propagator

oot 1 1 ) . Cenl 1 1 ) 20
c — —_—
Rt \KE—m, K-—m, ConCps \K—m,  K—m, (20)

with a complex (in general) parameter

*
Ccnccl
z =

ConCas @h
which is independent of any change of phase of any quark field, and which does lead to
an observable CP violation. The relevant imaginary part of z cannot be calculated “from
first principles” in the kind of theory we are considering but from the known phenome-
nological facts and conditions of unitarity, we can calculate its maximal value. With some
elementary algebra, it can be shown that from the constrains

1cp).1

[Conl

=1tglc <1, lcpb[ < ‘Cp)_i (22)
the following result is obtained
MaxImz = 1. (23)

One can easily check that ¢,, = 0 = Im z = 0 therefore CP violation vanish when both
e—p and Cabibbo universalities are exactly satisfied.
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Now we are able to find (approximately) the explicit form of the effective Hamil-
tonian leading to the CP violation in K°—K? system and to estimate the parameter &.
(Since the CP violation may appear in our model only as a result of interference between
contributions from various quarks in the intermediate states, it is obvious that in the free
quark approximation it does not manifest itself in any usual weak process except in the
K°®—KD9 system. The theory is therefore effectively of the “superweak’ type.) The general
form of the mass matrix consistent with CPT is

M-—i £ , M,—i 1:29—7
M= , (24)
M’fz——ir—fz, M—i£
2 2
where
iy =21 Y CKOHY|RY <nlHY|KY8(E, —my). (25)

As we have mentioned earlier, by an appropriate phase convention, one can make both
Iy, and the coefficient in front of (20) real. This means that the CP violation is connected
with Im M,, which in turn is induced by Im z only.

In the four quark model where Im M,, = 0 the real part Re M;, was calculated
by Gaillard and Lee [21]. Following their arguments we can calculate now in an analo-
gous way both Re M, and Im M,,. In our case, the sitnation is even simpler, because ¢
depends only on the ratio of these quantities, therefore we can avoid the dubious procedure
of estimating the matrix element (K°|H,, |K°) for free quarks. The result of Lee and
Gaillard is

_ Geg o o . -
H3™? = “\/—g = (GVT cos® Oc sin? Oc{4y, 3 (1~ys)n}*+h.c. (26)
where

¢

d cos® ¢ sin® O = fxzdx (

sin B cos 6 cos O(—sin 0.)\>
C C + C( C)) . (27)

2 2
X+myg X+mg

According to the previous discussion, in our case, we have to replace the integrand in

(27) by
1 1 1 1 2
* 2
a —_ + = . 28
[€pncpal [<x+m§ x+mf) Z(x+mf’ x+m3>} (28)

The square of the first term (including the nonessential contribution from Re z) gives the
old result, the second term squared is negligible m,  m,) and the interference term gives
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the effective CP violating Hamiltonian which we are looking for

Ge o sin’fccos® Oc
J2 4n (38 Gev)?

HE™! = 2i(Im 2) 7,3 (=75}t

o 245 (! ! ) ! i I ©29)
x2dx - - .
x+m2:  x+mlf\x-m} x+m?
o

Both integrals in (27) and (29) can easily be calculated, and their ratio determines the
phase of M,,. This phase, together with experimental values of the K mesons mass differ-
ence and lifetimes leads in a straight-forward way to the following result for Re ¢

m,—m,

Reex 4 Im:z (30)

m,
and to the phase of £ which is automatically good
arg ¢ = arctg 2(4M);. [€1))

We see that the CP violation is intimately connected in this model with X-spin symmetry.
In the limit of exact X-spin conservation ¢ vanish and it remains small in the real world
because this is a very good symmetry indeed. To estimate whether this connection is not
only of a qualitive value, we have to know something about the X-spin nonconservation.
I can see two possible approaches to this problem: one phenomenological, the other
purely speculative.

If m, # m_ then obviously there is a mixing between the X-spin scalar and X-spin
vector. The particle with small admixture of X-spin scalar is not in this case, com-
pletely decoupled from the photon. The mixing angle is proportional to the ratio of the
quark mass difference and the relevant vector meson mass difference. If the quark mass
difference were of the order 10-20 MeV the mixing would be complete and the whole
picture spoiled. In fact, the search for sharp resonances in the vicinity of (3100) has been
performed [22] with the result that if such resonance exists its coupling to e*e~ is less than
~10%; of the u coupling. It means in our picture that m,—m_ < Jo.1 (My—o—Mx=1)
Estimating the last mass difference by the analogous difference m,—m, = 13 MeV we
obtain

m—m, < 4 MeV, 32)

With m, ~ m. ~ $(m,—m,) ~ 1 GeV the maximal value of ¢ we can obtain (when Im
z=14%)is

Ree < 1x10°3 (33)
extremely close to the actual value (1.03+0.18) 10-3. It is very interesting that the m,—m,

mass difference obtained in this way is of the same order of magnitude as the mass differ-
ence of hadrons, belonging to the same isomultiplet. This agrees with Wilczek’s conjecture
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that both I-spin and X-spin symmetries have the same (unknown at present) origin. It is
true that there is also an important difference between them. The I-spin is violated by the
electromagnetic interactions while the X-spin is not. However, we should remember than
in spite of many efforts, nobody has been able to explain the J-spin violating phenomena
in terms of photon exchange only. The additional nonelectromagnetic (but of the same
order of magnitude as electromagnetic ones) I-spin violation had to be assumed (under
the names “‘tadpole”, us-scalar density, or just the p-n quark mass difference). We are
referring to this I-spin violation when comparing with X-spin.

6. Conclusions

I would like to conclude with the following comment. It is not surprising that increas-
ing the number of quarks and therefore the number of the parameters we were able to
achieve better agreement between experiment and the unified gauge theory. It is however
interesting that the freedom we have gained by extending the charm scheme is very limited
indeed. The values of various parameters (Cos a, Cyp, Im z, m—m,, my, m, ) estimated
in the paper are very close to their limiting values allowed either by experiment or by the
requirement of self-consistency. This means that very soon this model will be either
confirmed or unambigously ruled out by experiment. There are many points where the
above model can be crucially tested. The most obvious are: the violation of e~y univer-
sality at the level ~4%; the trimuon events at the level ~10%, of u~u—; the existence of
X-vector partner of y(3100) coupled to photons with strength not much less than 10% of
y coupling and many others.

After this work had been finished I received a paper by Ellis, Gaillard and
Nanopoulos [23] “Left handed currents and CP violation, CERN preprint TH2116,
where the detailed theoretical analysis of CP violation in various processes, implied by
1m z # O has been presented. However, they do not take into account the possibility that
the present bound on e— u universality allows a much higger value of c,,|? than that one
can infer form the accuracy of the “Cabibbo universality” itself (0.045 instead of 0.003).
Therefore they explore another region of various parametrs and the connection of their
consideration with physical reality is different than that presented in this paper. I have
learned from their paper that the possibility of description of CP violation through non-
orthogonality of € matrix in the theory with at least 6 quarks had been discovered some
time ago and that there exist already some works on this subject [24-26].

The author wishes to thank Dr N. Dombey and the staff of the School of Mathemat-
ical and Physical Sciences for hospitality at the University of Sussex where a large part
of this work has been done.
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