
Acta Physica Academiae Scientiarum Hungaricae, Tomus 27, pp. 549--558 (1969) 

TWO-TRIPLET MODEL OF "DIRECT" MU05I 
PRODUCTION* 

By 

K. LADs 
RESEARCH GROUP FOR THEORETICAL PHYSICS OF THE HUNGARIAN ACADEMY OF SCIENCES, 

BUDAPEST 

(Received 18. III. 1969) 

A particular two-triplet model of "direct" lepton productions is suggested by assuming 
that both lcptons and hadrons belong to reprcsentations of the six-dimensional rotation group 
SOs. 

I. Introduction 

Considerable interest has recently been attaehed to the deep-mine 
experiment of BEnGESOr~ et al. [1, 2] which indicates a failure of the seco law 
in the energy domain 103--104 GeV. This implies either direct production of 
cosmic-ray muons of > 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 seco law below 300 GeV. In addition, the 
data re-examined by  NAsn and WOLrENDAL~ [4] imply no evidence for direct 
muon production in the energy domain 500--1000 GeV. The reported experi- 
ments indicate, if all the data ate correct, the absenee of a transition region 
between pure pion and kaon parentage below 103 GeV and "direct"  lepton 
production above this energy. To explain this situation B~OnKVN et al. [5] 
suggested some theoretical models involving the strong produetion 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 ah intermediate boson, 
produced strongly in pairs, along the lines suggested by  OKVnO, MAnSHAK and 
coworkers [6]. The experiment of BEnGESON 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]. 

A s 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 DAnvo, 
PEN~NGO and SIrTE [12]. Two distinct kinds of strongly interacting particles 
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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 partieles 
of a mass about 10 ~-~ 15 GeV, possibly heavy triplet particles of unit charge. 
The apparent discrepaney 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 partieles 
are created in processes iuvolving dissociation of the colliding primaries. (b) 
The unstable members of the triplets have a dominant decay mode leading 
direetly, without intermediate strongly interacting particles, to energetic 
muons. This production meehanism seems to be compatible with the results of 
BERC~SOrr et al. On the other hand, the reported "direct"  production of lep- 
tons does not follow direetly, without additional assumptions, from "conven- 
tional" triplet models with integer charge. Although confirmation of the effect 
and further experimental details are needed, the theoretical s tudy of the pro- 
blem may lead to useful points of view. In this p a p e r 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 8. 

II. Two-triplet model of leptons. "Direct" production 

Ah interesting two-triplet model of hadrons has been proposed by  
BACRY, NUYTS and VAN HOVE [9, 10]. In this scheme the hadrons ate assigned 
into representations of the symplectic group Spe. In two previous papers [14, 
15] we have discussed some general dynamical and symmetry properties of the 
two-trŸ model by  assuming that  hadrons belong to representations of the 
six-dimensional rotation group S~) 6. The basic representation 6 of the rank- 
three group SO 8 contains two S U  s triplets with integer charge. The members 
of the triplets ate the trions denoted by  

ti = T+, h = TO, t3 = T'~ t4 = O~ t5 = O+, t8 = O'+- (1) 

The trions are characterized by  spin 1/2 and internal quantum numbers'Z, Q, Y, 
I, I3, where Z is a new quantum number, related to the supercharge [9]. (Q, Y, I 
and 13 denote the electric charge, the hypercharge, the isospin a~signment 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 Sp6 [9]. The state 
assignments of trions ate summarized in Table I. We shall assume 
that  the trions tm ate created by  the six-component trion field tm. Within 
the framewok of the SO 6 model the known baryons may be regarded 
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Table I 
Quantum numbers of trions 

T + 

T O 

T'O 

0o 

@+ 

1 

1 

0 

1 
2 

1 

Y 

1 1 
3 3 
1 1 
3 3 
2 1 - - K  - K  

1 1 - Y  - - - K  

1 1 

2 _ 1  
3 3 

z Q 

as T T O  sys tems  wi th  Z = 1, N = 1. I n  addi t ion,  the  known  mesons a te  sup- 
posed to be  ti s ta tes  of  Z -~ 0, N = 0. 

The  classif icat ion of leptons into the  SO 6 scheme is p rov ided  b y  the  new 
q u a n t u m  n u m b e r  Z. We now p u t  the  pos i t ron  e + and  the  pos i t ron-neu t r ino  
~,~ into the  basic  r ep resen ta t ion  6 of  SO 6 b y  assuming t h a t  t h e y  a te  c rea ted  b y  
" e l e m e n t a r y "  fields. Thus,  e + and  }e ate  supposed  to have  the  ass ignments  
IZ[ -~ 1/3 and  N ~-- 1. I f  this is so, we h a v e  to require  exac t  Z conse rva t ion  in 
order to gua ran t ee  the  conserva t ion  of ba ryons  wi th  Z ~- 1 and  N - ~  1. In  
addi t ion,  only  the  a p p r o x i m a t e  hype rcha rge  conserva t ion  m a y  lead to ah appa-  
rent  conserva t ion  of m u o n  n u m b e r  wi th in  the  f r a m e w o r k  of this model .  Before 
considering this p rob lem we shall discuss the  e +, ~~ doublet .  Le t  us call the  

known leptons  e ~, ~r r~ and #~, r , ,  ~~ no rma l  fermions of IZ I = 1/3, [NI = 1. 
The  other  par t ic les  wi th  Z ~f= N will be  called exotic part icles.  We now f ix  the  
q u a n t u m  n u m b e r  Z of e + and re b y  assuming t h a t  all the  exot ic  fermions  and 
bosons are uns tab le  part icles  wi th  a mass  > 5 GeV. B y  this a s sumpt ion  one 
obtains  Z = -}-1/3 for  e + and ~~, which can be easily seen as follows. Due  to 
the  ass ignments  Z = 1/3 and N = 1 o fe  + and re, the  exot ic  fermions  o f Z  = 1/3, 
N ----- 1 are uns tab le  e g. b y  h y p e r c h a r g e  viola t ing processes.  I n  addi t ion,  the  
exotic fermions wi th  Z ~- - -1 /3 ,  N = 1 (e.g. the  tr ions 0 ~ 0 +, 0 '+)  m a y  h a v e  
a Z-conserv ing  decay  mode  of the  t y p e  

O - - ~ B  + L 4- L' ,  (2) 

where /}  is an an t i ba ryon ,  represen ted  b y  a O T T  sys t em wi th  Z ~-- - - 1 ,  N = - - 1 ,  
and the  par t ic les  L and  L '  m a y  be ident i f ied wi th  leptons of Z = 1/3, N = 1 
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(e.g. e + or ~e). On the  o ther  hand,  the assignments Z = - -1 /3 ,  N = 1 of e + and 
~e aro excluded by  our  assumptions,  because one of the exotic  part icles (e.g. 
a t r ion  T of Z = 1/3, N = 1) would be absolu te ly  stable in this case. 

Summarizing,  the  membcrs  of the T- t r ip le t  and the leptons e + and ~e 
have  the  common q u a n t u m  numbers  Z = 1/3, N = 1 in our  scheme. However ,  
the  const i tuents  T of hadrons  ate supposed to be collective exci ta t ions gene- 
r a t ed  b y  a self-consistent nonper turbat ive  mechanism of s trong interaet ions  
[15]. The  effective masses and couplings of these s tates  m a y  be quite  different  
f rom those of free leptons.  The  strong in te rac t ion  between hadron  eonst i tuents  
m a y  be connected with the  large " b a r e "  coupling constants  ob ta ined  in pre- 
vious dynamical  calculations [15]. These " b a r e "  coupling constants  are defined 
b y  integrals of the  spectral  functions appear ing in the effective in terac t ion  
kernel .  Electrons and neutr inos  have no s t rong couplings to a known besen.  
Thus ,  in this model,  thei r  large " b a r e "  coupling constants  mus t  arise f rom con- 
t r ibu t ions  of the cont inuous spec t rum at ve ry  high energies. 

The  SO 6 propert ies  of leptons will be f ixed according to the  Cabibbo 
universa l i ty  of leptonic and semileptonic weak processes. A s a  f irs t  step we 
shall cons t ruc t  the weak hadronic  cur ren t  in terms of  the s ix-component  t r ion 
field t b y  generalizing the  corresponding expressions of the  quark  model.  
In  order  to  ensure universal i ty ,  one has to assign the wcak t r ion cur ren t  to 
the  regular  representa t ion  15 of SO e. Compared with the weak quark  current ,  
the  explicŸ forro of the  weak  t r ion cur ren t  is less tr ivial  because the  SO 8 

hadrons  contain two fermions T and the ant i fermion O s imultaneously.  For  
example ,  let  us considcr the  SO 8 s t ruc ture  of the  nucleon doublet* p ,  n given 
b y  [16, 17] (spinor indices are omit ted)  

r ~ ~ [ ~  (TOT+ _ T§ ro)], (3)  

1 [O-~(TO T + _ T +  TO)]. n ~-, - - -~-  

I t  follows tha t  the nuclear  fl decay  is duc to  a weak  decay  of  the  anti-O (O) 
eons t i tuents  ofnueleons  in this model.  Consequent ly ,  the weak t r ion eurrent ,  
belonging to the regular  represen ta t ion  15 of  SO6, must  have  the  V + A forro 
aeeording to the V - - A  eoupling observed in semileptonie weak processes of 

* The familiar S Us results for the baryon magnetie moments may be reeovered by assum- 
ing that the magnetic moments M(tH) of the trion eonstituents of hadrons transform like M(tH), ~ 

I3 + (lŸ Y. In this case the SO~ transformation properties of M(tH) are different from 
those of the eleetric eharge Q. 
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nucleons. We now can const ruct  the  weak Cabibbo cur rent  J "  of tr ions in a 
s t ra ight forward  way.  One obtains 

J~ = iy~(1 +~~) V(+~ls)(o~)t, (5) 

~1(15) _~_ i~2(15) ~4(15) i i~s(is) 
V (• I15)(Oc) ~ cos Oc -4- - -  sin Oc, (6) 

2 2 

where ~5 = i y s =  i~oy~y29ja, 0r is the  Cabibbo angle and the  matr ices ~J(15) 
are generators  of the  group SO 8. [15] contains the  complete  list of the matr ices  
~J(1~). The  weak cur rcn t  (5) m a y  be wr i t t en  as 

J~ = ly~(1.+~,5) V(+115)(0)/ '  (7) 
where 

v(• = (1/2) (~1(15; + i~2(~~)) 
and 

t = t z (o~ ) t ,  (8) 

U(Oc) = exp [iOc~ 7(15)] ---- 

1 0 0 
0 cos Oc sin O~ 
0 -s inO~ c o s o  c 
0 0 0 
0 0 0 
0 0 0 

0 0 0 
0 0 0 
0 0 0 
1 0 0 
0 cos O~ sin Oc 
0 - - s ino  c c o s o  c 

(9) 

The un i t a ry  t rans format ion  (8) defines a weak SO6 space and,  in par t icular ,  
the  weak hypercharge  Y '  and the  weak isospin I '  in a s t ra ight forward  way. 
B y  this def ini t ion the  weak q u a n t u m  numbers  Y ' ,  I '  and l• of Im are identical  
with the  corresponding (strong) SO o q u a n t u m  numbers  Y,  I and la of  tm 
(m = 1, . . . 6). In  addit ion,  l,n and tm have  a common q u a n t u m  n u m b e r  Z. 

The simplest  weak isodoublets o f Z  = ,4,1/3 are given b y  

11 N T + , (10) 

12 ~'~ To cos O c -4- T "o sin O c , (11) 

and the " ~ - t y p e "  members  of a (weak) SUa 15-plet 

M ~  [/313 i,], (12) 

M-~v [/3131,] (13) 

with la = - - T ~  sin Oc -4- T'~ cos Oc. Table I I  contains the re levan t  q u a n t u m  
numbers  of the particles 11, 12 Mo and M -  created b y  the operators  lp  12, M~ 
and M- ,  respect ively.  I t  should be no ted  t ha t  the s t ruc tures  (12)--(13) imply 
ah SO~ represen ta t ion  mixing due to the T - - O  effective-mass difference. 
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Table II 

The q u a n t u m  numbers  of /t, 12, MO and  

l l  

M O 

M -  

1 

_ 1  
2 
1 

T 

1 
- T  

I' Y' Z Q 

1 1 1 

1 1 1 
2 ~ -  -5- 0 

1 5 1 
T - T  T o 

1 5 1 1 
T - T  - f -  - 

N 

I f  both  leptons and hadrons belong to representations of SO 8, then the 
sum of leptonic and hadronic weak currents m a y  be reduced to the single 
tr ion current  (5). The choice of leptonic s tate  assignments is restr icted by  the  
following empirical facts. (a) Baryon and leptonconservat ion.  (b) Elec t ron- -  
muon s ymme t ry  and the apparentconserva t ion  of muon number .  (c) V - - A  

s t ructure  of leptonic interactions in the convent ional  form. (d) Cabibbo reduc- 
t ion of the weak coupling s t rength in semileptonic weak processes. We observe 
t ha t  these conditions are satisfied if  t h e  leptons ate identified by  

e+ ----/1, ve = 12, v~ = M O , # -  = M -  J(14) 

with (10)--(13) (v~ and # -  denote the muon-neut r ino  and the muon,  respecti" 
vely, which are assumed to be t ight ly  bound states).  In  this way baryon  and 
lepton conservations are due to the exact conservation o f Z  and N. The particles 
e+,~e and v~,#- forro two dist inct  isodoublets in the  weak SOe space and the 
apparent  conservation of muon  number  is connected with the (approximate) 
conservation of the weak hypercharge Y~. We m a y  write the leptonic piece o f  
the weak current (5) in terms of the doublets r~, e -  and r~, # - .  In  this conven- 
t ional form we recover the well known V - - A  s t ructure  which follows from the 
SO 6 properties (10)--(14) of leptons. 

A unified two-tr iplet  model of leptons and hadrons has a l ready been pro- 
posed by  KLFI~ [18]. In his model a single four-component  neutr ino v, e -  
and # -  ate identified with the anti tr ions O ~ O + and O'*, respectively. Other 
tr iplet  models for leptons have also been discussed in the l i terature,  some papers 
are l isted in [19]. 

Motivated by  the s t ructure  of leptonic and semileptonic weak interac- 
tions, we now suggest t h a t  the symmet ry  properties of leptonic states are fixed 
by  relations (10) --(14). In  addit ion,  our model m a y  lead to direct lepton pro- 
duct ion by  a dissociation of colliding hadrons.  This process occurs only at  
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very high energies, ir the lowest O mass is sufficiently large. On the other hand, 
no absolutely stable exotic particles ate 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 q- B '=(TT6))- t -  (TTO)'---~LA-4- LB -4- 6)A- L�93 -a t- L'B+ 0 ' +  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 antiparticles of Z = --1/3, N = -- 1 
will be denoted by/~). Due to the Z-conservation, the lowest antitrion �91 can- 
not decay by emission of known bosons with Z = 0, N = 0. The only Z-con- 
s erving decay modes ofO lead to a baryon BI and two leptons/~ with Z = - -1 /3 ,  
N = - - 1 .  These processes are assumed to be mediated by bosons ex, with 
Z = 2/3, N = 0 and integer charge, possibly members of an undiseovered 
SU 3 triplet of sextet. Both representations 15 and 20" of SO e contain bosons 
of this type [15]. We may now write the Z-conserving 67-decays in the forro 

0 - +  f-, + ex (16) 
, E ' + B  I.  

In particular, let us consider the decay of the ~o constituents of protons by 
assuming tha t  ~ x =  T'~ "+ which is the isosinglet member of ah S U  a sextet. 
In this case the dominant decay modes involve processes of the type 

Oo __+/x+ -t- (T '~  ---) (17) 

L ~ e- + 30, 

O0 _+ q A- !T 'o 0 7T) (18) 
L , v~ § 3 - ,  

according to the approximate hypereharge conservation. Summarizing, "di- 
rect" lepton production involves the dissociation (15) of colliding hadrons. 
The subsequent decays of the O constituents lead directly, without the well 
known intermediate particles zt, K . . . ,  to energetic leptons a n d a  baryon B I 
(e.g. S o or S-) .  The baryon B$ has, in general, conventional decay modes me- 
diated by pions, kaons etc. resulting in muons and other well known particles. 
We may tentat ively assume that  processes of the type (15)--(18) leave no 
energy for a muon production of pion of kaon parentage within the energy re- 
gion covered by the experiment of BEaGEsoN 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 0 and the bosons ~x. 
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III. 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 ate supposed to be bound tr ion--ant i t r ion 
systems. We shall not assume any strong quadratic interactions of V/'s with 
hadror ~ . 

In [15] we suggested a relativistic field equation for trions, which governs 
the dynamics of the model. This › is covariant under transformations 
of the Poincar› and S O  8 groups ( P |  We now suppose tha t  the weak 
violations of SO~ and parity ate connected with the asymmetries of the inter- 
mediate boson states I IV -+ > ,  possibly due to a spontaneous mixing. Asa first 
step of self-consistent calculations, the symmetry  structure of W ' s  wiU 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 S O  6 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 is fixed by the following Bethe-- Salpeter amplitudes 

<01 Ttm(x~) ~n(yfl)[W-+> = 

-exp[ i,l(x y)l ~~(w-+)'n'~ - -  - -  - -  r~m,n t~t," - - Y )  T(qg(W+-) ) ,  (19) 

where ~, fl are spinor indices, q is the four-momentum of the state [IV -~ > 
T is the conventional one-boson amplitude of W's, satisfying q~r(q#(W~))~-~ 0 
and the leading term of ~ has the forro 

r z) = [(1 +~5) Y~]=~ V~-I15)(Or f~(w+_)(q2, z2,(qz)2) A- . . . .  (20) 

Note tha t  the fuaction f~(w• depends only on q and the relative coordinar 
z = x - - y .  (The matrix V (~ I~5) 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 

with 
Lw ---- gw ~ ~~(1 +~5) V(+ 115)(Oc) tW(~ +)-~- H.C. 

gw = - -  4 V ~ Gfl(w+-)(m~, O, 0 ) ,  

(21) 

(22) 

where mw is the W mass and G denotes the eoupling eonstant in the underlying 
field equation (1) of [15]. The forro (21) verifies the structure (19)--(20) of 
intermediate bosons according to our requirement imposed previously. By ah 
empirical fit of gw ancl m# the Lagrangian(21) may be regarded a s a  semi- 
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phenomenological basis of the C P  conserving weak interactions in our S O  6 

model. 
Le t  us consider amplitudes (19)--(20). We observe t ha t  the  intermediate  

bosons W +- ate of mixed par i ty  leading to the well known par i ty  violations in 
weak proeesses. In  addition, W + and W -  are the charged members of an  iso- 
triplet in the w e a k  S O  8 space (cf. Equs.  (5)--(7)). This results in hypercharge 
violating weak interactions of the trion const i tuents  of hadrons which are 
placed in the s t rong  S O  8 space. In Fig. 1 the dynamieal  mechanism of the model 
is exemplified by  a schematic diagram of the process n + v~ -+ p + # - .  

/ / q162  

X, 

Fig. I .  Sehematie diagram of the proeess n + vg ~ p + q 

Finally,  we shall point out  some details. According to BACRY et al. [9] 
and GERSTEIN and WmeeMANr~ [20] the known pseudoscalar bosons are to be 
assigned to the coregular representat ion 20"  in the S O  6 model. Therefore, ir is 
convenient to express the axial r ec to r  par t  of the mat r ix  elements <O'lJ~lO>, 
contr ibuting to the simplest fl processes, in terms of the matrices ~j(20-) 
which belong to representat ion 20"  of S O  6. These matriees are explicitly listed 
q [15]. We obtain 

with 

<O'Li ~~(1 +~5) V(+-'15)(0c) riO> = (23) 

= <O'l[t?~V(+-I'5)(Oc) t - -  t r ; t ~ / 5 V ( + 1 2 f f ' ) ( O c )  t]]O> 

~1(2o-) ~.2(2o-) ~4(2o-) -4- i ~5(2o-) 
V(+12o-)(0c) • i = cos Oc + sin Oc. (24) 

2 2 

By  eonsidering the (formal) eur ren t  densities 

~105) 

2 
~j(2o.) 

"~~~ = i - - Y ~  7s t (26) 
2 
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for j = 1 . . .  8, we m a y  r ecove r  the  chi ra l  S U  3 • S U  3 a lgebra  in  a s t r a i g h t -  

f o r w a r d  way.  

W e  conc lude  t h a t  t h e  t w o - t r i p l e t  mode l  m a y  be  a usefu l  too l  for  t he  s t u d y  

of v a r i o u s  l ep ton ic  a n d  s e m i l e p t o n i c  processes i n c l u d i n g  a d i rec t  p r o d u c t i o n  of 

l ep tons  a t  v e r y  h igh  energies .  

A c k n o w l e d g e m e n t  
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~BYXTPHFUIETHA~I MO,~E.Ylb ~~HEFiOCPE,~CTBEHHOITI�87 rIPO,/3~KLIHH 
MIOOHOB 

K..,ti A,,rlA H b H 

Pe3~oMe 

IlpennaraeTca oco6eHHaja ~ByxTpHn;~eTHafl M0~e.rlb <r npo~yKIlrifi 
JIeHTOHOB, npe~no~ara~, qTO n JIeI1TOHbl H ra~poHu npHHa~~e~aT K npe/~cTaBJieHn~M mecTn- 
MepH0~ p0TaUHOHH0fi rpynnbi 806.  
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