
Nuclear Physics B138 (1978) 345-364 
© North-Holland Publishing Company 

SU(4)  WEAK C U R R E N T S  

T.C. Y A N G  

Deutsches Elektronen-Synchrotron DES Y, ttamburg, Germany 
and 
Department of  Physics and Astronomy, University of Massachusetts, Amherst, MA, USA * 

Received 15 August 1977 
(Revised 27 February 1978) 

We suggest SUL(4) o U(1) as the gauge symmetry of weak and electromagnetic inter- 
actions for quartets of quarks and leptons. We analyze how the (additional) SUL(4 ) weak 
currents (besides the SUL(2) subgroup) could affect the weak interactions of ordinary 
particles, the atomic parity violation, the neutral-current neutrino reactions and the 
decays of the r heavy lepton and the charmed mesons. The suppression of neutral-current 
parity violation in atomic experiments can be naturally incorporated in this model while 
at the same time the success of the Weinberg-Salam model with respect to the inclusive 
neutral current data is kept. The model has limited freedom and therefore many definite 
predictions. 

1. In t roduc t ion  

In this paper we present a gauge mode l  o f  unified weak and e lec t romagnet ic  inter- 

actions based on SUL(4  ) ® U(1) symmet ry .  

The SUL(2 ) ® U(1) model  o f  Weinberg and Salam [1 ] (WS) predicts pari ty viola- 

t ion (due to neutral  currents)  in heavy atoms.  The a tomic  bismuth exper imenta l  

results ** are about  an order  o f  magni tude smaller than that predicted by the WS 

model  using the a tomic  calculat ions [3]. Thus,  insofar as the a tomic  physics calcu- 

lations are believable,  the a tomic  bismuth results imply modi f ica t ion  o f  the basic 

Weinberg-Salam model .  The Weinberg-Salam model ,  on the o ther  hand,  is in good 

agreement  wi th  the inclusive neutral  current  neut r ino  data. The SUL(4  ) ® U(1) 

model  presented here preserves this success and incorporates  the a tomic  bismuth 

results. It also has many o ther  defini te  predict ions which were previously repor ted  

elsewhere [4]. 

* Present address. Work supported in part by the National Science Foundation. 
** The latest results, reported by Sanders [2] are R876n m = (-0.7 t 3.2) X 10 - 8  (Univ. of 

Washington experiment) and R648n m = (2.7 + 4.7) X 10 -~  (Oxford experiment). The 
Weinberg-Salam model with the atomic physics calculation predicts R876n m ~ -23 X 10 - 8  
and R648n m = -30  X 10 -8  . 
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346 T.C. Yang / SU(4J weak currents 

A detailed analysis of  SU(4) symmetry breaking and the constraints induced by 
such symmetry breaking is presented here. 

We suggest in this model a new domain of  weak interactions. The SUL(4 ) ® U(1) 
model predicts strangeness-changing neutral currents in certain decay channels of 
the heavy leptons. We realize that strangeness-changing neutral currents are very 
much suppressed in the weak interactions of  ordinary particles. This can be naturally 
explained with the GIM mechanism [5] (a phenomena associated with diagonal neu- 
tral currents). This feature is preserved in this model. The difference is that the off- 
diagonal neutral currents carrying strangeness (associated with the U-spin raising and 
lowering operators), which are inevitable in any model where the u, d, s, c quarks 
belong to one representation *, do not participate in the weak interactions of  the 
ordinary particles, yet could contribute to the decays of  the heavy leptons. This ob- 
servation could be made more general beyond the present model. It could be exper- 
imentally tested. The suppression of  strangeness-changing neutral currents in the 
ordinary sector is "natural" [6], that is, independent of  the parameters of  the Lagran- 
gian. The W bosons associated with the U-spin raising and lowering currents are not 
assigned with super-heavy masses. Even though the model may not reflect the real 
world, this aspect itself warrants sufficient study. 

Another feature of this model which is different from the others is the large num- 
ber of  heavy leptons predicted here. This is forced upon us by the cancellation of  
the triangle anomalies. Specifically, we have three quartets of  leptons: ( e - ,  v e, v r, 
r - )  with lepton number as of  the electron; (/~-, v u , M °, M - )  with lepton number 
as of the muon; and a third quartet with a new lepton number. The r -  and its asso- 
ciated neutrino v r are identified with the heavy lepton observed at SLAC [7] and 
DESY [8]. In this model r is an excited electron. The decays of  r turn out to be 
very much like a sequential lepton, but being an excited electron, it has coupling 
to the electron (although much suppressed) which will reveal its identity. The par- 
ticular decay modes r -  ~ eK s, e - K  *°, e -  KTrTr .... should be searched for experi- 
mentally. The existence of  such decay modes demonstrates (a) the weak interactions 
of  strangeness-changing neutral currents, (b) the existence (e.g. the eK s invariant- 
mass plot) and the lepton number of  r, which so far have been based on indirect 
experimental evidence. The decays of M ° and M-  show similar characteristics. 
Neutrino reactions were reported which suggest heavy leptons of  the muon type as 
the origin. Such reactions are anticipated in this model. 

The model is based on several theoretical observations discussed in sect. 2. We 
present a heavy-lepton mass relation and a Cabibbo angle formula. Sect. 3 is an 

* We argue that the approximate strong interaction symmetry is for members of the same 
representation. New heavy quarks, if they exist, form another SU(4) quartet (t, b, h, g) and 
we anticipate an approximate SU(3) symmetry for the t, b, h quarks as well. If (u, d), (c, s) 
quarks belong to different representations, as in the SU(2) ~ U(I) model, the strong SU(3) 
symmetry of the u, d, s quarks appears to us as an accident. 
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analysis of the Higgs mechanism. This section contains the results of an extensive 
study of the gauge SU(4) symmetry breaking which is itself an interesting topic. 
Sect. 4 contains the effective interaction Lagrangian. Sect. 5 deals with the suppres- 
sion of strangeness-changing neutral currents in the ordinary weak interaction. Sect. 
6 confronts the model with present data. Sect. 7 gives the model predictions for r 
and charmed meson decays. We give our conclusions in sect. 8. The Higgs potential 
is dealt with in the appendix. 

2. The fermion representations 

Under the SUL(2 ) symmetry the left-handed leptons and quarks (re, e - ) ,  (vu, 
/ i ) ,  (u, d) and (c, s) form doublets. With respect to the SUL(4 ) symmetry, the two 
quark doublets form a quartet, namely (u, d, s, c) (neglecting the Cabibbo angle 
for the moment), which transforms like the 4 representation. If we assign the lep- 
tons to an SU(4) quartet like the quarks, i.e. (re, e , tt , vu), many of the W 
bosons which mediate either the lepton-number non-conserving transitions or 
strangeness-changing neutral currents (e.g. ~L~u~.6÷i7 ffL) will have to be extremely 
heavy, since such phenomena are untolerable in the weak interactions of ordinary 
particles [9]. We regard this lepton representation unsatisfacotry also for several 
other reasons. First, the quark-lepton analogy would imply similar mass breaking 
for the quarks and the leptons. Note that the quarks and leptons have the same 
flavor interactions under SU(4). However, u u is almost massless whereas the c quark 
is much heavier than the ordinary quarks. Secondly, this assignment leaves no room 
for a "heavy lepton" r whose properties have been extensively studied at SLAC and 
DESY. The third reason is that this assignment is not anomaly-free with respect to 
the full SU(4) gauge symmetry unless one introduces in addition a set of 16 mirror 
fermions to cancel the triangle anomalies; which seems to us to be arbitrary. The 
last reason is that it predicts large parity violation in heavy atoms such as bismuth, 
as does the WS model. 

We propose to assign ( e - ,  Ve) and (/ l- ,  vu) to two different SU(4) multiplets. 
The arguments can be seen by first considering the triangle anomalies. 

2.1. Cancellation o f  triangle anomalies and the lepton representation 

For an SU(n) symmetry, n > 2, the leptons must belong to representations con- 
jugate to those of the quarks in order to cancel the triangle anomalies. The quark 
and lepton charges must sum up to zero if the anomalies associated with the U(1) 
currents are to be canceled. This results in a proliferation of the lepton families. 
The charges of the lepton quartets can only be in sequence as (--1,0,  0, - 1 )  or 
(0, +1, +1,0), barring doubly charged particles. The electron and muon family can 
only take the first charge assignment. We have the following quark and lepton repre- 
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sentations" 

iu u uB j Lre i! d R d G d B v e v~, f+ 

sR sG sB i ' 'i l)r M0 ' 

c R c G c B T -  M - 

where R, G, B denote the colors of  the quarks, ~(L) represents a family of  sequential 
leptons. The quarks have unbroken color symmetry. If the leptons also have a "color" 
symmetry of  their own kind, the lepton color symmetry must be badly broken since 
they have integer charges and unequal masses. We note that the electron and muon 
must have charges opposite to the proton, a consequence of  the anomaly concella- 
tion. Experimental evidence shows that r can only be either a sequential lepton or 
an excited electron * (ortholepton). This limits r to have the electron quantum num- 
ber, noticing that ~- ,  L -  decay v/a V + A interactions and thus cannot be the r lep- 
ton. 

2.2. 7he f ermion  masses 

The fact that fermions get their masses from the Higgs mechanism provides us 
with a universal mass breaking for the quarks and the leptons. We assume, for simpli- 
city, that the same set of  Higgs scalars couple to the quarks and leptons. We then 

bare mabare < .._bare < <  mcbare expect roughly me,  rove < mvr < <  m r ,  as we know mu , ms 
Indeed the relation between the quarks and the electron family may be an approxi- 
mate equality: m e, rove, rnbu are, tuba are ~ 0 is consistent with strong PCAC, and exper- 
imentally one has mr ~ m bare ~ m o .  We therefore conjecture that mvr ~ mbs are 

might also be true. (m bare denotes the mass that appears in the Lagrangian, i.e. the 
current-algebra mass.) 

. baret_.bare (Using the mass relation mvr /m  r -- m s / m  c , we could in fact argue that the 
r and D meson masses are close to each other, based on our knowledge about ms bare 
and mvr. A current algebra plus quark model estimate gives m--bares in the range of  a 
couple of hundred MeV. mvr is experimentally limited to below 600 MeV, and in 
this model v r has to be heavier than 350 MeV, a limit obtained from the absence of  
K + ~ n+Vr~e etc. modes **. This means m r / m D  is O(1).) 

For the same reason, we expect m u ,  mvu < mMO < ' (  m l ~ -  and the mass relation 
mvr /m  r ~-- m M o / m  M_ should be true. (The mass relation cannot be used for light 
leptons, such as electron, muon, etc., since the radiative corrections could be com- 
parable to the bare masses themselves. For heavy leptons, m physical ~ m bare may 
not be a bad approximation.) Interpretation of  the trimuon events with the heavy 

• For the latest review see ref. [ 10]. 
• * It has been brought  to our a t tent ion that  the experimental  detection efficiency was sharply 

cut  off  for E n < 250 MeV in the exper iment  for K ~ nvv [22].  This in turn means  a lower 
bound  mvr  > 130 MeV. 
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lepton chain decay hypothesis leads to an estimate of their masses consistent with 
our formula [1 lal * 

2.3.  The  Cab ibbo  angle 

The main reason for introducing charm is to cancel the strangeness-changing neu- 
tral currents within the SU(2) @U(1) sector [4J. When we extend the gauge sym- 
metry beyond SU(2) ® U(1), we need to study this question regarding the "new" 
currents. We find that it restricts severely the structure of the weak currents. 

u 
With respect to the SU(2) sub-symmetry, the quarks are in doublets (d) and (~); 

the Cabibbo angle could appear either as a mixing between the d and s states (the 
GIM scheme) or between the u and c states (namely, 

u(O) = u cos 0 c - c sin 0 c ,  c(O) = u sin 0 c + c cos 0 c ) .  

They are equivalent to each other: both give the same SU(2) ® U(I) weak currents. 
However, in a fully gauged SU(4) model, the two schemes have quite different 
phenomenological implications. The origin of the Cabibbo angle also appears quite 
different. 

The first thing we note is that if the d and s quarks are mixed, then a neutral W 
boson coupling to a diagonal neutral current, e.g. 

I 1 ~L')'~u(N/~-~ ~'8 + N / ~ I S ) ~ L  "~ ~L'Yg~ 1 1~ l 
-1  - l J  

would generate strangeness-changing neutral currents and induce K ~ ~ee decays. 
Thus, assuming GIM mixing, this neutral W boson would have to be very heavy. 
This choice is not acceptable, if we do not want large parity violation in heavy 
atoms such as bismuth, since the masses of the W bosons are then constrained. This 
difficulty is absent if the Cabibbo mixing appears in the u and c quark sector (and 
d, s remain unmixed). This is what we advocate. It leads to an interesting alternative 
interpretation of theCabibbo angle. 

We note that for GIM mixing the Cabibbo angle does not exist in the SU(3) limit. 
The usual interpretation of the Cabibbo angle is expressed through the chiral SU(3) 
symmetry breaking. In contrast, the Cabibbo angle expressed in u and c quark mix- 
ing cannot be rotated away, even in the SU(3) limit, since mu ~ me. The Cabibbo 
angle in such a theory is characterized by the different orders of symmetry breaking 
expressed in terms ofmu and me. Since the breaking of the strong interaction sym- 
metry appears only in the quark mass term, the large charmed-quark mass manifests 
a badly broken SU(4) symmetry to the level of SU(3) symmetry. A second step of 
symmetry breaking (of the SU(3) symmetry), on a much smaller scale, is responsible 
for the u-quark mass and mixing between the u and c quarks (Amuc). If that is the 

Other evidence for a possible neutral heavy lepton M O is reported in ref. [ 1 I hi. 
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case, one finds after diagonalization of  the mass matrix (mu, Amuc < <  mc) 

Amuc mu 
sin0 c ~ - ~ - - - ,  

me - mu m e -  mu 

where mu, me refer to the "physical" quark masses. Taking mu ~ ½ rnN ~ 0.31 GeV, 
m c ~ ½ ms~v, ~ 1.55 GeV, as commonly assumed, we arrive at sin 0c ~ 0.24, which 
is quite encouraging. If the origin of  the second symmetry breaking is due to radia- 
tive corrections, the Cabibbo angle should be calculable. This is an interesting possi- 
bility which remains to be investigated. 

3. The breaking of  the SU(4)  gauge symmetry 

The weak interaction phenomenology is crucially determined by the masses 
(eigenvalues) and the eigenstates of the W bosons. This is dictated by spontaneous 
symmetry breaking. Even though SU(4) symmetry breaking is more complicated 
than the SU(2) case, much of  the results can in fact be understood from group 
decomposition. Nevertheless it is still a non-trivial matter to explicitly demonstrate 
the Higgs mechanism. The latter often has more constraints. 

3.1. The SU(2) subgroup 

The SU(2) symmetry here refers to the symmetry of  the conventional charged 
currents ~ la Weinberg-Salam model. In terms of the quartet representation (u(0c), 
d, s, c(0c)), where U(0c) = u cos 0c - c sin 0c, C(0c) = u sin 0c + c cos 0e, the 
SU(2) consists of  the following generators: 

} ~ + =  0 0 
0 0 = I [ x I+ i 2+ K Xl 3 - i I4 ]  = [Xw-]+ ' 

O K  

I°, 1 x3--- ~-[~+ Xw-I =½[x3+x/--IM- '~X,sl  = -~ 1 , ( 3 . 1 )  2 "'W ' --~ ~ 

where K = -+1 ; X's are the SU(4) h-matrices. The sign of  K is not determined experi- 
mentally. 

3. 2. The hierarchy o f  the SU(4) symmetry breaking 

First, we note that the SU(2) of  (3.1) is formed by the direct sum of the genera- 
tors of  two SU(2) groups operating in the (u, d) and (s, c) spaces. The SU(4) group 
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contains another SU(2) subgroup in addition to (3.1) which contains the following 
generators: 

~'(KD)0 
0 1 0 1 + 

= ~. [~k6+i7 -- h~.9+ilO] = [~,(~D)O] O0 0 

O0 0 

i 
Xy = ~ [X(K~)O, X(RD)O ] = ~ X 8 + V/~ )'t s = 

2 _~_ , ( 3 . 2 )  
2 

where h = -+1. The SU(4) has only one simple subgroup which contains the SU(2) 
of  (3.1) as a subgroup. This group is 0(5)  (or SP(4)), which consists of  the genera- 
tors given in (3.1) and (3.2) (h = K = -+1), and in addition the following generators: 

°i; 0 0 1 = [Xv:_ ]  ÷ 
0 0 = ~ X4+is 

0 0  

0 0 0 ~  

0 0 = l ~ k l l - i 1 2  = [~ 'D- ]+  ' 

1 0 

(3.3) 

The two SU(2) subgroups of (3.1) and (3.2) with K = h = -+1 are subgroups of  O(5). 
However, the two subgroups with K = - h  -- +-1 are subgroups of SU(4) but not 0(5).  

The rest of  the SU(4) generators are given by 

;,,H ÷ _ 0 0 0 0 = 1[~'1+i2 -- K~k13- i14]  = [~kH-]+ ' 

0 - K  

and 

^ "U0 = 0 1 
O 0  
O 0  

= ½ [~'6+i7 + h ~ 9 + i l o ] - -  [~'1~0] + , 

[ ~ __z 
~ .x  = 2 I 2 

(3.4) 

(3.5) 
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From the above remarks, we conclude with the following three typical routes of  
breaking the SU(4) symmetry. 

(i) SU(4) ~ O(5) ~ SU(2). The "super" symmetry breaking provides us with 
SU(4) - 0(5)  = 5 W bosons of superheavy masses and 0(5)  - SU(2) = 7 W bosons 
of  intermediate masses which are heavier than the SU(2) W bosons. The breaking of 
SU(2) with the additional U(1) gives the Weinberg-Salam model. 

(ii) SU(4) ~ SU(2) ® SU(2) ~ SU(2). The "super" symmetry breaking provides 
us with SU(4) - [SU(2)] 2 = 9 W bosons of  superheavy masses and [SU(2)] 2 _ SU(2) 
= 3 W bosons of  intermediate masses. The breaking of SU(2) with the additional U(1) 
leads to the Weinberg-Salam model. 

(iii) SU(4) ~ U(1) ® SU(2) -~ SU(2). in this case, we have 11 super-heavy W 
bosons and one medium-heavy W boson (which is neutral, i.e. Y) plus the W bosons 
of  the Weinberg-Salam model. 

In all the above three cases, we have at least one medium-heavy W boson coupling 
to the diagonal currents, namely the Y boson. The W bosons coupling to (3.4) are 
estimated to be heavier than 500 GeV in order to preserve the weak interaction 
universality and can be forgotten for practical purposes. 

3. 3. The Higgs scalars 

We introduce first two Higgs scalar multiplets, M and N, which transform under 
SU(4) as anti-symmetric second-rank tensors and another Higgs scalar multiplet, L 
which transforms as a symmetric second-rank tensor under SU(4). Denoting the 
SU(4) transformation as R, then they transform under SU(4) as 

¢)ij "~ R i l R j r n d P l m ,  , where $ = M, N, L .  

Let g and I4,'~ (i = 1 ..... 15) be the gauge coupling and the gauge bosons. The gauge- 
invariant Lagrangian can be written as 

£ =  -½ ~ Trlat,$ + lig()~iwiv)¢+ 1 ig¢(XTw~)t2 + ... (3.6) 
?p=M,N,L 

We find the following. 
(i) The first route of  SU(4) symmetry breaking can be done with two antisym- 

metric 2nd-rank tensors *. SU(4) is broken to 0(5)  with the following non-zero 
vacuum expectation value: 

i° °,° 
(M) = A 0 0 - h  h = -+ 1 (3.7) 

- 0 0  0 ' 

h 0  0 

* SU(4) symmetry breaking with two antisymmetric second-rank tensors has been remkrked 
upon by Elias and Swift [ 12]. 
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0(5)  is broken to SU(2) with (N) given by 

- 0 0 ( 3 . 8 )  

(N>=a  0 0 0 0 0 

(ii) SU(4) is broken to SU(2)® SU(2) (with h = - K  = +1) via the Higgs scalar L: 

0 

(L) = B 0 0 - h = -+1 (3.9) 
0 0  ' 

- h  0 

A remark :  In general, we would expect that the two matrix elements in (3.7) or 
(3.9) need not be equal (i.e. Ihl =/= 1). However, by minimizing the most general 
potential of  M and N, for example, (which is even under M-~ - M ,  or N ~ - fir) we 
find that the solutions require that h 2 = 1. I f h  2 4= 1, we would find that the mass 
relation of the Weinberg-Salam model, namely, rn z = D/w/COS 0w is spoiled. Because 
ot~ the minimization condition, the above mass relation turns out to hold also in this 
SUL(4) ® U(I)  model. What this means is that the group-theoretical analysis of  the 
SU(4) symmetry breaking can be realized. The above mass relation has indirect 
experimental support from the inclusive neutral-current neutrino reactions. 

To break the SU(2) ® U(1) symmetry fi la Weinberg-Salam model, we need 4 
Higgs scalars each transforming as 4 representation with the following vacuum 
expectation values: 

Iii ii] Ii] ( ¢ 1 )  = , ( ~ 2 )  = ! X  i 0 /  ' ( ~ 3 )  = , (~b4) = , ( 3 . 1 0 )  

L0 
where ¢1, ¢4 have charge in the order (0, - 1 ,  - 1 , 0 )  and q~2, ¢3 have charge (1 ,0 ,  
0, 1). The gauge-invariant Lagrangian is given by 

+fo r  ] =  2 ,3  
I -  i . t 2 

• - lgBu(PJ[ "'" f o r j = l  4 ' 

(3.11) 

where g' is the coupling constant for U(I) ,  and B the corresponding boson. 
From (3 .6)- (3 .11) ,  we obtain the following grand formulas for the eigenstates 

and masses of  the W bosons (for def'miteness, we take K : 1): 

WH±-=½[WI±i2- WI3~il41, 

W± ~ ½[WI-+ i2 + WI3Z-i14] , 

m~w_ = g2(A2 +B2 +~;~2), 

2 g2~2 
D / W _  + = / 
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/[W6_+i 7 + W9:tilO] , m 2 = g2(A2 +~(a 2 +)`2)) , 

/ [W6±i7--W9±i10]  , m2=g2(B  2 +~(a 2 +)`2)).  (3.12a) 

(To conform with the previous notation, we define 

14/(K~)O,(~,D)0 ~ l [W6±i7 _ hW9:tilO] , 

WH0,(~O ) = 1[W6±.i7 +hW9_+ilO], w i t h h =  -+1 .) 

WK_  : g (a + + 

2 = g2 Wl)~ - ~ WlJ~il2 , mwD_* (B 2 + ~(a 2 + ) 2 ) ) ,  

X - X / ~ ( W 3  - X/~-~ I¢8 + X/~ W,s) , m 2 = g 2 ( A 2 + B 2 + ~ ) ` z ) ,  

y E V/~_~ 1¥8 + V/~ 14t15 , m2¢:g2(½a2 + 1)`2) , 

Z = A 3 cos Ow - B s i n 0  w , m~ = m~v/cos20w , 

A = A3 sin 0w + B cos 0 w, m~, = 0 , (3.12b) 

where t an20w-  -t2/zl - g I t~g2) ,A3 =- V/~ (W3 + X / ~ W s - f l 3 W I 5 ) .  
From (3.12), we immediately see that: 
(i) SU(4) -~ 0(5)  (h = K = l) ~ SU(2) is realized with A > >  (a, B) > X. 
(ii) SU(4) ~ SU(2) ® SU(2) (h = - K  = - 1) ~ SU(2) is realized with B > >  (.4, a) > X. 
(iii) SU(4) ~ U(I) ® SU(2) ~ SU(2) is realized with (A, B) > >  a > )`. 
The potential of  the Higgs scalars and the stability of  the vacuum are discussed in 

the appendix. 

4. SU(4) weak currents 

The interaction of  the gauge W boson with the quarks and leptons is prescribed by 
the following gauge-invariant Lagrangian: 

£ = ~-Tu(3u + ½igkiW~ + ½ig'yqBU)~kq + ~RTu(3U +ig'QBU)~q (4.1) 

, .  , T u f ~  Tu(3 u + ig'QB u) ~v~ , + f~LV.(3" + ~tg ( - X  i )W i -- ~ig'y~BU)qJ~ + 

where ~bL, R = ½(1 ¥- 7 s ) f f - T h e Y q , S  are constants (matrices) determined from the 
charges of the quarks and leptons, i .e.y = Q - ½()`3 + x/~ X8 - v~3 X, S)L. Thusy  = -~ 
for the quarks a n d y  = 1 for the electron and muon families. Q is the charge matrix. 
Note that qJ~ (the lepton representations) transforms as 4 under SU(4). In terms of  
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the eigenstates of  the W bosons given in eqs. (3.8)--(3.10), one finds the following 
couplings for the off-diagonal weak currents: 

f.°ff'diag°nal=lgW~(ffO~f~d+O'o~LS ~eTUe- ~r,,tu r VU"t" ~/a- i n t  --  - -  - -  

/ ~ " ~ M - )  + 1 - -2gW(~D)O,u -hffo'~eeo + a3'~s - VrT~Ve + h~-7~Le - 

-- ~I40~L Vu + hf f t -~LO-) + "q/~g WK-,u (ffO'~ us - vrT~e- -- ~140"/~la - )  

+ V/~g WD-,u(CoV~d - ~eT~r -  - YuT~M-)+ hermitian conjugates 

+ ... .  (4.2) 

where 7~ - 7 u ½(1 - 7s),  Uo and Co stand for u cos 0 c - c sin Oc, and u sin Oc 
+ c cos 0 c ,  respectively, with 0 c the Cabibbo angle. The interactions of  super-heavy 
W bosons of eq. (3.8) are omitted from (4.2). The coupling of  the diagonal neutral 
currents can be expressed as 

£ d i a g o n a l  : eAtl~.~m,q +]# J +N//~g g~[jy,q _]y,~] i n t  : e m , ~  • 

_ ..A3,~ _ sin: Owj~ m' ~ } , (4.3) + ~/½g2 + g'2 Z u {juA3,q sin20w/~ m'q - / u  

where/~m is just the electromagnetic current, /A3 - ~?u?~ 3 if, . v -  ff~Lk Y ~b (k3 ]#. = 

and ~.v are defined in (3.1) and (3.2), respectively). The quark and lepton currents 
coupling to W-* and Z are identical to the WS model. (The weak angle in terms of  
SU(4) and U(1) coupling constants is given by tan:0w = g,2/(~g2)). In the rest of  
this paper, we examine the weak interactions induced by (4.2) and (4.3). 

5. For the ordinary particles 

5.1. Strangeness-changing neutral currents 

The reasons that the strangeness-changing neutral currents are absent in the sec- 
tor of  ordinary particles become transparent from the interaction Lagrangian ob- 
tained above. (i) The strangeness-changing neutral currents (coupling to W~KD) ) 
couple to at least one "new" lepton in semileptonic processes (see 4.2), thus we 
will not see any strangeness-changing neutral currents in the weak interactions of  
ordinary particles if the "new" leptons are heavy enough. An immediate conse- 
quence of  this assumption is the prediction of strangeness-changing neutral currents 
in the decays of  the heavy leptons (see sect. 7). Note from (4.2) that the strangeness- 
changing neutral currents (off-diagonal) are not coupled to the diagonal neutral cur- 
rents (which couple to ee,/a/a, uu, for example) thus K ÷/-~ rr ÷ ee, etc. (ii) The dia- 
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gonal neutral currents do not change strangeness (from 4.3). This has been discussed 
above in connection with the Cabibbo structure. (iii) The non-leptonic interactions 
to the order Gw have no IASI = 2 transition. This follows from the fact that the 
strangeness-changing neutral currents are not coupled to the diagonal neutral cur- 
rents. For the question of  strangeness-changing neutral-current processes and the 
K l-K 2 mass-difference in higher-order weak interactions, we must examine the box 
diagram with two charged W exchange, etc. The GIM cancellation between the 
u-quark and c-quark intermediate states works here as it should. Not too surprisingly, 
the same kind of  cancellation works for the additional SU(4) (charged) currents. 

As remarked above, the "new" leptons must be heavy enough in order that 
strangeness-changing neutral currents do not appear in the decays of  ordinary par- 

0 ticles, (otherwise the W(KD) boson coupling to this current will have to be extremely 
heavy). This means a lower limit on mvr, namely, rnvr ~> (mK+ - m~r+), from the 
absence of K + ~ 7r+Vr Fe etc. From the absence o f K  + ~ e+vr, we conclude that 
either mvr ~ inK+ ~ 500 MeV or the weak SU(4) symmetry must be badly broken 
to SU(2) ® SU(2) such that WK+ (coupling to eur) is extremely heavy. These alter- 
natives have been discussed in sect. 3. Experimentally, rnvr ~ 500 MeV is not ruled 
out at present. Allowing medium-heavy W bosons, we note that the mass of  u r is 
very much restricted in this model which could be easily checked by the experi- 
ments. 

5. 2. Modified non-leptonic interactions 

From (4.2) we see that the LASI = 1 non-leptonic interactions of  the ordinary 
0 exchange. After Fierz transformations, particles have a new piece due to W(KD) 

one has 

£1ASI=I = X/'~ GF (1 m2w ~ 

- s-Tu(1 - 7s)C" c-TU(l  - 7 s ) d  + h.c.} , 

where mw' - mw o • 
(KD) 

6. Low-energy n e u t r a l - c u r r e n t  r e a c t i o n s  

In this section we examine the experimental consequences of the diagonal neutral- 
current interactions given in (4.3). Note that in addition to the neutral currents coup-' 
ling to the Z boson as in the WS model, we have other neutral currents coupling to 
the Y boson. Therefore our prediction will differ from the WS model. The mass of  
the Y boson is not known, and has to be determined experimentally. This we do by 
first calculating the parity violation effect in atomic bismuth. 
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6.1. Electron-hadron neutral-current interactions 

From (4.3), one obtains the following effective Lagrangian (neglecting the 
Cabibbo angle): 

1V/~-~ GF {[t77u(1 - 7s)U - dTu(1 - 7 s )d  - 4Xw(2UTvU - ~d3rud)] 

× (g '# ' ( l  - 4 X w  - r s ) e )  + I ~ v  ] lag'u(1 - T s ) U  + dg,~(1 - 3 ' s ) d ]  

X (e-TU(l - "Ys) e)) , 

where Xw -- sin20w • We note that the second term of order 2 2 row~my could signifi- 
cantly modify the WS model prediction for deep-inelastic electron scattering and 
the parity-violation effect in atoms. For example, for the bismuth atom, where the 
dominant contribution comes from the hadronic vector current and electron axial- 
vector current interference, the experimentally measured effect is proportional to 

Q w = Z ( l  - 4 X w ) - N  m { 1 3 ( Z + N )  

+ [ m~v] 
- 1 2 9  ! ~ - v ]  6 2 7 ,  

where, for definiteness, we take Xw ~ 0.26. We note that the two terms have oppo- 
site signs. As we know from the symmetry arguments above, my  is greater than mw. 
We find that i f m ¥  ~ 2mw, then QW is indeed very small compared with the WS 
model prediction (the first term). We have no reason to expect that there should be 
absolutely no parity violation in atoms. A consistency check for the above Lagrangian 
will have to wait for the parity-violation experiments in hydrogen, where definite pre- 
diction can be made with my  already determined. At present, we look for other pre- 
dictions in neutrino reactions. 

6.2. Neutral currents in neutrino reactions 

The effective neutral current couplings for the neutrino reactions are given in 
table 1. We present the numerical results for the inclusive processes, elastic Pue, rue 
cross sections, and elastic v-uP, vuP cross sections in figs. 1 ,2 ,  3 and 4. The elastic 
PuP, vuP cross sections are calculated in a similar way as in ref. [13], which involves 
model assumptions. We note tile following features. 

(i) The hadronic neutral current coupling to the Y boson is pure isoscalar. Com- 
pared with the WS model, this will change the prediction for I = 0 and I = 1 inter- 
ference, a quantity which can be measured experimentally [14]. The present data 
is too crude to test this. 

(it) The inclusive neutral-current neutrino cross sections remain almost the same 
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Table 1 
Values o f C  V and C A for various neutrM-current couplings of  neutrinos 

Processes C V C A 

vtae ---, v#e _½ + 2X w + 1 1 1 

u,u --" vU _ 1 + 4 ) (  I 1 1 
3 w + ~  p ~ - ~ P  

t _2 X t t l 
u d ~ v d  2 - 3  w + 2  p -'~ - 7.P 

C V and C A are defined by 

H w = x / ~ G  F ~-t,u(l - ~/5)v~j.r#(Cv + CA.,tS) qJ , 

2 2 Xw = sin2Ow, P ~ m w / m w '  . 

as the_ WS mo_del. ( B o t h  are in a g r e e m e n t  w i t h  t he  d a t a . )  E x p r e s s i n g  R v(v) = ON~) /  

OcV(~ ) a s R  v(v) = R  v(v) - A, we f ind  A = ~ ( m w / m v t  2 2 ) ( m w / m v 2  2 _ 2 X w ) ,  w h i c h  is a 

very  smal l  c o r r e c t i o n  for  m 2 ~ 4 m  2 and  X w  ~ 0 .3 .  

( i i i )  T h e  e las t ic  rue ,  ~ue cross  s ec t i ons  do  s h o w  s o m e  d e v i a t i o n  f r o m  the  WS 
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Fig. 1. The ratios of neutral-current cross sections versus charged-current cross sections for 
neutrino and ant ineutr ino reactions as functions of sin20 w (labeled beside the curves). The dif- 
ference between the prediction of this model and that of the Weinberg-Salam model is negligibly 
small for sin20w of interest, a is the ratio of the antiquark versus quark content  inside the iso- 
scalar target. The data are from ref. [ 19]. 
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Fig. 2. The elastic v#e, ~-ue cross sections as functions of sin20w (labeled beside the curves). The 
dat~i are from ref. [20]. 

model ,  if sin20w <~ 0.3 (see fig. 2). The difference begins to disappear as sin20w 

increases above 0.3. 

7 .  I m p l i c a t i o n s  f o r  ~ a n d  D m e s o n  d e c a y s  

Here is an essential test for the off-diagonal neutral-current  interact ions given by 

(4.2). 

> 

g- 

g- 
T 

w 

' ' 9 I I I 

1.0 Th,sNodel ~ 

/"-- W- S Model 

I I I I 
0.2 0.4 0.6 O B 1.0 " 

s,nTe w 

Fig. 3. The elastic vup cross section as a function of sin2Ow . The data are from ref. [21 ]. 
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c 0.2 05 0.6 ;,8 :.0 

sln2ew 

Fig. 4. The ratio of elastic g/~p versus vup cross sections as a function of sin20w . The data are 
from ref. [211. 

The dominant decay modes of  the r lepton are obviously via the charged currents, 
therefore r behaves almost like a true sequential heavy lepton. The off-diagonal neu- 
tral currents lead to r ~ e + hadron modes. As the analysis of  ref. [15] shows, in 
order to distinguish whether r is a sequential heavy lepton or an excited electron 
(ortholepton),  such decay modes have to be searched for experimentally.  

From (4.2), it is clear that r -  ~ e - ( e+e  - )  or e-(/a+/a - )  is forbidden to the 
lowest order of  weak interaction, r -  -+ e - 7  or ~t:- 7 is about the order of  a second- 
order weak process. 

The off-diagonal neutral currents (4.2) give tile following predictions. (For  definite 
ness,, assume m 2 - m 2w,~KD) ~ m2 ~ 4 m 2  " see '  sect. 3.) 

(t) The electronic and muonic branching ratios of  the r decay will not be the same. 
In fact 

F ( r - ~ e  VrVe) /F( r -~ la  p r y , ) =  l_m2--~, ! ~ 0 . 6  or 1.5. 

This is consistent with the Pluto data [8], taking mvr >- 300 MeV, and also consis- 
tent with the SPEAR data within the error bar, o(ee)/o(e/~)~ 0.57 +- 0.3 [16]. 

(ii) r decays to electron plus strange particles. We estimate the decay branching 
ratios B .R. ( r -  ~ e - K s )  and B.R.(z-  -+ e - K  *°) to be of the order 0.5% and 1-- 2%, 
respectively. They are suppressed in comparison with decays r -~ vn and z ~ vp by a 
factor ( m 2 / m  2 , )  and phase spaces. Searching for such modes requires experimentally 
large statistics. Since m(eh) = m r, these events are more or less free from charm back- 
ground. Experimental searches for these decay modes are crucial tests for the off- 
diagonal neutral-current structure. 

(iii) The corresponding predictions for D mesons are F(D ÷ ~ 7r ÷ Prve)/F(D ~ KevO 
0.07, and F(D ° ~ PrVe)/P(D -* Key O ~ 0.02, assuming the same constant form fac- 

tors for the three-body decay modes and f n  ~ f , r-With large amounts of  data, these 
modes could be searched for. Note that the 9_ff-diagonal charm-changing neutral cur- 

0 rents coupling to W(KD) do not induce D °,  D O mixing; D O D O mixing in this model 
(due to u and c mixing) is suppressed and consistent with the present experimental 
limit. 
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8. Conclusions 

The main result of this paper is the effective weak interaction Lagrangian given 
by (4.2) and (4.3). In addition to the usual SUE(2) ~ U(l) symmetry, we have pro- 
posed a new SUE(2 ) weak symmetry composed of three charge-neutral generators 
given by (3.2). (A larger subgroup of SU(4) could involve also the generators of 
(3.3).) We call this symmetry suN(2). The raising and lowering generators of the 
suN(2) group couple the recently "discovered" charmed quark and the 7" lepton to 
the known particles, whereas the third component modifies the weak neutral cur- 
rents. The latter manifests itself in the small parity-violation effect recently reported 
in atomic bismuth. A definite test will be provided by the parity-violation search in 
hydrogen in the future. Examining the neutrino data, we find that the difference 
between the predictions of this model and of tile WS model is not very big. Elastic 
Fue and rue cross section and isospin interference measurement in inclusive pro- 
cesses should provide more meaningful tests [17]. Obviously, crucial tests of the 
suN(2) symmetry lie in the sector of the 7. lepton and the charmed mesons, such 
as measuring the 7.-neutrino mass, the ratio of the r electronic and muonic branch- 
ing ratios and searching for 7- ~ e + hadrons decay modes. These are difficult exper- 
iments because the predicted effects are quite small. Nevertheless, they are doable 
experiments and we anticipate definite results in the near future. Among these, we 
feel that 7"- ~ e - K s ,  7.- -~ e - K  °° searches are the most interesting ones. 

The model predicts many new leptons. The electron family is already complete, 
i.e. ( e - ,  re, vr, 7.-). Evidence for the new members of the muon family ~ - ,  u~,, 
M °, M-)  is already being suggested experimentally [11]. Tile dominant semilep- 
tonic decay modes of M ° will involve strangeness-non-zero final states (see eq. (4.2)). 
In contrast to the r-lepton case, this is a striking prediction which can be easily 
checked experimentally. The most direct check is looking for resonances in/a-K +, 
/a-K +* invariant-mass distributions. Indirect clues could be found in the same-sign 
dimuon data. This happens v/a the production of M- ,  which decays into/a-  ~,M ° 
with M ° decaying subsequently in to/a-K ÷ , u - K  ÷ ", etc. Thus we expect the same- 
sign dimuon events to be associated with strange particles. Phenomena involving tri- 
muons are more complicated and will be discussed elsewhere, e+e - annihilation 
experiments are ideal places for searching for charged heavy leptons which decay 
into the neutral ones, including the third quartet having a new lepton number, 
which otherwise will be difficult to produce experimentally. 

Recent data from pN collision have discovered two or more resonances T(9.4), 
T'(10.0) ... [18]. This could be evidence for more heavy quarks. In this framework, 
the natural assignment of heavy quarks will be a new quartet of heavy quarks (t, b, 
h, g) *. For that matter, a different quark representation (u, d, b, t), (c, s, h, g) is 
also acceptable. The latter suggestion has been discussed in ref. [17]. 

In conclusion, we have suggested a much richer weak interaction than ordinarily 

* See the footnote on page 346. 
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pictured. In contrast to the many gauge models which have populated the literature, 
this model contains many clean predictions. Despite the fact that it may be an incor- 
rect description of  nature, one might still benefit from such a study. 

I wish to thank S. Yamada for discussions on the properties of  the r lepton which 
lead to the present assignment of  the r lepton. Thanks are due to G. Mikenberg, T. 
Kahl, G. Knies and H. Meyer for discussing the experimental feasibility of  r -+ eK s 
searches. I have benefited from the help of M. Kugler on the properties of  the 0(5)  
group, and from H. Joos, M. Krammer, A. Swift and many of  my other colleagues 
for various comments on the manuscript. 

Appendix 

The Higgs potential 

For simplicity, we consider first the most general quartic potential for two Higgs 
scalar multiplets M and N, both transforming as antisymmetric second-rank tensors 
under SU(4). We assume reflection symmetry (i.e. invariance under M -  - M  or 
N ~  -At). The potential can be written as 

P(M, N) = al Tr(MMMM) + a2 Tr(NNNN) + bi [Tr(/RM)] 2 + b2 [Tr(/VN)] 2 

+ c[Tr(MMNN) + Tr(MMNN)] + d Tr (hS/M) Tr(/VN) + el Tr(hV/N) Tr(NM) 

+ e2 [(Tr ~/N) 2 + (Tr NM) 2 ] + f l  T r ( ~ f )  + f2 Tr(,~N) (A.1) 

Let us assume that M and N have the following non-vanishing vacuum expecta- 

tion values: 

0 il G~D=, 0 0 0 

I_oOO , 

- y  0 

(N>= - 0 0 
0 0 
0 0 

We find that the extreme point of the potential corresponds to x ,  y ,  z satisfying the 

following equations: 

2a lx  2 + 4bl (x  2 + y 2 ) +  (c + 2d)z 2 + f l  = 0 ,  (A.2) 

2 a l y  2 + 4bl (X 2 +y2)  + (C + 2d)z 2 +f l  = 0 , (A.3) 

2a2z 2 + 4b2z 2 + (c + 2d)(x 2 +y2)  +/'2 = 0 . (A.4) 

From (A.2) and (A.3) one finds x 2 = y2.  The above equations can be simplified as 

(2a I + 8 b l ) x  2 + (c + 2d)z 2 +f l  = 0 , (A.5) 

(2a 2 + 4b2)z  2 + 2(c + 2d)x 2 +/'2 = 0 . (A.6) 
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Thus the vacuum expectation values are determined. The implication of  the con- 
straint x = +--y has been discussed in sect. 3. 

We have to ask next whether the extreme point of  the potential obtained above 
remains stable under small perturbations,  for otherwise the vacuum expectat ion 
values do not correspond to a minimum of  the potential  and will shift under renor- 
malization. Let M = (34) + AM and N = (N) + AN. Since the first derivatives of  the 
potential vanish at (M) and (N), we find after some algebra that 

P((M) + AM, (N) + AN)  -- P((M), (N)) = l c{Tr  la +/312 + T r i a  T +/3TI2 ) 

+ ~ d [ T r  a + Tr/312 + (al --- ~c) T r i a l  2 + (a 2 - l c )  Tr[/312 

+ (bl - ½d)lTr ~12 + (b2 -~d ) ITr /312  

+ e I ITr ")'12 +e2 [(Tr 3,) 2 + (Tr 7+)2] ,  (A.7) 

where a and/3 are hermitian matrices given by 

- ~ < M )  + qO) AM + A/i4,SM, 

/3 = AIV(N) + (/V) AN + A N A N ,  (A.8) 

3' = AM(N) + (M)AN + A/14AN. (A.9) 

The stability condit ion requires that the coefficients of  each term in (A.7) should all 
be positive, i.e. 

c,d ,  e l , e 2 > ~ O ,  

>~' > /~c ,  b ,  /> ½d, b2 ~> ~d (A.10) a I ~ ] c ,  a 2 

There obviously exists a finite range where (A.10) are satisfied. The potential  
retains its most general form and the renormalizability condit ion is satisfied. 

We can extend the same calculation to include the third multiplet L, which trans- 
forms as symmetric second-rank tensor under SU(4), and so on. 
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