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A particular two-triplet model of *‘direct’ lepton productions is suggested by assuming
that both leptons and hadrons belong to representations of the six-dimensional rotation group
S0,.

I. Introduction

Considerable interest has recently been attached to the deep-mine
experiment of BERGEsON et al. [1, 2] which indicates a failure of the sec@ law
in the energy domain 10°—10* GeV. This implies either direct production of
cosmic-ray muons of X 103 GeV or production via a very short-lived parent.
Similar production of high-energy electrons has also been proposed [2] in
order to explain some mu-less shower data. On the other hand, the Brook-
haven experiment [3] verified the sec® law below 300 GeV. In addition, the
data re-examined by NasH and WOLFENDALE [4] imply no evidence for direct
muon production in the energy domain 500—1000 GeV. The reported experi-
ments indicate, if all the data are correct, the absence of a transition region
between pure pion and kaon parentage below 10® GeV and “direct” lepton
production above this energy. To explain this situation BJORKEN et al. [5]
suggested some theoretical models involving the strong production of a mas-
sive particle X which is stable under strong and electromagnetic interactions
and decays with high probability into a state containing a muon. According
to the most popular assumptions the X particle could be an intermediate boson,
produced strongly in pairs, along the lines suggested by OxuBo, MARSHAK and
coworkers [6]. The experiment of BERGESON et al. seems to indicate, however,
that the vertical muon intensity arises entirely from ‘“‘direct” production and
that the conventional flux of pions and kaons has effectively vanished [7].

As a second theoretical possibility one may conjecture that the X part-
icles are strongly interacting heavy triplets with integral charge [5, 8—11].
This interpretation is favoured by a recent underground experiment of Darpo,
PeNENGO and SiTTE [12]. Two distinct kinds of strongly interacting particles

* Dedicated to Prof. P. GoMBAs on his 60th birthday.
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have been observed. The first group has all the characteristics of pions, the
second appears only with short delays after the triggering muons. To explain
the data DARDO at al. suggested that the delayed events are due to particles
of a mass about 10 ~ 15 GeV, possibly heavy triplet particles of unit charge.
The apparent discrepancy between these conclusions and those of earlier
experiments [13] may be explained by the differences in the triggering condi-
tions, if the following assumptions are satisfied. (a) The heavy triplet particles
are created in processes involving dissociation of the colliding primaries. (b)
The unstable members of the triplets have a dominant decay mode leading
directly, without intermediate strongly interacting particles, to energetic
muons. This production mechanism seems to be compatible with the results of
BERGESON et al. On the other hand, the reported “direct” production of lep-
tons does not follow directly, without additional assumptions, from ‘‘conven-
tional” triplet models with integer charge. Although confirmation of the effect
and further experimental details are needed, the theoretical study of the pro-
blem may lead to useful points of view. In this paper a particular two-triplet
model of direct lepton production will be proposed by assuming that both lep-
tons and hadrons belong to representations of the rotation group SO,.

II. Two-triplet model of leptons. ‘“Direct” production

An interesting two-triplet model of hadrons has been proposed by
Bacry, Nuyts and VAN Hove [9, 10]. In this scheme the hadrons are assigned
into representations of the symplectic group Sp,. In two previous papers [14,
15] we have discussed some general dynamical and symmetry properties of the
two-triplet model by assuming that hadrons belong to representations of the
six-dimensional rotation group S0,;. The basic representation 6 of the rank-
three group SO, contains two SU, triplets with integer charge. The members
of the triplets are the trions denoted by

L, =T t,=T%t,=T"°1,=06° t,=0%, 1, = O+, (1)

The trions are characterized by spin 1/2 and internal quantum numbers Z,Q, Y,
I, I;, where Z is a new quantum number, related to the supercharge [9].(Q, Y, I
and I denote the electric charge, the hypercharge, the isospin assignment and
the third component of isospin, respectively). In addition, the fermion number
N of trions is fixed by N = 1. These quantum numbers are identical with
those of trions belonging to the basic representation 6 of Sp, [9]. The state
assignments of trions are summarized in Table I. We shall assume
that the trions ¢, are created by the six-component trion field t,. Within
the framewok of the SO; model the known baryons may be regarded

Acta Physica Academiae Sciensiarum Hungaricae 27, 1969




TWO-TRIPLET MODEL OF “DIRECT” MUON PRODUCTION 551

Table 1

Quantum numbers of trions

1, I Y ' z | o N
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as TTO systems with Z = 1, N = 1. In addition, the known mesons are sup-
posed to be tf states of Z = 0, N = 0.

The classification of leptons into the SO, scheme is provided by the new
quantum number Z. We now put the positron e* and the positron-neutrino
e into the basic representation 6 of SOy by assuming that they are created by
“elementary” fields. Thus, e* and 7, are supposed to have the assignments
|Z| = 1/3 and N = 1. If this is so, we have to require exact Z conservation in
order to guarantee the conservation of baryons with Z=1 and N=1.1In
addition, only the approximate hypercharge conservation may lead to an appa-
rent conservation of muon number within the framework of this model. Before
considering this problem we shall discuss the e*, v, doublet. Let us call the
known leptons e*, ¥, v. and u*, v,, 3, normal fermions of |Z| = 1/3, [N| = 1.
The other particles with Z ¢ N will be called exotic particles. We now fix the
quantum number Z of ¢* and 7. by assuming that all the exotic fermions and
bosons are unstable particles with a mass 25 GeV. By this assumption one
obtains Z = +1/3 for e* and 7., which can be easily seen as follows. Due to
the assignments Z = 1/3 and N = 1 of ¢e* and v, the exotic fermions of Z = 1/3,
N =1 are unstable e g. by hypercharge violating processes. In addition, the
exotic fermions with Z = —1/3, N = 1 (e.g. the trions @°, @+, @' *) may have
a Z-conserving decay mode of the type

O—>B+L+L, (2)

where B is an antibaryon, represented by a OTT system withZ = —1, N =—1,
and the particles L and L may be identified with leptons of Z = 1/3, N =1
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(e.g. et or %.). On the other hand, the assignments Z = —1/3, N = 1 of e* and
v are excluded by our assumptions, because one of the exotic particles (e.g.
a trion T of Z = 1/3, N = 1) would be absolutely stable in this case.

Summarizing, the members of the T-triplet and the leptons e* and 7.
have the common quantum numbers Z = 1/3, N = 1 in our scheme. However,
the constituents T of hadrons are supposed to he collective excitations gene-
rated by a self-consistent nonperturbative mechanism of strong interactions
[15]. The effective masses and couplings of these states may be quite different
from those of free leptons. The strong interaction between hadron constituents
may be connected with the large “bare’ coupling constants obtained in pre-
vious dynamical calculations [15]. These “bare” coupling constants are defined
by integrals of the spectral functions appearing in the effective interaction
kernel. Electrons and neutrinos have no strong couplings to a known boson.
Thus, in this model, their large “bare” coupling constants must arise from con-
tributions of the continuous spectrum at very high energies.

The SO, properties of leptons will be fixed according to the Cabibbo
universality of leptonic and semileptonic weak processes. As a first step we
shall construct the weak hadronic current in terms of the six-component trion
field t by generalizing the corresponding expressions of the quark model.
In order to ensure universality, one has to assign the weak trion current to
the regular representation 15 of SO;. Compared with the weak quark current,
the explicit form of the weak trion current is less trivial because the SO
hadrons contain two fermions T and the antifermion ® simultaneously. For
example, let us consider the SO, structure of the nucleon doublet* p, n given
by [16, 17] (spinor indices are omitted)

1

P~ 7 [0 (TT+ — T+ T9)], (3)
n~ V1§ [FF(TOT+—T+TY)). @)

It follows that the nuclear g decay is due to a weak decay of the anti-O (0)
constituents of nucleons in this model. Consequently, the weak trion current,
belonging to the regular representation 15 of SO, must have the V' 4 4 form
according to the ¥ — A coupling observed in semileptonic weak processes of

* The familiar SU, results for the baryon magnetic moments may be recovered by assum-
ing that the magnetic moments M(H) of the trion constituents of hadrons transform like M(H)~
~ I, + (1/2) Y. In this case the SO, transformation properties of M{/) are different from
those of the electric charge Q.
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nucleons. We now can construct the weak Cabibbo current J* of trions in a
straightforward way. One obtains

Jt =ty (1 4y, VEBO ), (5)
21(15) £ 72(15) 74(15) £ 25(15)
VEIE) = _1—35—11; cosO, + A ? i s 0., (6)

where y, = iy® = iy"p1y*3, O, is the Cabibbo angle and the matrices 7/
are generators of the group SO;. [15] contains the complete list of the matrices
719, The weak current (5) may be written as

I = TRy VEI90), (1)
where ) )
V(:llS)(()) — (1/2) (}_1(15> + i12(15))
and
l=U@O,)t, (8)
1 0 0 0 0 0
0 cosO, sin®, 0 0 0
U(O,) = exp [i04709] = g —sn(; 0, co(s) o, (1) g g )
0 0 0 0 cosO, sin@,
L0 0 0 0 —sin®, cos B,

The unitary transformation (8) defines a weak SO, space and, in particular,

the weak hypercharge Y’ and the weak isospin I’ in a straightforward way.

By this definition the weak quantum numbers Y’, I’ and I; of I, are identical

with the corresponding (strong) SO, quantum numbers Y, I and I, of t,

(m =1, ...6). In addition, I, and ¢, have a common quantum number Z.
 The simplest weak isodoublets of Z = --1/3 are given by

LT+, (10)
l,~TcosO, +T°sin0,, (11)

and the “Z-type’” members of a (weak) SU; 15-plet

Mo~ (L 1 iz]’ (12)
M-~ [LL1] (13)
with }; = —T%sin O, 4+ T’° cos O,. Table II contains the relevant quantum

numbers of the particles I}, I, M® and M~ created by the operators I, I,, M°
and M™, respectively. It should be noted that the structures (12)—(13) imply
an SO, representation mixing due to the T—@ effective-mass difference.

Acta Physica Academize Scientiarum Hungaricae 27, 1969



554 K. LADANYI

Table I1

The quantum numbers of I, l,, M® and M~
I; r Y’ z Q N
1 1 1 1

h 2| | 3| 3| !
1 1 1 1

I e e e e o e A
1 1 5 1

0 = - .

M 2 2 3 3 0 1

. 1 1 51 1

L 2 B A e al A

If both leptons and hadrons belong to representations of SO, then the
sum of leptonic and hadronic weak currents may be reduced to the single
trion current (5). The choice of leptonic state assignments is restricted by the
following empirical facts. (a) Baryon and lepton conservation. (b)Electron—
muon symmetry and the apparentconservation of muon number. (c) V—4
structure of leptonic interactions in the conventional form. (d) Cabibbo reduc-
tion of the weak coupling strength in semileptonic weak processes. We observe
that these conditions are satisfied if the leptons are identified by

et = lla Ve = 129 Vo= M, pm =M~ (14)

with (10)—(13) (v, and u~ denote the muon-neutrino and the muon, respecti-
vely, which are assumed to be tightly bound states). In this way baryon and
lepton conservations are due to the exact conservation of Z and N. The particles
e*,7 and v, 4~ form two distinct isodoublets in the weak SO, space and the
apparent conservation of muon number is connected with the (approximate)
conservation of the weak hypercharge Y’. We may write the leptonic piece of
the weak current (5) in terms of the doublets v, e~ and 7,, x~. In this conven-
tional form we recover the well known V—A structure which follows from the
SO, properties (10)—(14) of leptons.

A unified two-triplet model of leptons and hadrons has already been pro-
posed by Krein [18]. In his model a single four-component neutrino », e~
and y— are identified with the antitrions 6°, @+ and @'+, respectively. Other
triplet models for leptons have also been discussed in the literature, some papers
are listed in [19].

Motivated by the structure of leptonic and semileptonic weak interac-
tions, we now suggest that the symmetry properties of leptonic states are fixed
by relations(10) —(14). In addition, our model may lead to direct lepton pro-
duction by a dissociation of colliding hadrons. This process occurs only at
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very high energies, if the lowest @ mass is sufficiently large. On the other hand,
no absolutely stable exotic particles are to be expected according to the pre-
sent experimental situation. The simplest Z-conserving dissociation process of
two colliding baryons B and B’ may be written in the schematic form

B + B'=(TTO)+ (ITTO)Y — L+ Ly + O+ L, + L+ O’ photons, (15)

where the common notation L is used for the leptons (14) which are character-
ized by Z = 1/3, N = 1 (The corresponding antiparticlesof Z = —1/3, N =—1
will be denoted by L). Due to the Z-conservation, the lowest antitrion & can-
not decay by emission of known bosons with Z = 0, N = 0. The only Z-con-
serving decay modes of @ lead to a baryon B; and two leptons L with Z =—-1/3,
N = —1. These processes are assumed to be mediated by bosons &y, with
Z =2[3, N= 0 and integer charge, possibly members of an undiscovered
SU, triplet or sextet. Both representations 15 and 20” of SO, contain bosons
of this type [15]. We may now write the Z-conserving @-decays in the form

O->L+ o, N (10)
In particular, let us consider the decay of the G° constituents of protons by

assuming that @, = T"°@"* which is the isosinglet member of an SU, sextet.
In this case the dominant decay modes involve processes of the type

O > ut 4+ (T°@ ) 17)
—L—d—, e + Eo’
O > pt  (TOH¥) (18)

b+ &,

according to the approximate hypercharge conservation. Summarizing, *“di-
rect” lepton production involves the dissociation (15) of colliding hadrons.
The subsequent decays of the @ constituents lead directly, without the well
known intermediate particles 7, K ..., to energetic leptons and a baryon By
(e.g- £° or £7). The baryon By has, in general, conventional decay modes me-
diated by pions, kaons etc. resulting in muons and other well known particles.
We may tentatively assume that processes of the type (15)—(18) leave no
energy for a muon production of pion or kaon parentage within the energy re-
gion covered by the experiment of BERGESON et al. On the other hand, processes
(15)—(18) represent simple possibilities for the X processes indicated by
experiments of BERGESON et al. and DARDO et al. In this way the X particles
might be identified with the antitrions @ and the bosons @,.
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ITII. Leptonic and semileptonic weak processes

We next add some remarks to the two-triplet model of conventional lep-
tonic and semileptonic weak interactions. Within the dynamical framework
of our previous paper [15], the most simple explanation involves the hypotheti-
cal intermediate bosons W* which are supposed to be bound trion—antitrion
systems. We shall not assume any strong quadratic interactions of W’s with
hadror-.

In [15] we suggested a relativistic field equation for trions, which governs
the dynamics of the model. This equation is covariant under transformations
of the Poincaré and SO, groups (P® S0,). We now suppose that the weak
violations of SO, and parity are connected with the asymmetries of the inter-
mediate boson states |W* >, possibly due to a spontaneous mixing. Asa first
step of self-consistent calculations, the symmetry structure of W’s will be
fixed by the following requirement. The intermediate boson W+ must be coupl-
ed to the weak trion current (5) by the universal (P and SO, covariant)
interaction of trions. We propose that this interaction be given by the nonli-
near term of the field equation (1) of [15]. According to our requirement, the
symmetrystructure of W’s isfixed by the following Bethe—Salpeter amplitudes

0] Tty (xx) ey B) | W =) =

.1 . N 19
= exp[ = ig- =) |ptNa e @), O
where «, § are spinor indices, ¢ is the four-momentum of the state |I»Vﬁ >
7 is the conventional one-boson amplitude of W’s, satisfying ¢" r(qu(W*)) ~ 0
and the leading term of ¢ has the form

PEE (@ 2) = [(1+75) ¥ 1p VESD©O) F1V S () - - (20)

Note that the function f'*) depends only on ¢ and the relative coordinat
z = x—y. (The matrix V(! is defined by Equ. (6)). By substituting the am
plitude (20) into Equ. (70) of [15] we observe that the contribution of W’s corre
sponds to the effective interaction Lagrangian

L, = g, ty*(14-7,) V(O ) W)+ H.C. (21)
with
gw =— 4 V2 G WH(m3,, 0,0), (22)

where my, is the W mass and G denotes the coupling constant in the underlying
field equation (1) of [15]. The form (21) verifies the structure (19)—(20) of
intermediate bosons according to our requirement imposed previously. By an
empirical fit of gy and my the Lagrangian(21) may be regarded as a semi-
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phenomenological basis of the CP conserving weak interactions in our SO,

model.

Let us consider amplitudes (19)—(20). We observe that the intermediate
bosons W* are of mixed parity leading to the well known parity violations in
weak processes. In addition, W+ and W~ are the charged members of an iso-
triplet in the weak SO, space (cf. Equs. (5)—(7)). This results in hypercharge
violating weak interactions of the trion constituents of hadrons which are
placed in the strong SO, space. In Fig. 1 the dynamical mechanism of the model
is exemplified by a schematic diagram of the process n + v, - p 4+ u~.

P K-

Fig. 1. Schematic diagram of the process n + v, — p + u~

Finally, we shall point out some details. According to BAcrY et al. [9]
and GERSTEIN and WHIPPMANN [20] the known pseudoscalar bosons are to be
assigned to the coregular representation 20" in the SO; model. Therefore, it is
convenient to express the axial vector part of the matrix elements {O’|J"|9),
contributing to the simplest § processes, in terms of the matrices 7/e0)
which belong to representation 20’ of SO;. These matrices are explicitly listed
in [15]. We obtain

<@,|E Y1 +y5) V(ills)(@c) t|0) = (23)
= (O|[y* VENO,) t — tyry VEYO,) 1]|0)
with
21(207) * 22(207) 24(207) ; 25(207)
y120%0,) = A———:Z i cos O, + A———j; il sin O, . (24)

By considering the (formal) current densities

o as)

Fht =1 5 Y, (25)
. _ peo

FE=t PEyst (26)
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for j = 1...8, we may recover the chiral SU; x SU, algebra in a straight-

forward way.
We conclude that the two-triplet model may be a useful tool for the study

of various leptonic and semileptonic processes including a direct production of

leptons at very high energies.
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JABYXTPUIIJIETHASA MOJEJIb «<HEIMOCPEACTBEHHOM MPOIYKLIMH
MIOOHOB

K. JIADAHbU

Peswome
INpeanaraercsi ocobeHHAast ABYXTPHIJIETHAsE MOJENb «HENOCPEACTBEHHBHIXY IPOAYKUHH
JIeNTOHOB, MPEAMNOJarasi, 4YTO H JIEMTOHB H FaApOHbI NIPHHAANE)KAT K NPEACTABJIEHUSM IIECTH-

MepHOH poTamHoHHOH rpymibl SO.

Acta Physica Academiae Scientiarum Hungaricae 27, 1969



