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We suggest a lepton-hadron analogy based on the spontaneously broken SU(4) SU(4)
symmetry. This leads to the existence of heavy charmed particles (& 5 GeV), which
may explain the rise in the total cross section of PP scattering at E, ~ & 15 GeV.

In this paper we wish to investigate an applica-
tion of the group SU(4) in an attempt to under-
stand the fundamental similarities between the
hadrons and the leptons. ' ' For the hadrons, it
is well known' that an SU(4) symmetry scheme
offers a natural explanation of the absence of
strangeness-changing neutral currents. On the
other hand, a straightforward application of SU(4)
would predict' ' a hadron spectrum which, in ad-
dition to including a large number of low-lying
"charmed" particles, disturbs the known "good"
sum rules of SU(3). As has been suggested re-
cently, ' these bad features may be removed in a
theory in which SU(4) 43 SU(4) is realized by Gold-
stone bosons, with the vacuum invariant only un-
der SU(3). The hadron spectrum then exhibits
SU(3) multiplets. The Goldstone bosons consist
of seven scalar mesons and fifteen pseudoscalar
mesons. The first eight and the fifteenth pseudo-
scalar mesons we identify as m, K, rj, and q'(X),
while the remaining six are a triplet and antitrip-
let of charmed particles. Using a lepton-hadron

analogy we shall estimate the masses of these
charmed pseudoscalars.

As far as the hadrons are concerned, the SU(4)
C8 SU(4)-symmetry-breaking term is usually as-
sumed to transform' predominantly as a sum
of terms from the representation (4, 4*)6 (4*, J4.
The symmetry-breaking term in the Hamiltonian
will consequently be

Xgg = Qo + CR8 + dQ~5

+ "higher representations, "
which leaves isospin, hypercharge (Y), and the
fifteenth generator [(—',)' 'Z] exactly conserved.
To introduce the hadron-lepton analogy, we ex-
press K~ in terms of the hadronic quarks q=((f',
Ot, A. , 6") which transform as the basic represen-
tation of SU(4). Only the (4, 4*) $(4*, 4) terms in
R~ give rise to "mass terms" for the quarks,
so that X;~ is written as

Xss = m, @MAL

+ "higher order in quark fields, " (2)
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(3)

As was discussed elsewhere, X~, which con-
serves isospin and parity, ought to satisfy an-
other condition":

where the finite ehiral rotation W is given by

! and make the analogy 6' —v„K—v„A, —e, and
where v~ Rnd v~ Rre mixtures of v~ Rnd

v„since the neutrinos are indistinguishable as
far Rs strong and electromagnetic interactions
are concerned. Equations (6) and (9) give

(5) c = -0.008, d = —1.720. (10)

Now we assume that the leptons (p, , e, v&, v, ) (in
some order) transform as the basic representa-
tion of the same SU(4) as the hadrons, and be-
cause of the experimental fact that the muon is
much more massive than the electron, we place
the electron in the SU(3) triplet with the neu-
trinos and leave the muon as the singlet. As-
suming that a similar mechanism (from the sym-
metry point of view) is responsible for the mass-
es of both the hadron quarks and the leptons, we
choose

—&Sc/(2v&+ v3c) = m, /m „=—„', , (9)

with Q;v and Q,
~ being the vector and axial-vector

generators of SU(4) S SU(4). Condition (4) gives
the relation

1/&2+ c/ES+d/Ke = 0,

which gives SU(2) S SU(2) invariance' for the
(4, 4*) 63 (4*, 4) part of K~ and massless 6' and K
quarks. Thus, in this model the higher repre-
sentations in X~ [such as (15, 15), etc.] are nec-
essary in order to reproduce a nonvanishing pion
mass. However, since m, is indeed very small
on the hadronic scale, we shall keep only the
(4, 4*)6 (4*, J4 term in the Hamiltonian. Thus
using Eq. (6) we can write the hadronic symme-
try-br caking Hamiltonian as

Xss = —vSm, ckz+ m, (2&2+ &3c)N' +'.

pre will now estimate the parameter c in Eq. (7)
by invoking the lepton-hadron analogy. The mass
term in the lepton Hamiltonian is

Thus within this scheme both chiral SU(2) tm SU(2)
and SU(3) are good symmetries. To obtain the
masses of the pseudoscalar mesons in terms of
the parameters e and d, we use the formula'

and remember that u» as well as uo has a non
vanishing vacuum expectation value in the ehiral
limit, since the vacuum is invariant only under
SU(3). Taking the masses of K and q as input we
predict a mass of 910 MeV for the r~'(X) particle,
while the mass of the charmed triplet is around
5 GeV! Using the appropriate analog to Eq. (11)
for the charmed scalar Goldstone bosons (and as-
suming roughly the same magnitude for the de-
cay constants f), we obtain a similar value, of
the order of 5 GeV, for the scalar charmed par-
ticles. All of these heavy charmed mesons can of
course interact with uncharmed particles to form
DlRsslve charmed states. One might therefore
expect to see a vast number of heavy, charmed
states beyond energies of the order of 5 GeV.
That the masses of the charmed particles can
differ so significantly from those of the ordinary
particles is just a further consequence of realiz-
ing SU(4) with Goldstone bosons.

Experimentally, the most direct test of our
ideas would be the search for these charmed
particles —wIlassive states with only weak decay
modes into ordinary, uncharmed particles. Less
directly, we may observe pair production of
these heavy particles which represents the onset
of many new channels when the center-of-mass
energy reaches a value of the order of 10 GeV.
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Since the total cross sections of uncharmed-par-
ticle scattering have reached a plateau below
this energy, it is conceivable that a rise in the
total cross section should start for center-of-
mass energies around 10 GeV, signifying the
opening up of new processes, Recently, the in-
tersecting-storage-rings experiments at CERN
seem to indicate an upturn of the proton-proton
total cross section at about 15 GeV. ' Needless
to say, the copious pair production of charmed
particles would fit these experiments rather
nicely. Quantitively, we may expect that the
production cross section of charmed particles
is comparable with that of strange particles. At

E, = 4 GeV, which is only about 1.5 GeV above
the strange-particle threshold, the total cross
section of pp into strange particles =2 mb. " A
similar situation for charmed-particle produc-
tion would give a nice explanation of the data for
pp total cross sections above 15 GeV.

We proceed further with the lepton-hadron sym-
metry by investigating the electromagnetic and
weak currents. In order to implement the analo-
gy we shall require that the hadronic quarks
have the same charge spectrum as the leptons,
namely 0, 0, —1, and —1. The physical mesons
and baryons we take to be qq and qqq, respec-
tively, which implies that the 6' quark is un-
charged and that the hadronic quarks have unit
baryon number. These requirements together
with the usual SU(3) considerations fix the had-
ronic charge operator".

Q„are the 4x 4 matrices representing the charge
operators:

0 0 0 0
0 —1 0 0

Q"=o o -1 o
0 0 0 0

0 0
0 0
0 0
0 0

0 0

o
. (16)

0 —I

Then

Q, =RQ„R

where R is an SU(4) rotation whose 4x 4 repre-
sentation can be chosen as

0 0 0 I
1 0 0 0
0 1 0 0
0 0 1 0

j "(hadron) =qW„y "(1—y, )q,

j "(lepton) =fW,y"(1 —y, )l, (2o)

where 5'„and W, are again 4& 4 matrices. The
weak interaction chooses the physical neutrinos
as a mixture of v, and v, :

cosH sinH v,

, v, —sinH cosH v,
(21)

This is clearly unique only up to rotations in the
(e, g) and (v„v,) subspaces, but these are unmea-
surable phases. Next consider the weak currents:

Q =I, + —'Y —-'Z —'F, —
2 g 2 (12) therefore lV, can be written as

where E is the generator of a U(l) group which
commutes with SU(4) S SU(4), and which must
take the value 1 for the hadronic quarks. We
shall take I' to be the fermion number,

(13)

0 0 0 0
0 0 0 0

—sin& cosH 0 0
cos H sinH 0 0

(22)

j, "(ha dron) = q Q„y "q,

j, (lepton) = fQ, y"f,

(14)

(15)

where q =(O', K, A, 6"), l =(v„v„e, p), and Q, and

(where B and I refer to baryon and lepton num-

ber), so that formula is exactly correct for the
hadrons and yields the correct charge spectrum
for the leptons. To assign the correct charge
to each individual lepton, however, we must
perform an SU(4) rotation on Q„, in order to ob-
tain the lepton charge operator Q, . Explicitly,
write the electromagnetic currents of the leptons
and hadrons as

Now it is clear that the same SU(4) rotation R
which relates the hadronic and leptonic electro-
magnetic currents, also relates the ueak cur-
rents:

coscosH
sinH

0

0 0 0
0 o —sinH = 8',
0 o cosH
0 0 0

(23)

which does indeed give the correct SU(3) weak
hadronic current, when we identify the neutrino
mixing angle 0 with the Cabibbo angle. Besides
this, the full SU(4) weak hadronic current sug-
gested here avoids the undesirable strangeness-
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changing neutral currents, since

—1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 —1

(24)
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To conclude, a lepton-hadron analogy within
an SU(4) scheme with a vacuum only SU(3) in-
variant gives very heavy charmed particles
(~ 5 GeV) which may explain the rise in total
cross sections at center-of-mass energies high-
er than 10 GeV. Also a relationship between
weak and electromagnetic currents is suggested
by this analalogy which predicts first the V- A
structure for the weak hadronic current (since
the 6' and Ot quarks are massless in this scheme),
secondly the correct SU(3) Cabibbo structure of
this current, and finally avoids neutral strange-
ness-changing currents.
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