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In spite of the success of the Glashow-Iliopoulos-Maiani model (*), some very recent
sxperimental results suggest that -more than four quarks are needed-to account-for-the
present status of hadron physies. Let us summarize them:

i) There is strong evidence for a new heavy lepton < (%), and indireet .evidence
for:its own neutrino v, (34). This, in turn, requires-the introduction of at least a mew

*) 8. L..Grasgow, J. Inopouros and L. MAIANT: Phys. Rev. D, 2 1285 (19760).

(*) M. L. PERL, G. S. ABRAMS, A. M. BOYARSKI, M. BREIDENBACH, D. D. Brices, F. BuLos, W. CHI-
NOWSKY, J. T, Darmy, G..J. FrIDMAN, O. E. FRIEDBERG, . D. FRYBERGER, G. GOLDHABER, G. HANSON,
B, G. HE1LE, B. JEAN-MARIE, J. A. KADYX, R. R.LARSEN, A. M. Lxrtkg, D. LUKE, B. A. TN, V.. LUTH,
D. Livon, C. C.: MOREHOUSE, J. M. PATERSON, F. M. Pigrge, T. P.. PUN, P. A. RAPIDIS, B. RiCHTER,
B. 8SAD0oULET, R. F. SCHWITTERS, W. TANENBAUM, G. H. TrRiLuNG, F. VaNNUCeL, J. 8. WHITAKER,
¥, O, WINKELMANN and :J. B. Wiss: Phys. Rev. Lefi., 35, 1489 (1975); A. BENVENUTI, D. CLINE,
P. COOPER, M. HEAGY, B.. IMray, M, E. JOENSON, T, ¥, LING, R. LuNDY, A, K. MANN, P. MGINTIRE,
S. Mori, D. D. REEDER, J. RicH, C. RuBBIA, R. STEFANSKI and D. WiINN: Phys. Rev. Leit,, 38,
1110 {1977). See -also: M. L. PurL: faik: ab the Rencontre de Moriond, Flaine, March 1977 (BLAC-
PUB-1923); G. FLueee: DESY preprinf 77/34, June 1977; M. L. PERL: talk at the Inierngfional
Symposium on Lepton and Photon Interactions .ot Fligh Energies, Hoamburg, . Avugust 19775 S. YAMADA:
talk at the Infernational Symposium. on . Lepton. and - Photon -Interactions..at High KEnergies, Hamburd,
August 1977; G. Kxips: talk at:the Indernational Symposium -on . Lepton and . Fhoton Interaciions ot
High Emergies, Hamburg, August 1977,

{3) “H.. HARARI: preprint WIS-77/56-Ph, November 1977.

(*) J. F. DoNogHUE and L. WOLFENSTEIN: Phys. Fev. D, 17,224 (1978); H. PrmseamMany: Lecture
at the Triangle. Meeting on Hadron Structure,. Strbske Pleso, Oclober 1977,
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quark pair, in order to remove the triangle anomalies (%), so ensuring renormalizability
of weak interactions in gauge theories;

ii) The discovery of a large resonant structure around 9.5 GeV in hadron-hadron
collision experiments (°) suggests the possible existence of a new (qq)-state family,
similar to the J/{-one.

Let us also remind that the smallness of parity-violation effects in the atomic level
of bismuth (") does not agree with the theoretical predictions of the standard & U, ® Uy
gauge theory of weak and electromagnetic interactions; many available theories
explaining these effects involve more than four quarks (8). In addition, one could take
into account the experimental data from inelastic neutrino scattering (e.g., the so-called
y-anomaly) (°), which, however, are not confirmed by more recent experiments ).

The minimal guark model needed to explain these new data seems, therefore, one
with 2N = 6 flavours. Six-quark models of hadrons have been already proposed, in
the past, by some authors (1¢11), One of their most interesting features is that they
naturally aceount for CP-violation (12:3). However, DE RUJULA, GEORGI and, GLASHOW
have recently raised arguments in favour of a flavour number higher than six (preci-
sely, 8, 10 or 12) (%), in the framework of a §U,, ® 8U,r®U, gauge theory.

Therefore, in this letter, we want to do a further (theoretical) step toward the « quark
proliferation », by proposing an eight-flavour model of hadrons, based on the intro-
duction of two quartets of quarks (and thus similar to Harari’s six-quark model (11)).

Our basic assumption is that the eight building blocks of hadrons are accommodated
in two quartets, which differ from one another by a new additive quantum number,
the «heaviness» IH. In addition to the wusual SU, quartet of « light quarks »
(g' =1, d, s, c), with H=0, we have a new quartet of « heavy quarks» (qb == %, b, 1, V)
with H =1. Quarks t and b belong to an isodoublet, while r and v are isosinglets. The
situation is displayed in fig. 1a) and b), where use is made of the « planar representation »
(¥, I,) of the weight diagrams (15) (it is ¥ =Y + (). The new quartet appears to be
an « heavy » repetition of the old «light » one. We further assume that all quarks come
in the usual three colours, but no coloured hadrons exist.

(*) C. BoucHiaT, J. ILioPoULOS and P. MEYER: Phys. Lelt., 38 B, 519 (1972); D. Gross and
R. JacrRiw: Phys. Rev. D, 6, 477 (1972).

(*) 8. W. HErs, D. C. Hom, L. M. LEDERMAN, J. C. SeNg, H. D. SNYDER, J. K. YoH, J. A. APPEL,
B. C. BRown, C. N, BRowN, W. R. INNES, K. UrNo, T. YaMaNoUcHI, A, S, Ito, H. JOSTLEIN, D. M.
KAPLAN and R. D. KEPHART : Phys. Rev. Lett., 39, 252 (1977); W. R. INNES, J. A. APPEL, B. C. BrROWN,
C. N. Browx, K. UEN0, T. YAMANOUCHI, S. W, Here, D. C. HoM, L. M. LEDERMAN, J. C. SENS,
H. D. SNYDER, J. K. You, R. J. FISK, A. 8. ITo, H. JOSTLEIN, D. M. KAPLAN and R. D. KEPHART:
Phys. Rev. Lelt., 39, 252 (1977).

(*) P. E. G. BAIRD, M. W. S, M. BRIMICOMEE, G. J. ROBERTS, P. G. H. SANDARS, D. C. SOREIDE,
BoucHIAT and C. C. BOUCHIAT: Phys. Lelt., 48 B, 111 (1974); M. W. S. M. BriMIcoMsE, C. F. LowING
and P. G. H. SaNDaRs: J. Phys. B, 1, 237 (1976); T. M. HENLEY and L. WILETS: Phys. Rev. A4,
14, 1411 (1976); D. C. SOREIDE, P. E. G. BAIRD, M. W, &, M. BRIMICOMBE, G. J. ROBERTS, P, G. H.
SaNDARS, E. N. ForTSOoN, L. L. Lwwis and ®. G. LINDAHL: Phys. Rev. Lett., 36, 352 (1976).
(®) See, e.g., A. D& RUsuLA, H. GEORGI and S. L. GLASHOW: 4Ann. of Phys., 109, 242 (1977), and
references therein,

(®) See, e.g., B. C. BarISH: CALTECH-preprint CALT 68-621 (September 1977), and references
therein. .

(*)*R. M. BARNETT: Phys. Rev. Letf., 34, 41 (1975).

(") H. HARARL: Phys. Lett., 57 B, 265 (1975); dnn. of Phys., 94, 391 (1975).

(*?) M. KoBAYASHI and K. MASKAWA: Prog. Theor. Phys., 49, 652 (1973).

(**) L. MATANI: Phys. Lefl., 62 B, 183 (1976); S. PARWASA and . SUGAWARA: Phys. Rev. D, 14,
305 (1976); J. Exrris, M. K. GArLraTd and D. V. NANOPOULOS: Nucl. Phys., 109 B, 213 (1976).
(*) A, DE RuJura, H. GEORGI and 8. L. -GLASHOW: 4dnn. of Phys., 109, 258 (1977).

(**} G. DATTOLI, G, MATONE and D. PROSPERI: Nuovo Cimento, 45 A, 187 (1978).
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The first straightforward result of our scheme is that, below the threshold for the
production of heavy mesons, it is R == o(ete~— hadrons)/o(ete~— pfp-) = 10/3 (M),
while above this threshold R = 20/3. This is clearly in qualitative agreement with the
present experimental data (1%), provided that the heavy mesons are produced well above
/5~ 4 GeV.

—
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a) b

Tig. 1. ~ Planar representation (¥, I3) of the two fundamental quartets of quark (1; =Y+ 0);
fig. @) shows the usual ¢light » quarks (u, d, s,¢), whose heaviness is H = 0; fig. b) shows the new
« heavy » quarks (¢, b, r,v), with H =1, .

The Gell-Mann-Nakano-Nishijima formula now reads
1 Q=I+17,

where I,= I+ I%, ¥ = ¥'4 ¥* and the indices 1 and h label the light and heavy
quarks, respectively.

The most general group symmetry to be taken into account is Uy ® 8U,, where
8T, acts on colour indices. Apart from colour, the group has 64 generators, but the
relevant physical features of the model can be described by suitable subalgebras of Us.
A possible choice is the following one (see the U-scheme of ref. (*)):

@) SUR@BUQUT® U7 .. .

where SU} (SU}) generates the strong gymmetries of light (heavy) quarks, while [k
and U® describe the heaviness and baryon number, respectively. Alternatively, we can
agsume that the additive quantum numbers of light and heavy quarks are not sepa-
rately conserved, but ¥= ¥'+ ¥* and I,= I3+ It are the good quantum numbers;

*) Let us remind that, according to the usual quark-parton model, it is B =-ZQ;.

(1%) See, e.g., B. RICHTER: Proceedings of the XVII International Conference on High-Energy Physics
(Liondon, 1974); J. E. AUeUSTIN, A. M. BOYARSKI, M. BREIDENBACH, F. Buros, J. T. DAKIN, G. J.
FELDMAN, G. B. FiscHER, D. FRYBERGER, G. HANSON, B. JEAN-MARIE, R. R. LARSEN, V. LUTH,
H. L. LyvcH, D. Lyox, C. C. MOREHOUSE, J. M. PATERSON, M. L. PerL, B, RICHTER, R. F. SCHWIT-
mzrs, F. VANNUCOI, G: 8. ABRAMS, D. BRIGGS, W. CEiNowsKY, C. E. FRIEDBERG, G. GOLDHABER,
R. J. HOLLEBEEK, J. A. K4DIK, G. H. TRILLING, J. S. WHITAKER and J. B. Zipsg: Phys. Lett., 34 B,
764 (1976).
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the good symmetry of the model tuwrns out to be the diagonal SU, algebra within
SUL® 8U} (O-scheme of ref. (!1)). In this case, we have to take the following sub-
algebra of Uj:

(3) SU, @ UE® UEcO,cU,.
In the O-scheme, the fundamental octet can be written in the form
(4) [8]=1[4,01®D [4, 1],

where the adopted notation is [m, H], m being the multiplieity of the S U, representation.
Let us now discuss, in this scheme, the meson spectrum (qq states). We have

(3) BI®Bl=[44L00004RL01I04RLIRIOH4RELE1IQT].

The most general representation belonging to [8] ® [8] can therefore be written as
[4 ® 4, B¥], where RAF=0®0, 0®T1, 1®0, 1 ®1 (*). Usual mesons belong to the
RE=0®0 (H=0) multiplet, while to the other multiplets belong mesons built up
by heavy quarks, with H=—1, +1 and 0, respectively.

Let us pay attention fo the «new » meson states. The wave functions of mesons
belonging to the 1 ® I multiplet can be simply obtained from the usual ones by sub-
stituting the light quarks in their (q'q!) structure with the corresponding heavy ones
(d—+b, u—t, c—r,s—>v). We propose for these (q*q:) mesons the notation p(x), where
ig the usual symbol for the corresponding R¥ = 0'® 0 meson: for instance, y(p*) denotes
the (tb) vector meson. Analogously, the notation (») will be adopted for any (q'g})-
meson belonging to the B¥ =0 ® T multiplet: for instance, f(D*+) corresponds to the
(rd) vector meson.

We want now briefly to mention some possible interpretations of the recemtly dis-
covered Tesonance Y(9.4)(%). Among the heavy mesons, only the neutral ones with
C=8=H-=0 directly couple to the photon. If we assume SU, ® U9 @ UL wave
functions, these mesons are

! _ @5} + > _ [6B> — >

l'}’(&))> = '\/§ Ty [7(9)> = 7"‘ s
(6)

[7(9)> = — WD), [ () =|rF> .

However, if—according to the current ideas—we assume the new 1 -meson to.be a
bound state of fundamental isosinglets, we are left only with ‘the p(p) and () -candi-
dates. ‘Moreover, the ‘preliminary analyses:(1?) of the available experimental data seem
to favour the assignment of — % for the charge of the fundamental constituent of
T(9.4). Therefore, we must identify the new resonance with p(¢) (**). From the results

(*) Lot us notice thdt the above notation:is nos the standard one, sinee usually the ‘U, representa-
tionis are-labelled by the values of the conseived: guantum number. However, we: adopt.it to-distinguish
between states with. H =0 ‘but compound by :different (light or heavy) kinds. of -quarks.

(**) ‘However, on the bagis of the present: data, we cannot:wholly rule -out the hypothesig:that Y(9.4)
be a p(p’)- or y(w°)-state, or a superposition of all four states.
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of ref. (17), it follows that a nonrelativistic mass m,~ 4.5 GeV has to be attributed
to the heavy v-quark. . 7 o

It is out of our purposes to go beyond with the Y(9.4) interpretation. Postponing
a more careful analysis of ‘this problem when more exhaustive experimental data will
be available, we want now to discuss briefly the weak decays of the new heavy quarks
and mesons, in the framework of a §U,, ® SU,p ® U, gauge theory of weak and
electromagnetic interactions (*4). )

As is well known, in-gauge theories the (Cabibbo-rotated) quark fields (d',s, ...;
w, ¢, ...) are defined as the eigenvectors of the quark mass matrix. Let us denote by
(u, d, ...) the basis where the weak currents are flavour-diagonal. The two different
bases (*) are related by unitary transformations of the kind

ar\ d u' w
s’ 8 4 c
(7) | = Zw ’ = Zy(m)
b’ K v
, :
\v'/ P/ um '/ rem T

The 4 x4, orthogonal matrices #° (¢ =mwu, d) depend on 16 real parameters, of which 7
can be absorbed into the definitions of the quark states, and the others are divided
in 6 rotation angles and 3 phases. Thus, our model, too, can account in a natural way
for CP-violation.

If we denote by I, any linear combination of y, and y;y, matrices, the neutral
quark weak current can be written in the form

8) Jz~ﬁgl’uu;—?i; I’”d;= ﬁiﬂuuimEiFMdi ,

where the orthogonality of the %° matrices (%35 Z;;= 0,;) has been taken into account.
Therefore, neutral currents are free from flavour-changing parts, i.e. from AS = A0 =
= AH 50 components.

The relevant strength of the d,=> w; (charged) semileptonic weak transition is
given by

(9) T By = Ry,

where % is a very complicated unitary matrix depending on 12 weak mixing angles
and 6 phases. By making suitable assumptions on the Cabibbo-like angles entering Z,
and taking into account some recent theoretical predictions ('*) on. their magnitudes,
it is possible to draw definite (preliminary) conclusions on the decays of the new quarks.

(*") E. EicaTeNy and XK. GOTTFRIED: Phys. Letf., 66 B, 286 (1977); J. Eriis, M. K. GAILLARD,
D. V. NANOPOULOS and 8. Runez: CERN preprint TH-2346, July 1977; C. E. CArLsoN and R. SUAYA:
Phys. Rev. Lett., 39, 908 (1977); T. Hacrwara, Y. Kazama and E. TAKASUGL: Fermilag preprint
PUB-77/12-THY (August 1977).

(*) In fact, gauge theories do not require that the weak currents and the mass matrix are simulta-
neously flavour-diagonal.

(1%) . FrrrzscH: Phys. Lett., 70 B, 436 (1977); CERN preprint TH-2433 (December 1977);
H. TERAZAWA : preprint INS-Rep.-298, Institut Nuclear of Study, Tokyo (October 1977); G. DaTTOLI,
R. MIGNANI and D. PROSPERI: Quark mass matriz and Cabibbo-like angles (in preparation).
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For instance, if we assume a well-defined mass scale for the quarks in the heavy sector
(precisely, in analogy with the light sector, m,~ m, <m,<m,), one finds (*):

a) The weak decays of all heavy quarks into the u and d quarks are strongly
unfavoured ;

b) Both the v- and b- down quark are likely to decay into the e¢-quark;
¢) Conversely, the transitions r =>s and t ==& are expected to be favoured (**);

d) The lifetimes of all heavy mesons under weak decays are predicted to be
smaller than those of charmed particles.

A deeper analysis of the model proposed in this letter will be given by the same
authors in a forthcoming paper.

% %k 3k

Useful discussions with F. Buccerra and P. Camiz ave gratefully acknowledged.

(*) Detailed calculations will be exploited elsewhere.

(**) From points b) and ¢) it clearly follows that the s/c weak decay branching ratio could be a sensible
test to clarify the nature of the heavy quarks building up the Y(9.4) resonance.
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