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ABSTRACT

A systematic discussion of the phenomenology of charmed particles
is presented with an eye to experimental searches for these states.
We begin with an attempt to clarify the theoretical framework for charm.
We then discuss the SU{4) spectroscopy of the lowest lying baryon and
meson states, their masses, decay modes, lifetimes and various
production mechanisms. We also present a brief discussion of searches
for short-lived tracks. Our discussion is largely based on intuition
gained from the familiar -- but not necessarily understood -- phenomenology
of known hadrons, and predictions must be interpreted only as guidelines

for experimenters.
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1. PROLOGUE

Both theoretical developmentsJ1 in the study of spontaneously
broken gauge theories and the experimental observation2 of neutral
currents point in the direction of a unified, renormalizable theory of
weak interactions. However, other ingredients are necessary for the
successful realization of such a theory; one possibility involves a fourth
"charmed" quark, 3 implying the existence of a new spectrum of hadron
states,

Let us review the current status of the theoretical background
on charmed particles. In order to present conflicting views (which
exist even among ourselves), we shall utilize a fictitious dialogue

between two researchers -- an enthusiast and a devil's advocate.

A So if one adopts the view that the Weinberg-Salam moclsa-l4 is
essentially correct, a viewpoint consonant with the observations of
neutral current effects at various laboratoriesz, then one seems to be
driven to the conclusion that some new degrees of freedom--new fields--
must be present in the theory, in order to accommodate the absence of
strangeness -changing neutral current. I understand that a four-quark
scheme will do, Please explain this to me.

B: Forget about the strong interactions for the moment, and consider
weak and electromagnetic interactions as manifestations of a single

"weak' force. Then all fields are characterized by weak isospin and
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weak hypercharge. The world consists of four left-handed

isodoublets:
v o v u c
| e
- = - S »
b e L /g, L

and the right handed fields are isosinglets. Leptons and hadrons are
distinguished by their weak hypercharge. When Higgs couplings are
turned off, all these fields are massless and couple to massless vector
bosons: a triplet which couples to weak isospin and a singlet which
couples to weak hypercharge. Don't you agree that this picture is more
appealing than the old one with only one quark isodoublet (u,d”)and one
leftover quark (8“) which doesn't couple at all to charged vector bosons?
A Perhaps. But you're not talking about the real world yet. Once
you put in Higgs couplings and strong interactions, you break all that
symmetry anyway. Don't you have to arrange things in an artificial

way to get strangeness changing charged currents but not neutral ones ?
B: Notreally, if you accept the conservation of electric charge as
fundamental, Strangeness changing couplings arise because the states
with well-defined masses are not the eigenstates of the weak interactions.
Masses arise from Higgs couplings which can also mix fields with the
same electric charge: c<—u, S +«—>d. There are reallytwo Cabibbo
angles, but one of them is not observable, since nothing changes if we

mix ¢, u and s,d by the same amount, By convention, we speak of 5,d
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mixing., Neutral currents are diagonal in the fields u,d, c and s. Since
d” and s © have the same weak quantum numbers, they always appear
in neutral currents in the combination s’s” +d”d” which is invariant
under the Cabibbo rotation.

A: But why should the Higgs mesons pick on quarks? Why don't they
mix e and p?

B: They might, but you'll never know it, as long as the neutrin

remain massless. By definition, vy is the neutrino that couples to the
physical electron.

A What do the strong interactions do? Are you really led to an

SU(4) symmetry?

B: Renormalization of the weak interactions requires that the strong
interactions be invariant under the weak gauge group (u «—=~d4”, ¢ <—=87),
It turns out that they are also invariant under strong isospin fu<-d).
Putting all these symmetries together, you are led to SU{4) invariant
couplings. SU(4)is, of course, broken by the masses.

A: Nevertheless, your lepton-hadron symmetry is broken by strong
interactions. And what about color.?

B: Perhaps color should be regarded as an extra degree of freedom
for quarks which allows them to couple to color gauge bosons, giving
rise to strong interactions, An overall symmetry may emerge in a

larger scheme; Georgi and Glashow (1974)have recently discovered that the

weak gauge group, together with color, can be accommeodated in an
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SU(5) gauge group;Pati and Salam (1974)proposed another scheme in which
hadrons and leptons are placed in a common multiplet.

A I see. But why do you advocate the four-quark scheme? After
all, aren't there other schemes which dispense with the fourth

quark?

B: Yes, for example, the Berkeley M-meson model5 postulates a large
number of scalar mesons which carry both hadronic and leptonic
characteristics. To me, the M-meson dynamics needed to accomplish
suppression of the strangeness changing neutral current appears
extremely arbitrary and unaesthetic. Besides you recall Weinberg's
remark that the suppression of parity- and strangeness-violations to
order ¢ is "unnatural" in theories such as this. Furthermore, models
of this type do not seem to lead naturally to an eventual unification of
leptons and hadrons. Other models can be constructed, but something
is always artificial in them=- -

A Well, we seem to be talking about aesthetics, rather than physics
substance, By the way, can't you make the fourth quark -- charm, as
you call it -- very massive, so that its existence doesn't matter at
energies we are, and are likely!'to be, accustomed to?

B: No, I am afraid not. Clues on the mass of charmed quark come
from the study of strangeness changing second-order weak processes,
such as KL - p}:., K+ - TI‘+V;) and the K_K_ mass difference, As you

LS

know, in a gauge theory of weak and electromagnetic interactions, the
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. <. 1 -
magnitude of a second oerder weak amplitude is in general GFQ, so in

order to explain,for example, the observed magnitude of the KL > U

amplitude which is of order G az, we need a suppression mechanism,

F
It is gratifying that in the Weinberg-Salam model the charmed quark,
which was invented to remove first order strangeness changing neutral
current effects, suppresses higher order effects as well.

A Does this mean then that if the charmed quark were degenerate in
mass with the usual quarks, there would be no strangeness-changing
neutral current effects in any order ?

B: Precisely. In any case, in the four-quark version of the Weinberg-

Salam model the magnitudes of the processes mentioned earlier are all

2
W

2

2 2 . 2
= GFamc/m assuming m__ >> m >> m ,

2 2
of order GFa (mc m, M m -

W
where m and m are the masses of the ¢~ and u-quarks.
A: So you should be able to make an estimate of m from the known
rates of the aforementioned processes?

. 10 -1
B: Yes, The known KLKS mass difference of 0,54 x 10  thsec
implies m of about a few GeV, except that ...,
A Except what? Pray go on,
B: Well, in the case of KL-—> pﬁ, something extraordinary happens.
There are two mechanisms for this decay in second order, One is
~ Z = up . It turns out that

+ - -
through K. = W W = pu, the other K

L L

these two diagrams cancel exactly to order GFo: mi/msv . S0 it seems
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that the amplitude for K, — }.L;L is o order G a'z independently of m ..

L F

A: Hm! That's very interesting. But isn't the cancellation you

referred to very sensitive to the way you treat strong interactions ?

B: Perhaps. What I have said is based on the calculations of Gaillard
and Lee,7 who deduced the operator for x + n - Bt }—.'l. in a free quark
model, and then estimated the matrix element of the operator between

the K, and vacuum states using PCAC., Recently Joglekar{1974) consfructed
a renormalizable phenomenological model of SU(4) pseudoscalar mesons
coupled to Weinberg-Salam gauge bosons, He computed the KL - up

decay in this model, and found again that this amplitude vanishes to

order GF o mz'/m Here mc is the mean mass of the charmed

W
pseudo-scalar mesgons,

A That's very intriguing. I I may backtrack, it seems to me an
estimate for KO - f{o based on a free quark model is less reliable

than that for K~ up . The point is that for K <~ K,, one should also
worry about (W+W- + hadrons ) as well as the W+W- intermediate states.
So if you discard the quark model calculation for the KLKS mass difference
as being unreliable, then there seems to be no need for a small charmed
quark mass. Isn'tthat right?

B: In a way, yes. But it is hard to imagine that the quark model
calculation of the KLKS mass difference is misleading even as to the

order of magnitude. Secondly, in the absence of a symmetry argument,

the canc=llation of the KL -+ |-.LFI. amplitude appears purely fortuitous, so
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when strong interactions are taken into account, some suppression of
this amplitude may in any case be necessary.
+ + -
A By the way, how about K —~m vv?
+ -
B: A good question, For this process, the W W and Z exchange
diagrams do not cancel, and the order of magnitude of the amplitude is

Me N\ e \ L,
A {L‘GFO((‘—C'_"‘ ) ﬂﬂt(%:,,)iw 90.

38 GeV

in Joglekar's calculation. Here m is the average mass of the charmed

pseudo scalar mesons. Unfortunately the present upper bound on this rate,
+ + - -+ -f

T(K - mvw)T(K —all) <0.6 x 10 ~ (Cable, etal,, 1974), implies only a

suppression of order ozz with respect to the allowed three-body decay:

PR =TT/ (K = e ev) < 107%.

In other words, (mc/ 38 GreV)2 < 1, which is not too useful,

A: I see. In that case, an improvement of the bound by an order of
magnitude or two, short of setting a rate for this process, seems highly
desirable.

B: I agree with you completely there.

A: I would think it worthwhile to study the spectroscopy, decay modes
and production mechanisms of the charmed particles, assuming their
masses are within reach at Fermilab, Super CERN and ISR, or at the
next generation of accelerators like PEP, etc., even though I personally

am not convinced of their existence.
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B: Thanks, that's precisely what I am working on novv.8

In the following, we shall interpret ''charmed particles' in the
narrow sense -- these are particles associated with the fourth quark
introduced by Bjorken, Glashow, Iliopoulos and Maiani? and incorporated
into the Weinberg-Salam model to banish strangeness-changing neutral
currents. In Secs. 2 and 3, we discuss energy levels of low~lying
mesonic and baryonic charmed states based on SU(4) - considerations.
Sections 4 and 5 deal with, respectively, decay modes and production
mechanisms of these particles.8 Section 6 deals with the possible
detection of low-mass charmed particles via their tracks, particularly

in emulsions. Section 7 contains a summary and conclusions.
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2. SPECTROSCOPY

We shall extend notions of the color triplet quark model of hadrons
to the case of four quarks; u, d, s and the charmed c. (Fig. 1a). According
to this model, the ground state baryons (JP= 1/ 2 +) are bound states of
three quarks, completely antisymmetric in their color indices, and
symmetric under the simultaneous interchange of spin and quark labels
of any pair. Those states containing only uncharmed quarks u, d and s
form the familiar octet of (1/ 2)+ baryons, Baryon states containing only
one charmed quark ¢ may be either symmetric or antisymmetric in the
remaining two ordinary quarks, There are altogether six and three such
states, respectively. These states carry the charm quantum number
C=+1,

Baryon states with two charmed quarks contain one of the ordinary
quarks. That is, there is a triplet of 1/2+ paryons with C = + 2, These
states are listed in Table I,

There are altogether 20 states of 1/ 2" baryons. They form an

9. They form a truncated tetrahadron

irreducible representation 20 of SU(4).
in the three dimensional plot of 13, Y and C (weight diagram) [ see
Fig. 1b]. The truncated tetrahedron has four hexagonal faces, each

representing an octet of baryons which transforms irreducibly under an

SU(3) subgroup of SU(4), acting on a set of three (out of four ) quarks,

:l: -
Thus, the ordinary baryons, p,n, A2’ 0, ED‘ form an octet under the
SU(3) acting on u, d and s; the baryons, p,n, CT' R Ci 0’ CS, X++ .
u



-11- FERMILAB-Pub-74/86-THY

X;, for example, form an octet of SU(3}acting on u,d and ¢. This
observation turns out to be useful in deducing the (GA/ GV) ratios for
weak semileptonic transition from an ordinary nucleon to a charmed
baryon (see Sec. 5.2 and Fig, 4),

An inequivalent 20“ of SU(4) may be found by symmetrizing the
three-quark system in SU(4) indices. The weight diagram of this
representation (to which one may expect the 3/ ZJr baryons to belong) is
a tetrahedron. A three-quark system can also belong to a :{:: of SU(4)
(whose weight diagram is an inverted tetrahedron), but this multiplet
is not expected to occur in the ground state baryons and will not be
discussed further,

In this picture mesonic states are formed as bound states of a
guark and an antiquark, and we are led to consider 15-plets and
singlets of mesons of SU(4). A {5-plet of mesons consists of the usual
octet and singletof SU(3) with C = 0, 3 and 3 which carry C = + 1 and
-1, respectively., 15-plet singlet [of SU(4)] mixing, as well as octet-
singlet mixing of SU(3), depend on the nature of SU(4} breaking., This
matter will be discussed at some length in the next section under a set
of well-defined dynamical assumptions and what we know about spectro-
scopy of ordinary 0 and 1 mesons. We list these mesons in Tables II
and IIT; the quark content assignments to neutral mesons, n, n*, n (';;
w, ¢, q&c are approximate, and motivated in Sec. 3. Figure 1c shows

the weight diagram of the singlet + 15 - plet of SU(4), containing the

pseudoscalar mesons.,
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TABLE I

+
Charmed 1/2 Baryon States

Label Quark Content Isospin Strangeness
++
C cuu 1
i
+
C c(ud) T=4, T =k S=0
1 sym Z
0
C1 cdd -1
o’ (ud) T =0 0
clu =
0 anti
+
S c(su) 3
o ST T=3, T, = -1
S c(sd) -3
sym
+
A c(su) b 3
5 anti T = _;_ , TZ - -1
A d -4
c8d) nti 2
0
T css T =0 -2
++ 1
a ccu 3
+ T=%, T = 0
X, ced -
+
Xs ces T =0 -1
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TABLE II

Charmed 0 B Mesons

ed 1
T=%,T = : S=0
_ z .
cu -3
cs T =0 ; S =+1
1 - 3 o — - —_—
Ug'-{uu"i-dd— 2ss), T =0 ; S=0
-;—(u1-1+da+s§+cc—:), T =0 . S =0
,\f"%(ut-1+da+s;-3c;:) T =0 ; S=0
- 1
cu 3
T=3,T = : S8=0
- - .
cd -3
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TABLE III

Charmed 1 Mesons
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3. MASSES OF CHARMED HADRQONS

3.1 The Nature of SU(4) Symmetry Breaking

In the spontaneously broken gauge theory considered here, strong
interactions must be invariant under the group U(4) & U(4), except for

quark mass terms :
_ o g g =M, U, Fl Uy P U,
&‘lﬂdss - ZM‘ i‘i‘ 6o &8 e (3.1)
‘

where My o g are linear combinations of the mi’ and

sz = ?‘)d i .
The )\a are 4 x 4 generalizations of the familiar SU(3) matrices; in

particular:

L] 1 ! |
| 1 A
. : . A - — ( 1

The form of SU(4) breaking is thus severely restricted, and we
may exploit this property in order to gain some insight into the expected
masgs spectrum of charmed states, We wish to emphasize however that:

a) mass relations derived to lowest order in SU(4) breaking are
expected to be much more badly violated than those of SU(3). Neverthe-
less, they may serve as a useful guide in guessing, for example, whether
or not a particular state will decay strongly into a lower mass charmed
state;

b} our predictions are semi-empirical in that we base our
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intuition on the successes of SU(3). An example is the assumption of
guadratic mass relations for mesons and linear relations for baryons,
The Hamiltonian density (3. 1) may be treated perturbatively on
three different levels.
1) SU(4) symmetry breaking. Simple group theoretical arguments
allow us to relate the mass of any charmed hadron to the masses of
uncharmed states in the same SU(4) multiplet in terms of a single

unknown parameter: {(m 1 5/ mg ) or, equivalently,

R = (m -mu)/(mS -mu} (3.2)

2) SU(4) @ SU(4) breaking., To lowest order in chiral SU(4)
breaking, the matrix elements of u (5U(4) singlet) are related to the

matrix elements of u_ and u 15 (15-plet). In general, there is an

8

additional contribution to hadron masses arising from the chiral invariant

part of the Hamiltonian; for this reason no additional constraints are

obtained except for the pseudoscalar mesons. Pseudoscalar masses

are assumed to arise only from the mass term (3. 1), and their smallness

presumably reflects the smallness of quark masses on a hadronic scale,

This picture is supported by the success of sroft pion theorems; low

quark masses are also suggested by an analysis of the decay KL —- Yy,7
3) U{4)© U(4) breaking., One may also attempt to treat the full

symmetry breaking perturbatively. The mass and mixing angle of the

SU(4) singlet pseudoscalar are then related to the masses of the 15-plet
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pseudoscalars. The solution of the relevant equations leads to the
prediction of an I = Y = 0 pseudoscalar whose mass satisfies the

inequality (Weinberg, 1974b):
o S V3 My

This prediction, which is in flat contradiction with experiment, is
independent of the existence of charm. The failure of a perturbative
treatment in this case is an outstanding problem of the ’(:heory.10 Here
we simply regard it as an empirical result that the breaking of chiral
U(4) cannot be treated perturbatively.
To lowest order in chiral SU{4) breaking, pseudoscalar meson
masses satisfytherelations(Gell-Mann, etal., 1968, Glashow and Weinberg, 1968 ):
miomy My 7

-~ .

Vmcf fmw m::n’lu My vMy, Mg+ m&'

(3.3)

which directly relate the scale of charmed hadron masses to quark
masses. In particular, if m =m, we must have

g, =M, X mgs25 & T,

7
The estimate m < 1.5 GeV, together with a lower limit on the u
quark mass would provide an upper bound on the charmed particle

mass scale. For example, if we assume only that the u and d guarks

are heavier than the electron we obfain [ see Eq. (3. 2)] .

R < 120,

mp < 5.5 GeV .
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One appealing possibility is that since quark and lepton masses arise
from the same mechanism -- coupling to Higgs scalars -- their masses

may be related (Dittner, et al., 1973; Eliezer, 1974). If

2
)
1

m/m = 1/200
e p

we obtain:

R = 8, sz '1.4G6V.

These values are, of course, purely speculative since even if the chiral
SU(4) relation, Eq. (3.3)is approximately valid, we have no real
information on quark masses, However, a lower bound of about 1.5
GeV for charmed hadrons can probably be inferred from the fact that
their tracks have not been observed (see Sec, 6), On the other hand,

if the mass scale of charmed hadrons is greater than, say, 10 GeV,

it becomes difficult to understand the very strong suppression of induced
strangeness changing neutral currents and of [AS [ = 2 transitions,

We shall take as a reasonable range:

8= R = 100
which corresponds to (approximately!)

1,4 GeV <m_ <5 GeV

D

for the lowest pseudoscalar state and (see below)

2.4 GeV < mCO

<19 GeV
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for the lowest baryon state. In the remainder of this section we shall
display SU(4) mass formulae for baryons and mesons as a function of
the scale parameter R, There is also the possibility, of course, that
the calculation of the charmed quark massT does not constrain
charmed particle masses. Nonetheless, we would regard the absence
of any charmed particle below 10 GeV as a serious argument against
such a scheme,

3.2 Pseudoscalar Mesons

To lowest order in the SU(4) symmetry breaking term (3. 1), the

meson masses may be described by an effective Lagrangian of the form:

fmass :./L(.O(Tr,n’)l +/"1Tr(rﬁl) +
LT (@A) + ) (T T

(3.4)

where ﬁ is the 4 x 4 matrix representation of the pseudoscalar states
(15-plet plus singlet) and A is a traceless diagonal matrix with two
independent elements: m_-m,m, -m. There are five independent
parameters in expression (3.4): p, , the "mean' meson mass; Mo, Which
separates the SU(4) singlet from the 15-plet; c:z(mS - mu) and cv(mC - mu)
which determine the mass shifts of strange and charmed states,

respectively; and

Y= Bla (3.5)

which determines the singlet-15-plet mixing. In group theoretical
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language, these five parameters correspond to four independent reduced

matrix elements:
<14 ]] 1 1] 4>, <as5]] 4[] 15>, <15][15[]15>, <1[|45]]15>

and the mass difference ratio R [ Eq. (3,2)].

Since four independent masses (w, n, K, XO) are known from
experiment, we may eliminate four parameters and express the remaining
masses in terms of the scale parameter R.

For states which do not mix with the SU{4} singlet we obtain:

[a¥ ]

m —mz=mz-m2 =R(m2
D T F K K

-m?) . (3. 6)
Now consider the mixing of I =Y = 0 states (n,n” and T}; in Table I1}.
There are two values of the mixing parameter y which are of particular
physical inferest.

a) The value y = 0 separates states according to the masses of
their constituents in the limit o - 0, For finite o but R >> 1, this
choice effectively separates out the (Ec) state which becomes much heavier
than the others. However, fixing v also fixes the SU(3) octet-singlet mixing
as a function of pseudoscalar meson masses, and the choice y ~ 0 does
not allow a fit to the observed masses [ n{549)and r *(958)].

b) The value y = - -;- separates the SU(4) singlet (n* = Tr /| )

from the 15-plet. The n, nc' mixing is then determined to be very

small:
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112y
le=>", €7
¢ a2z /R <« 1

for R 2 8. The ?‘I; mass is given (to order EZ by ):

2 2 3 1 2 2 3 2
= + —{R + — - ~ —
mn; m_ 2( 3 )(mK m_") > 5 mp (3.7)

If we now wish to account for the deviation of the n mass from the Gell-
Mann-Qkubo relation
m2 = (4m2 - mz)/3
1 K T
by a small n,n ~ and/or n,n ; mixing, we may allow
1
+ = = . .
Yyt 5= 25%0

Then we obtain to lowest order in the mixing:

L
my -—mw)
?;_ ?t + SIJ ?J ( W;"‘" m:—
with
E47' 7 73 5 e =2 /3,

Erg. = -GBS (R-%) /2.
The mixing parameter § is determined as a function of the physical

masses by:

1 \-
m® ] (m.i -y )
— -2 -——

3 (mS-mg) N dwmg -my
3 UL
2 (mr-m2) 3 3 (m? -my)
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Positivity of 6 2 requires:
2
. > O MeV.
m’Zﬁ ~ 930 M

A priori one could identify nc’ with the observed state at 958 MeV, in
which case the SU(4) singlet is unmixed (6 ~ 0)and need not even exist,
This is the solution originally discussed by Bjorken and Glashow(1964),
however, the masses in Eq. (3.7) are then determined to be unacceptably
low. For R > 8, the n, nc’ mixing becomes negligible, and the n,n~
mixing reduces to the usual treatment.

3.3 Vector Mesons

The treatment for vector mesons is similar to that for pseudoscalars,
with the masses again described by a phenomonological Lagrangian of

the form {3.4). However, in this case, the solution chosen by nature is

so that states separate according to their heavy quark content as indicated

in Table III. The SU{4) mass relations are:

2 z . 1 { 2 ~ ks _ an T _ F
mb* _m,f’ ':’ml:‘_m\’\‘ = —i(mq& h’l(‘,) Fp\(‘mr\“ YY\(,). (3.8)

3.4 Spin 1/2 Baryons

The masses of the ground state baryon multiplet (Table 1), depend
on three reduced matrix elements: One for the SU(4) singlet operator
and two for the 15 operator, corresponding to symmetric (d)and anti-

symmetric (f) couplings. The values of these paramefers can be
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inferred from the known baryon masses, and the following relations

are obtained,

_ 3m, + Mg ;

Mg -my = Mo = =g - (2TE) - Rimg -me),
- - _[3msam )
e, =M =M (__5;_____:\): Rim,-m.)

“ (3.9)

My ~Mp=my —my = R{Mz -mp),

In the above relations we have neglected the mixing of Sand A
which arises from SU(3) breaking. This effect is in fact negligible
since SU(3) breaking is very small on the charm mass scale. If
Bg and B6 denote states which transform according to irreducible

representations of SU(3), the physical states are:
S = Bb -~ E.’B:g‘
¢ v (4R-2)" < 0.03

for R = 8. The effect of the mixing on the masses is second order in
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4. DECAYS OF CHARMED PARTICLES

4,1, Mesons -- Leptonic Decays

Leptonic decays of charmed mesons can be estimated with some
confidence since the structure of the hadronic charged current is given

by the Weinberg-Salam theory:

Jc "ﬁ)ﬁ(’*ﬁ’)(déos@a +s inc )

F
457&[1~TK,—)[~J§@9¢ + g casb, ) (4. 1)

In the following discussion we shall neglect form factors, although they
may have more rapid variation than in the case of K decay. This is
due to the fact that the vector-pseudoscalar mass splitting is expected
to be smaller for charmed particles. Then, for example in the decay

2. 2 2 2

2
- i < -
D g ) with 049 = (mD mK)

p 'm

D-- Kfv a form factor f(qz) = m
could lead to an appreciable enhancement with respect to the estimate
given below.

An important selection rule emerges from the structure of the

charm-changing current in (4. 1);

AQ = AC =4S, Al=0, with  c¢osE.  in amﬂo/;f&(f"

or (4.2)
AG = AC, AS=o0, ALS o with $in& ia ampls Lude
- A

The dominant decay modes (~ cosBC) are represented schematically in

Fig. 2a.
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4,1.1 Two-body decays. These are analogous to the Kﬂ 5 decays.
We define fD and fF by
el 4 - . .
<ol JEUDUYN= ifyq, sinb
(4. 3)

Lol JOFTegD> = -y g 20sBe

If the SU(4) symmetry is not spontaneously broken, we expect that

A T PR o

Thus we obtain

\q(b*-ﬂ—hv}\*uz ~ km)
, My

ST ) (4. 4)
and
D) (FE) el 6
MK =p)
With T(K - p v) = 0.5 X 10° sec™ , we predict
PUD =y Y x B %)K 10% sec-!
(4. 5)

q
M (Frops) “ o.ﬂ%)ﬂG gec !

+ 0 +
4,1.2. Three-body decays. Anexampleis D - K £ v , which

-+
is analogous to KO -7 e v , To the extent that the lepton mass is
negligible in comparison to the Q-value, we may neglect the second form
factor f . Assuming the f+ form factors are approximately constant

and are equal for the D, , and KE decays, we have

3
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rept = R4t me ¥ £ g,
P (K® = - et») M Foxgd (4. 6)

where

‘F(?‘E):‘ 1-9x?+ g x ~-xF ~ 0% x? fnX

'XD: (“\K/m_o) &V\A ’XK T(_m'\\‘/“\’l’s)

For m__ = 1.5 GeV, we have x_ = x_; for mD - o , the ratio f(xD)/f(xK)

D D K
is about 2,
] 0 - + 7 -2
Since T'(K = 1 e v) = I‘(KL - mey) = 10 sec , we expect

T s Reh) = T > KA 0)

(4.7)

n 0.5 (mg/Gev ) *\0° sec!

Thus for M = 2 GeV and for two kinds of leptons u, e, we expect
~ s o VES. ) e 0” iy
i(';b-—-»\(/wv and Kleww) & 3« Qe

'

In addition, there are decays into nonstrange final states, such as

D.Jr = TTO|J.+V . These decays, however, are suppressed by a factor
tan2 BC = 0.05 conpared to decays into K mesons.
Three-body semileptonic decays of the F+ mesons are more complex,
The main decay modes are
Ft— +,0 L)
> X0 ft 4w

P Ko +jl++.u
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Presumably, the first decay mode is the most important one, and we

estimate

PRrsgl's)
M (K, >pew) 9

ect’e, L’ﬂf )5— (4. 8)

or

P(,F'-affu*y and 780}) ~ '7*(”1\:/@«\/)6* (0 gec !

4,1.3, Multipion decays. In addition to the decays discussed above,

there will be decays in which hadronic final states contain many pions,

such as

—

D = Krnw +4Y +»

If the mass of the charmed meson in question is large enough, one expects
the decays into multipion final states to occupy a significant fraction of
the total rate. However, there is a reason to think that perhaps multipion
decays are less frequent than one would guess at first. This is that in

the soft pion limit of any of the final state pions, the amplitude vanishes:

ﬁi“o <R MRV TELU-K) el D7D

‘..

}:—Ew <E Ve \\_§y}“ (1"-6/5’)6/ ng]‘ Do>

fl
G

where Q‘; is the chiral charge with isospin index o .

4,1.4, Inclusive semi-leptonic estimate., We view semileptonic
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decays of a charmed particle as occuring due to the elementary processes
c—s+ £ * +v,c—>d+{ Ty v, followed by deexcitation of the remnant

of the hadronic matter which results from replacing the initial charmed
quark by either s or d. If we sum over all final states, the rate of
semileptonic decays should be given essentially by the elementary process,
provided that the mass of the charmed quark is sufficiently large so that

the hadronic state which follows lepton-pair emission has a 100% probability
to decay into stable hadrons. If this is true, then the total semileptonic
decay rate of a charmed particle is given by the same formula as for

p~decay:

? &
G e

Ftutal (Gl&axm — Qo l'\aA\rons) = TS (4. 9)

where m_ is the mass of the c-quark, In feotnete 7, the value

m_ = 1.5 GeV was suggested. This implies (for summing over leptons)

) 12
r:total(c}\a”" -ﬁiv -f\ﬂo.civcv\s) o~ 10 Seg¢ (4. 10}

A similar estimate can be made on the total nonleptonic decay
rate of a charmed particle (see Sec. 4.2.1., below)}; we find that in this

simple-minded model

P'totﬂ..ﬂ. Cekarw —_— Q\J + k&&rcﬂs) ~ ata“zec: “ g(?c

—

rfuto\l (chavw — hadvows)
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4,2, Mesons - Nonleptonic

To lowest order nonleptonic decays of charmed particles are

induced by a term in the current x current interaction:

%‘v = E’cw‘&{ﬁﬁ.“*ﬁ-)d T U-4)e +he (4. 11)
+ @(tme’&) }

While we do know the form of the interaction responsible for charmed
particle decays, we are not in a position to predict their decays reliably,
since doing so would entail complete command of hadron dynamics. So
the following discussion should only be considered as an educated guess,
We know that some sort of enhancement is necessary to account
for the magnitude of nonleptonic decays of ordinary hadrons, and, in
particular, the AI = 1 (or octet) rule. According to results of Gaillard
and Lee {1974b) and of Altarelli and Maiani (1974), such an enhancement can
arise in color quark models as a renormalization effect due to color gluen
exchange. We may extend this argument to the charm decay interaction
(4.11) and find that charm decays should also be enhanced, to the same
extent as the enhancement of the Al = + part of strange particle decays.

Thus, we find that the effective operators responsaible for charm particle

decays are bigger by cos Qc than that for strange particle decays. With
this in mind, we shall make several guesses,

4.2.1. Quark Model. The total width of a charmed meson must
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be proportional to (AGFCOSZQC)Z where A is the enhancement factor
alluded to. From phenomenological analyses of nonleptonic decays of
ordinary hadrons, we estimate A cos Gcsin GC = 1,

Now consider a charmed particle as a collection of quarks confined
in a finite space region by any one of the mechanisms recently proposed.H
The nonleptonic decay of this state will be triggered by the process
c~s+u+d followed by breakup of the confinement (bag) into many
stable hadrons. If the geometrical size of the bag is suificiently large
compared to the wavelengths of the final state quarks, so that the
density of available final states is nearly equal to the case of a "free"
charmed quark decay, the total rate of nonleptonic decays of a charmed
particle is given by the rate of the elementary process c—~s +u + d.

If the mass of c is much bigger than those of the other quarks, the rate

for the latter is given by the same formula as for p-decay:

r 1 (charm — hadrons) =

2 5
tota (GFA caos GC) m

i96n3

5
m _
18(—-—-) T{p—=evv)
"

1t

I
2
o
\-—/m
X
(5
O .
w
@
g
1
[

where m_ is the mass of the charmed quark. Assuming m, = 1.5 GeV

as suggested by Gaillard and Lee (1974a), we guess that
13 -
rtotal (charm -» hadrons) =~ 10 sec i,

Just as f-values of B transitions of nuclei vary widely the total

decay rates of charmed particles may vary from the above estimate by
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as much as a few orders o magnitude either way. (The same remark

applies to the estimate of the total leptonic rates of Sec. 4.1.4. )

4,2,2. A specific two-body final state Let us consider, as an

. . 0 - + . .
illustration, the process D - K + 1 . We estimate the amplitude of

this decay by the following approximation:
T Th) 2

G cotoe < U1 - )d o> (k) EH¥)e b2

N
i s
= —G,-_'-:Colig} famg -
¥
Thus \
1 \ z 2 1- .
M=k rr) dmy & Ge cot’6, fr My Tr

2023 { T
= GF 1[1 Mo 3am cot &

3 11 -
e 61(\‘“5/69\() <10 sec

so we expect, for mD = 2 GeV
hm - Il W.ra -
M war) 25107 sec

in contrast to

Note that the above formula scales only as MD3 .

+ +

the semileptonic rate for D - KOE v estimated above which scales as
5 . .

mp . For very large MD, as will be shown below, the multi-pion final

states are extremely important in nonleptonic decays, and one thus can

5
expect a comparable M

D scaling for nonleptonic decays as well.

An exception to the general enhancement rule may occur when the
nonleptonic decay leads to an exotic final state, as in the case of the

4 +
cos BC decay of the D :
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wherem =1, 2, .
. . * = 0
We have seen such behavior in the decays K — 7 7 , where the =w
system must have 1= 2. Such decays seem to lack the enhancement
factor A.
Note that AC = AS nonleptonic decays obey the rule ] AI[ =1,
+ X + +-0 +

Thus two-body decays of F consist of F —~ K K and nm, We guess
that all two-body nonleptonic decays of charmed Out, mesons proceed at

: 3 11 -1
the rate of approximately (M/GeV)” x 10"~ sec .

4,2, 3. 'Statistical” model. To estimate the total hadronic (i.e.,

nonleptonic) decay rate, we shall take the following simple model. We
- +
assume that the amplitudes for D0 - K nwn are independent of external

momenta and adopt the following current-algebra inspired guess:

P(D=>Kvnw) = é\ d L\'PS(W;;K}?‘),..)%),

With the notation
(D~ Ranmw) = U,

we find that .
L 4

A
» - ey §ar

n

M ™y
n(y\-\rﬂ)

In Table IV, we give branching ratios of K+ nr as functions of the mass

mp - According to this table, the total nonleptonic decay rate is expected

to be

: 12 .,“1
N (C\(\arm ‘“ﬁhaérav\s) A I 8 -(-e“; x \O s2¢
tdtq.l
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if the mass of the charmed meson is ~ 2 GeV, (Note that as m, increases,
the assumption of a constant matrix element becomes more dubious and is
made here only for an order of magnitude estimate, )

0 - -
4,2.3. D - Domixing, Just as KO and KO mix to produce K1

and K, as two states with definite lifetime, so do p° and B° mix.
This comes about from the circumstance that both D0 and f)O decay
into 2w, 3w, .... states of zero strangeness. However these decay
amplifudes are proportional to sin GC . Thus, the real and imaginary
off-diagonal elements of the DOIS0 mass matrix are expected to be
suppressed by a factor of tanZBC relative to diagonal ones. While

D, = (D= d°) /Va:

D, = (D) /V2
are eigenstates of the mass matrix, the lifetimes Fi or Fz would be
very close to each other, and the mass difference Am = m. - m_ would

1 2
be small compared to 1"1 or I‘2 . This means that D0 , when it is
produced, would decay mostly into AS = -1 channels, before it can turn
-0 0 =
into D . Under these circumstances, then, the effects of D - D 0

mixing are not very important in decays of these particles.

4.2.5. Mass spectra and exotic combinations. The nonleptonic

decays arising from ¢ - uds {or cti—» ds , C§ —~» ud , ¢d - us, eic,) proceed
with rates proportional to cc>s46c . These decays are thus the favored ones.
They are illustrated in Fig. 2b.

Explicitly, one expects the following final states from nonleptonic

4
cos BC decays:
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o - o -
D= K, KOwooatoLL
PO T + - * t
e LA ' L Gl 1
DY — Kk wrmr L,
Note that the last state is exotic. (This circumstance, as mentioned
earlier, may lead to the relative suppression of the nonleptonic decays
+ , + 40
of D , in analogy with the case of K - m (I o 2} versus
™
0 + - }2 4 .
KS—» T (I1TTr = 0).) Note also that to order cos BC the nonleptonic
decays of g4 charmed mesons do not lead to states with the quantum
+ . 0 ey 0
numbers of K . The presence of a narrow peak in a (Kmm) or {(Kmm)
‘ + - -
distribution and its absence in (Kmn) or (Kmw) distributions would thus
be a strong indication in favor of charmed particles,
- - 2
The transitions c¢ - udd, ¢ - uss , etc., can occur to ordercos BC

sinzeC . The final states to which they lead are shown in Fig, Zc.

4, 3, Baryon Decays.

Charmed baryons may decay weakly according to the selection rules
discussed above (valid to order sinZQC}:
Ac¢=As- 2qg  |aT\=o0 (4.12)
for leptonic decays, and
AC = AS= ~AT , 1AL (4.13)
for non-leptonic decays., In this case they would appear as very sharp

resonances in a variety of channels, some with exotic quantum numbers:
TG - - e~ + —a ":_" [+ /\\ T
o0 ) ST - =Z° 47

C7 = AR AT

!

etc. .
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However if the mass formulae of Sec, 3 have any relevance, it is
more likely that charmed baryons will undergo charm conserving strong
decays through cascade processes as illustrated in Fig. 3. This
expectation is a direct consequence of the assumptions of linear mass

formulae for baryons and guadratic formulae for mesons: Charmed

[N

baryon masses grow linearly with R and meson masses grow as R2Z ,
Since our intuition. here may be wrong (and also because the mass
predictions can be badly violated), one should not exclude the possibility
that at least some of the charmedbaryons may be stable against strong
decay.

Nevertheless we are faced with the prospect of a strong and weak
decay chain in which charmed particles will appear as broad resonances
in multiparticle channels. If masses are relatively low, the dominant
decay modes will probably be of the type:

B, = B+ P, (4. 14)
Transition rates can be estimated using SU(4) to relate the couplings to
the pion nucleon coupling constant. We assume f/d = 0,6 as suggested
by PCAC and data on semi-leptonic baryon decays. The partial width is
then given by:

1 P 3/2 Y
M8 R'+P) = dow? fu [ eyt
b Mt

where M is the mass of the parent particle and m, p are the masses
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of the decay baryon and meson, respectively. In Table V we list widths
calculated using the masses given by Eq. (3.9) for the case R = 8 . These
values should be regarded as lower limits, both because they increase
with the scale of charmed particle masses and also because we have
neglected other channels which may be open. We have also listed
branching ratios calculated with R = 8 and in the limit of very large R
where mass differences within an SU(3) multiplet become negligible.
However if baryon masses are really very high, the decay widths may
become so broad that the resonance structure will completely disappear,
Strong baryon decay followed by the weak decay of a charmed meson
will lead to a minimum of three particles in the final state as indicated
in Table V. Whatever the primary decay mode, since one weak transition
is necessarily involved, the overall decay chain will satisfy the selection
rules (4.12) and (4.13). If the widths of charmed baryons are sufficiently
narrow, they will appear as resonances in multiparticle channels
(n = 3) with "exotic" quantum numbers:

= -1 @=o0, 1, +2 (c,, )

§:-3, -0 ¢7)

for C = +1 states. States with C = +2 will decay into channels with

Q= -2 Q:O)f‘ (.S,A)

multiplicity n =2 5 and quantum numbers:

< -1, Q- +1, +2 (y‘u,é)
S;-Q, Q:-&" LXSB



=37~ FERMILAB-Pub-74/86~THY

In addition to decays of the type (4. 14), there may be decays
involving charmed or uncharmed vector mesons as well as spin 3/2
baryons, for example:

a o A+ . Do

T - O «FF'
Of course there is also a predicted spectrum of charmed baryons with
spin 3/2, whose properties we have not discussed, The lowest of such
states may be expected to form a 20' of SU(4) characterized by a
tetrahedral structure,

4,4, Vector Meson Decays.

In contrast to the case for baryons, the mass formulae of Sec, 3
indicate that vector mesons may have very narrow decay widths and will

perhaps be stable against strong decays. Using the empirical relation:
3 z b3
M- My & M T My (4. 15)

we obtain from Eqgs. {3.1) and (3, 8):
) £ 200 MeV

. 2 :
Mea =M £ M oa -y (“m(:’ — My Y/ (mpet My
‘ - .28 MeV
Mopa-mpy = (Mg iy )/ tmpaamy) £ 280
The decay F - F+r is forbidden by isospin, and these results indicate

that the decays

. i F e
Fo - D+ K

*
will not be energetically possible, The F may decay weakly, for

example:

1\2\0 “\1

Fer -
/
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and the decay F - F+ y is also possible, and is expected to be
1
dominant,

The decay

%
D =D+

may be allowed. We can estimate the decay width by comparing
the available phase space with that for K* -+ Km, since the group
structure is identical under the substitution ¢ - s, Neglecting
the squared pion mass we have:

2
r{V(M)-»P(m)+w}mP2 L, M -m)

Then
% 5 o <
T —=Dmn)-= (mK*/mD*) I'(K —Krn) <3MeV ,

for R > 8. IfR 320, D - Dris forbidden.
The state d)c carries no charm and therefore can decay strongly
into ordinary pseudoscalars. However we anticipate that ch is primarily
a cc bound state, and its decay into uncharmed particles may be suppressed
in the same way that the decay of ¢ ~ ss into non-strange particles is

suppressed. According to Eqs. (3.6)and (3.8), the decays
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will not be energetically possible, and the width of the qsc may be
comparable to the ¢ width. Very roughly we expect (I' ~ M)
- m
- A . Q
(g, = (f.>Kkw,am )~ ¢ U (¢ =37, 7%)
(4. 16)

x o.z(*m%/m)l} > 2

for R =8 (mﬁb = 2). Furthermore, the suppression of the '"favored"
c
decay modes will enhance the leptonic branching ratio., The vector

meson coupling to the photon is proportional to the charge of the bound

quarks:

Prg. = - 2 Fay

) ?(L( - () & ‘/()Tnff_,rvrlf)(-t?'ﬂ

Thus we expect:

o"")f}
Mo »0107) = #00qed My

If the hadronic decay modes of the ¢C are suppressed as much as

indicated in Eq. (4.16), we obtain for the 1epton branching ratio

i

Mqe > 087 1%, .

Yy,
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TABLE IV.
Branching Ratios of Nonleptonic Decays

of a Charmed 0 Meson

Fiml\m 1.4 2 3 4 5 6

States D
K 71% 519% 25% 11% 4% 2%
K2w 25% 38% 439, 32% 21% 11%
K3w 3% 9% 24% 349, 339, 26%
Kdw 1% % 16% 25% 29%
K5w 1% 5% 129 20%
Kéxw 4% 9%

K7 1% 3%
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TABLE V.

Strong Decays of Charmed Baryons:

Bc - B + Pc
Parent T'({ MeV) Decay Branching Ratio 3-Body
R=8 Mode R=8 R F'inal States

CO 500 ND 100% 75% NEn
NF - 25% ARK

A 700 AD 40% 5%, AR
=D 60% 55%, =R
=F - 40% =KK

C, 400 ND 70% 40% NEn
SF 10% 40% SKK
C 0" 209, 10%

AK - 10%

S 400 AD 50% 309, AR
=D 40% 30% ZRn
=F 20% KK
C,K 109, 10%

ATI' 3%)
A‘n - 7%

T 700 =D 70% 80% =K
AR 309, 20%

Xu’d 15 COD 100% 5%

AF - 5%
CiD - 70%
SF - 20%

X 30 AD 100% 10%

SD - 459,

TF - 459
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5. PRODUCTION OF CHARMED PARTICLES

5.1 Diffractive Photoproduction of ¢C

We have argued that dnc is mostly cc in the same way that ¢ is
mostly ss, It has been pointed out by Carlson and Freund {1972) that ch
might be produced diffractively by photons. In this subsection, we give
a crude estimate for the diffractive production cross section of qbc based
on the vector meson dominance and the simple quark model,

In the simple quark model we have been using, the photon vector

meson couplings, gv, defined as
2

. — Q.om. ™My

(5.1}
are in the ratio
1 P L 2 ,{
¢ v, e _Z
iﬁ;%“:ﬁ:%i:—z{“; §
AT aw a4 AT (5.2)

According to the usual lore of vector meson dominance, one has

3
e do
d o N"‘*“Q N) = 52 *—(LPN"')LPC”)
D R (A
oL e At " (5.3)
In the forward direction, the elastic differential cross section for

VN ~ VN can probably be estimated fairly accurately from the optical
theorem using the quark model estimate of the total cross section for

VN. The total cross section for gbc ~ cc off a nucleon should be the
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the same as for ¢~ ss at sufficiently high energies where the mass
difference between s and ¢ may be neglected. Thus the simple quark

model gives, with the additivity assumption,
+ - -
GT(¢CN)~UT(¢N) —O'T(K N)+GT(K N) - O'T(‘ET N). {5.4)

The last equality was recently studied and parametrized by Lipl«:in,14

who gave

GT(chN) = ch(qu)

(5.5)
= 13,5 +141,25In(p/20 GeV) mb
where p is the laboratory momentum,
By the optical theorem
1 L

ds- \ ~ = (5.6)

— L f"‘ .

4t -0 e 77

Fquation (5. 3) implies

Ao" N - f‘._”: L
" (8- LFM)\ } )f} Ie T |

« [13.5 « Lashe {p/20 Ge)]  mb g,35106N )

where use has been made of Eq. (5.2), Thus, at p = 200 GeV, one

expects
do \ (YN- @, N) = 40 b /(GeV)
dt ¢ |

=0

If indeed (,bc is produced as copiously as ¢ in a photoproduction
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experiment, we expect the signal in the muon pair channel to be ~102

times stronger for the former than for the latter, because, as discussed

in Sec. 4.4, the branching ratio for qbc - pﬂ is probably larger by about

this factor than that for ¢ — pp. , if qﬁc is stable against decay into two
charmed pseudoscalar mesons., As remarked by Carlson and Freund (1972),
existing data  on the photoproduction of u-pairs suggest already that

M(d)c) > 2 GeV (see Hayes, et al., 1970).

Similar considerations apply to leptoproduction of charmed vector
bosons and ¢C. Thus, qbc may be produced diffractively in electron-,
muon-, and neutrino (neutral current)-scattering experiments, while
charged current effects in neutrino experiments may include diffractive

ok
production of F = :

V(D) «N —> u{pr) N )*N
7 S

5.2 Neutrino Reactions

5.2.1 Quasi-elastic Scattering .

Near the threshold for charmed particle production one might
expect the dominant process to be the production of a single baryon state.
However, this process is suppressed by the AS = AC selection rule

and occurs at a level of sin2 Gc. The allowed "elastic" reactions are:
¥ -f*is —>a C’:* +jp
o (5.7)
Ptn -—> g ‘e A"
¢ T/
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Neglecting form factors and weak magnetism, the hadronic matrix

element is of the form
| = <n B U (g,-94 & DUy
cein = b i d g
and the differential cross section is:

fo - & Cenion g {0274
+ (%A—Qw)‘ (A=9) (A= + fend I

where y is the fraction of the incident neutrino energy transmitted to

{5.8)

the baryon:

4 Ec /ey (5.9)

The threshold conditions for production of a charmed state are:

E 2 Ey, = me /famy

/

_ 5.
42 Yen T Bl JE, 10

In Fig. 4 we show the differential cross section for production of a spin
1/ 2 state for pure V-A (gv= gA) and pure V + A (gV = - gA) couplings,
assuming m, = 3 GeV, Ev = 25 GeV, In either case the effect is less
than a percent of the total measured cross section which we approximate

by the scaling form(e = ¢ + ¢"Py;

dt)"u 12
Tolal
o s G

<:lv.és s
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The couplings for the reactions (5,7) may be determined in the
SU(4) limit from the known hyperon decay parameters, We then obtain
a mixture of V-A and V+A contributions to the cross section as indicated
in Fig. 4. The production cross section for Cg is the more favorable,
as it is nearly pure V-A, If the mass of this state is as low as, say
2.5 GeV, it could be produced at CERN and Brookhaven energies.
Although the distribution of Fig. 4 shows a sharp fall off with y for
fixed neutrino energy, if one averages the y distribution over a range
of energies near threshold, the net effect will be an increase with y
since lower energies may contribute for higher y.

The decay of the charmed particle satisfies (to order sin2 Gc)
AC = AS = -1, Therefore, the production of a C = +4, S = 0 state by
low energy neutrinos (Ev < 10 GeV with <Ev> = 2 GeV) would lead to
the appearance of S = -1 final states, increasing sharply with Ev and y
above the threshold values (Eth = 3 GeV, Yip = 0. 3 for m, = 2.5 GeV).
However the absolute value of the cross section remains very small
(ch/ Gtot < 1%) and charm production is likely to be masked by associated
production of strange particles where one strange particle escapes
detection. Since at low energies associated production may also show
threshold effects,15 the detection of charm will be very difficult unless
the leptonic branching ratio is significant.

5. 2.2 Diffractive Production of Vector Mesons

A more copious source of charmed particle production may be
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through the diffractive process discussed in Sec. 5.1. The F* couples
to the weak current with amplitude proportional to cos BC. If its
leptonic branching ratio is appreciable, it will provide a source of di-
leptons. The electroproduction of vector mesons is not well understood
(Gottfried, 19741), but we might guess that

(}'~(?.+]\:i > U F*aN) . gle+p—> e+(a~;w+_‘§:)

Fv+Nﬁf+ any Un‘mk) G‘(‘G-*—’{)*—) €+ any {hivtfd)

2
The right-hand side (Berkelman, 1971)is about 10% for lQ ’ <
1,2 (GeV/c). Similar estimates should obtain for ¢c production by neutral

current couplings. Decays of F are discussed in. Sec. 4.4,

5.2.3 Deep Inelastic Production

For neutrino energies above charm threshold, it is probably
reasonable to apply the quark parton model which appears to describe
well deep inelastic production of ordinary hadrons. Estimates of charmed
particle production can then be deduced from cross sections for

elementary v-quark scattering (Altarelli, et al., 1974; Gaillard, 1974):

ped= et opu- ¢~ sin*6,
/ (5.11)

Yor g > Cps T~ cos*E, (5.42)

and the charge conjugate processes. The crossed processes (e, g.,
- +
v+c = p +s)could also occur if charmed partons are present in the

nucleon. The total cross section for charmed particle production depends
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on the distribution of partons within the nucleon, Comparison of
electroproduction and neutrino data suggests that the nucleon consists
primarily of valence u and d partons, If Fi is defined as the integrated
distribut jon function for the i-type parton in the proton, the data yield
the following constraints (Altarelli, et al., 1974; Gaillard, 1974)

o« Fy = (005 + 0.02 Y(Rer §)

"
] - {(5.13)
F o % (0.25)( T .+ F,)
and if charmed partons are included:
Fo+Fz £ (0,063 (F, + ¥ ), (5.14)

The distribution functions are positive definite; for the purpose of discussion

we shall assume:

.o~ - 2 0 (Fus PO, 5. 15)

However, it is unlikely that the strange quark content is as high as this
upper limit, since the 4 and d content is much smaller.

The contribution of an elementary v-parton scattering process to
the total cross section is proportional to the elementary scattering
cross section and to the distribution function of the parton. Using the

relations:

| . - =
G(Beg) = T F Yaivegy = 3TC5+47,
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we may estimate the relative cross section for charm production.
Distribution functions for the neutron are related to these for the proton
by charge symmetry: u =—+d for n <=+ p. Neglecting contributions of

.2 . . .
order sin BC, we obtain for neutrino scattering from a heavy nucleus

(A = 2Z):
ﬂv . -:lrs ,6 1b‘70
e ta) LR+ |+ 3(F; +Fp ) +vak ) (5.16)
T: QFS
e ' A L 367, (5.17)
Toted L Fy +4(Fef)va F ]

However, these bounds can be reached only asymptotically. Even
for relatively high neutrino energies, thresholds may be important in
limiting the allowed region of phase space. We define the usual scaling
variables (see Fig, 5):

¥ = - 9% Jav
Y= W/ maEs (5-18)
where g is the momentum transfer and v = p. g = mN( E-E”). In

general x and y satisfy
0% 1,4 < 1

For production of a state with mass mc, the allowed phase space

(deRujula, et al., 1974) is limited to:



“«50=- FERMILAB-Pub-74/86-THY

. Eth
(e

where Eth ~ mg / ZmN is the threshold energy. If the lowest charmed

o < x5 A~

state has a mass of, say, 3 GeV, we might expect the parton model
to become relevant at a slightly higher hadronic mass, say, 5 GeV,

Then for Ev = 25 GeV, the parton model would be applicable in the

region:

Under these assumptions the contribution of the scattering

process (5,12) to the differential cross section takes the form

(o0 = o™ va)
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C‘O’p(;) ‘I.Grzm E
P ] - - < 2
d x d% : ,\_M '&“;)U‘) C(wi-m2}y, (5.20)

W

where f(x) is the parton distribution function:

Fo- Jax fL o

L
o]

m = 5 GeV is the ''scaling threshold" mass and W is the total hadronic

invariant mass:

Wh= amyEu gt mx, (5.21)

In Figs. 6 and 7 we show the contribution of the cross section (5. 29) to
the y and W2 distributions (shaded areas); we have assumed the

... 16
parametrization:

- B 7
f's —f§ =0,2{1 ~ x)

which corresponds to

2F =0.05= 0.1(F_+F.)
s u

d
If the strange particle content of the nucleon is important,

the onset of charmed particle production is expected to be

more pronounced in anti-neutrino events than in neutrino

events, This is because both v-5 and V-3 scatterings are isotropic,

giving a flat y distribution as for v-d scattering, while the dominant

contribution for anti-neutrino scattering:

do( 5 tu -‘->/u"+c\) ~ 1= 1,)
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falls off at high v where charmed particle production will first appear.
In Fig. 6, the dashed line shows the expected y-distribution for ¥
scattering in the absence of charm (assuming a 5 percent u +d content).
the solid line shows the full distribution assuming the above parameters.
Figure 7 shows the invariant mass distributions where we have further

assumed simple parametrizations for the remaining structure functions:

: K
-‘iNE%uf 'Cd:a(t‘x)’

’ ' ' X )'7

Loz 4q <A1 =0au-
In fact, the (1-):)3 behavior for fN is valid only near x = 1; we must
have (see, e.g., Llewellyn-Smith, 1973 ):

.\} - - ’; or _x —_— G.

Therefore the contribution from fN falls off more rapidly with increasing
W2 than indicated in Fig. 7; this will further enhance the effect of charmed
particle production. Of course, we have neglected "pre-scaling”
contributions to charm production; their effect will certainiy be to smooth

out the threshold effects shown in Figs. 6 and 7.

The above discussion rests entirely on the assumption that there
is a significant strange parton content in the nucleon., If this is the case,
since both the production and decay satisfy AS = AC, there will be no
net change of strangeness. The production of charm will appear as

associated production of strange particles, possibly accompanied by a di~-

lepton in the final state.
If there is no appreciable strange parton content, charmed

particles will be produced at a level of sin2 BC = 4 percent via the
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v-parton scattering process of Eq. (5.11). Since strangeness is conserved
in the production, the net change of strangeness will satisfy

AS = -AQ
for non-leptonic decays of the charmed particles, Using parton model

estimates, we obtain for the relative cross sections

O_cl) / G_JJ ~ t&'\l GC = 4 Y,
Tola
5 v r~ .S 7
O—E" / Gt\—ota.\ O °

The extra suppresion in the anti-neufrino case is due to the fact that the
scattering must occur from d. For ordinary AS = AQ transitions the

gituation is reversed:

v v ~ 0§ -1 9
o/ Tt °
” » ~ o7
NP S ~ 4,

thus at energies which are asymptotic with respect to the charm threshold
one expects to see a predominance of S = ~{ states at a level of about

4 percent in both neutrino and anti-neutrino events. In neutrino events
they may be accompanied by a di-lepton associated with the leptonic

decay of a charmed particle,

5.3 ee Annihilation

Once the energies of electron-positron colliding beams are high
enough, pair production of charmed particles, and resonant production

of .'bc are expected to proceed without inhibition,
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The process e + e~ qbc should be very similar to e + e ~ ¢; in
particular, e + e —~ qbc -+ ; presents a clean way of measuring the
mass and width of the qbc meson.

The processes e + e~D+D+ pions, or F + F + pions, or
D+F+ pions and kaons, or its charge conjugate reaction should occur
copiously above threshold. An interesting reaction is

- 0

€+ — D + D

which will tell us about the mass of the D mesons unambiguously,

[ As pointed out by H. Lipkin (private communication), the process

et +e - DO + ]_I)0 is forbidden in the exact SU(4) limit.] Another
signature of charm pair production is the observation of single p's in
coincidence with strange particles: these events can arise from one of

the pair decaying leptonically and the other nonleptonically, ie.,

e+ —> AV L R

L_> IA-+ - (\eefoﬂi¢§

VA ( kadvronic)

All these final states should occur in principle also in p;; :

annihilation,

Finally, a remark is in order on the ratio R;
T(e+€ — hadrons)
gl{e+re —> J/:H/'I)

)

P\:
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which is found to be in the neighborhood of 5 at the current SPEAR
energies < 5 GeV. In the three-color quark model which is asymptotically

free, the asymptotic behavior of R is given by”
. - 4
R = 2(1~ 2 ) . G /9 (5. 22)

for the quarks of charges 2/3, - 1/3 and -1/ 3;

. C 12
- 10 z Co = T
R= gt~ ~——, ) %t as (5. 23)
Vs

for four quarks of charges 2/3, 2/3,-1/3 and -1/3. We note that the
approach to the asymptotic value (R = 2 or 10/3)is from above. It is
tempting to conjecture (which can be disproved soon) that (1) we are in
the regime where the asymptotic forms above are valid, and (2) the
currently large value of R is in fact associated with the onset of charm
production, and therefore with the transition from one asymptotic form
to the other. In Fig. 8 , we plot experimental values for R with the
curves of Egs, (5,22, 5,23), assuming, arbitrarily, u = 2 GeV.,

The following remarks were made to us by H, Lipkin, and we
shall include them here with Professor Lipkin's kind permission.

1. The large charge of the charmed quark leads to a large
predicted cross section for the production of charmed particle pairs

once threshold effects are no longer relevant. Standard quark parton
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arguments would suggest that at sufficiently high energy 40% of all
events should contain charmed particle pairs.

2. The dominant decay mode of charmed particles is nonleptonic
with a strange particle in the final state. This implies that at sufficiently
high energies roughly half of all events should contain strange particles
in the final state, This is to be contrasted with prediction of the quark
parton model for the case where there are no charmed particles which
gives strange particles present in only 1/6 of the events.

3. The nonleptonic decay of a charmed particle into nonstrange
particles is suppressed by a factor sinZG where 6 is the Cabibbo angle.
However, if one of a pair of charmed particles decays in the nonstrange
mode while the other decays into strange particles there will be an
apparent violation of strangeness conservation in the final state which
will contain only a single strange particle. If the probability of pro-
ducing a charmed pair is 40% as given by the quark parton model and
either one of the pair has a probability sin2 8 of decaying into nonstrange
particles the probability of observing strangeness violation in a given

event is

PAS =1) =0.8 Sin.2 8

This is by no means a small probability. Thus if the colliding

beam experiments show a large number of events containing strange
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particles approaching the order of 50% this can be taken as an
indication that charmed particles are indeed produced. It would then
be worthwhile to make a special effort to examine the events in which
strange particles are produced very carefully to note whether there
are any cases in which one and only one strange particle is produced,
This would involve finding events in which all particles are detected
and a positive identification can be made of charge particles as either
pion or kaon., Since this may be difficult with the kind of detectors
used at SPEAR it could be left as a second stage in the charmed particle
search, The first stage would be to establish the probability of strange
particle production to determine whether there is any anomalous pro-
duction suggesting the existence of charmed particles.

n = 4. ¢

5.4 Lepton Production at High Momentum Transfer

The leptonic decays of charmed particles can provide a source
of direct leptons in hadronic collisions. The expected rates, of course,
depend on two unknown factors -- charm production rates and the
branching ratios for leptonic decays -- but one can try to make some
educated guesses.

Consider the chain
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p +p = C +anything
ptd +2+,,, tn

where C is a charmed particle with large pl and 1,2, ..., n stand for
decay products of C other than the observed p. Then the p-distribution

is given by

(o 3% qa)? 6Cp - 200
- -'—'” —_— t e e -——"‘i" (Qr") b A ?‘
E’ d (P P H ) {,, 1 Lzﬂ)JRE; c | e

n .UV\F‘ \T(? T NTIY ST 3P > (prp = O ),

where M and T are the mass and decay width of C and T is the decay
amplitude for C »u+1 +2 +... +n. If we assume a distribution of

18
the form (pl > 2 GeV)

_ de . ~§.2 : ' )
=— . : -J b1 Vs

tdap (prp— C~ dv b Texp Pu/rs ) (5.24)
then Ep do/d3p}‘L will have a similar shape. The reduction factor r,
defined as

no= L?*\’ g / LY‘?""d“") B\ + (5.25)

B:=q0°
where B is the branching ratio into the chanmel C - p+1 +2 .., +n,
- 19 -
is about 10 1 for a two-body decay (suchas C = pu, pv). For a
19

three body decay such as D ~Kfv, r depends on the K-D mass ratio
and on P, (see Fig. 9). Inthe case when the mass of the parent particle

is comparable to the observed P, one expects important contributions
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from charmed particles produced at rest or with small P where the
distribution (5. 24) is no longer valid. The leptons from this source
{ (pJ~ )E < m/2) will have a different distribution. Without a precise
model for the production distribution, it is difficult to estimate the
lepton yield, which is expected to depend sensitively on the laboratory
angle,

At energies which are sufficiently high that mass differences become

unimportant, we expect charmed particle to be comparable to strange particle

production. At Fermilab energies and for transverse momentum:

2GeV<pT<6GeV

t1e observed K to m production ratios are (Cronin, et al.,, 1973)

+, +
K/v ~ 0.5

(5.26)

K/m =0,2
although there is some variation with energy and transverse momentum.
Since the initial state carries neither charm nor strangeaess, we expect
the final state to be invariant under the substitution s -~ ¢, Then we guess
that in some asymptotic limit:
DY (uEY * K* (u3)
{5.27)

D° (edy™ K™ (Sk)

Another reasonable guess is
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Er(eT)/ K (us) A DU )/ Dr(ud),

; - (5.28)
E-(sa) /K (si) x DdEd /mredin),

In the energy and P, regions considered here there is a slight preference

for positive pions, but to a good approximation (Appel, et al., 1974a;

Cronin, et al., 1973 )

{5.29)
”ﬁ+ - “"Ucﬁ e
By analogy we assume:
D s D
— (5.30)
LN

Then we obtain for the predicted asymptotic ratios at, e.g., pl = 3 GeV/ec,
T/e = (D ¢D)/®e ~ ¢
WASEERS YT AP VA LA (5.31)
F/@e~ F7/Ts = 0.1
The decay mode which will give the largest yield of high pl leptons
is the one with the lowest multiplicity. For the D meson, the two body
leptonic decay is suppressed by a factor of sin 2 Bc as well as by helicity

conservation (see Sec, 4),

: -3
PD, )/ PUDy, )< 2110
for mp > 1,4, However, the two-body decay of the F meson can be

important if the mass is low:
0.0S }'Y\F:l's (e

‘ﬁ(F;)/lﬁU’—h)& {motb‘ Me = LGV
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Using the mass values m_ =1.,4, m_ = 1,5, and the production

D F

rates of Eq. (5,31), we obtain for the predicted yields of high P

leptons:

/e = (1.74\}0“3) :Bi

ar/ne o (132 '0"3JBQ
e~/wr A (0.6 103,
€r/a° & (0.3 xi07*) B,

where BI is the total leptonic branching ratio, assumed to be the same
for all charmed pseudoscalars. The u~e asymmetry is due to the impor-
tance of the I =~ upv mode. For high masses, two-body decays are
negligible, For three-body decays, the suppression factor is reduced

at high mass, but we also expect the branching ratio to decrease since

channels such as

D~ (3 K)Q Y
F - (;l *() (v
will have reasouable phase space, The charge asymmetry may also
be less pronounced than indicated by the above predictions. In the case

of strange particles the process
+
P+N—-N+Y+K
is energetically more favorable than K~ pair production:
p+N~N+N+K+K

and, presumably this accounts for the observed K/ K asymmetry, If

charmed baryon masses are such that (see Sec. 3):
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D-pair production may be relatively less suppressed. Furthermore, if
charmed baryons are very heavy, their production at rest and subsequent
decay could yield high pL D+ mesons (but these would have a different
P, distribution). In any case, the yields quoted above should be regarded
as upper limits, particularly for high masses,

Another potentially important source of leptons is the ¢C. As it
can be produced singly, it may be more abundant than charmed mesons,

For leptons with p.L = mqb , we expect a yield:
c

e/qe = prywe = (e /me) 8 10"
if the total leptonic branching ratio of qbc is ~1O—2. For massive (i)c
we expect a peak in the lepton distribution at p = m g /2.

Recent experiments at Fermilab and at the CERC;\I ISR show
unexpectedly large yields of leptons at high momentum transfer:
e/ = AR~ 1o *

There are no significant asymmietries and no observed threshold effects
or structure such as might be expected in the case of very massive .
sources, If the observed signal has anything to do with charm, the
most likely candidate is ¢C with md) < 3 or 4 GeV,

C
5.5 Associated Production in Strong Interactions

One should stress again the similarity of charm with strangeness:

ordinary hadronic reactions can produce charmed particles in pairs.
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Examples of such reactions, as mentioned befor‘e,8 are
“‘rl-r - M(l Bc
and *
PP NTp
L M. Be
Lo M. B

The first reaction involves charm exchange. If charmed particles
are fairly massive and their Regge trajectories are of the usual slope
a” =1 Gev_z, the intercepts of these trajectories may be fairly low.
One would thus expect the associated-production reaction to be most
useful not too far above threshold. The "diffractive excitation' reaction

pp - N'Pp -+ ... suffers from no such problem, and can be useful at any

energy.
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6. DETECTION OF TRACKS OF CHARMED PARTICLES

Sufficiently light charmed particles may be detected via their
tracks in emulsions, and (under extremely favorable circumstances)
perhaps also in bubble chambers.

We have argued that the semileptonic decay of a charmed particle

should lead to

5
FSL, ~ (1[)“/5661)&' [M(Ge\/)’l (6.1}

and the total decay rate could be anywhere from fwice to a hundred
times this value, Let us assume for the present that

2 | 5
N 107 x [MCGen)] see” (6. 2)

realizing that this estimate could err by a factor of 10 in either direction.
Then the mean path length transversed by such a particle of laboratory

momentum p is

{ = ¥er = 300/"(]0/“’\&) (6.3)

where p and M are expressed in GeV. Lines of equal path length are
shown in Fig., 410,
The shortest track that can be detected in a bubble chamber is

a few millimeters, Iven at the highest Fermilab energies, one is
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unlikely to identify a charmed particle of mass greater than about
2 GeV via its track in a bubble chamber. On the other hand, emulsions
are sensitive to tracks as short as several tens of microns: one-
hundredth the length detectable in a bubble chamber. TUsing emulsions,
one thus can hope to see charmed particles whose mass is less than
about 4 GeV,

Several suggestive signatures could identify a charmed particle
track.

a) short invisible track leading to N-prong "V', N even, especially

if N z4.

b) shart track decaying to an odd number N“, especially if

N~ = 5,

c) short track decaying with large transverse momentum

The major difficulty in an emulsion, even given a sufficiently
low-mass charmed particle, might well be the accumulation of sufficient
statistics. While charmed particles could be produced in pairs, and hence
via the strong interactions, one has no way to estimate the effects of

their relatively heavy mass on production, and an estimate by Snow (1973)

o o~ M2 (6.4)

seems the most optimistic. For a 4 GeV charmed particle, this could
suppress charmed particle production by nearly 10-3 relative to pion

production. Consequently, only emulsion experiments with at least
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several thousand events (at Fermilab energies) begin to place useful

bounds on charmed particle production.
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7. SUMMARY AND CONCLUSIONS

We have suggested some phenomena that might be indicative of
charmed particles, These include:

a) '"direct'lepton production,

b) large numbers of gstrange particles,

c¢) narrow peaks in mass spectra of hadrons,

d) apparent strangeness violations,

e) short tracks, indicative of particles with lifetime of order
10713 gec. ,

f) di-lepton production in neutrino reactions,

g) narrow peaks in e+e— or p.+p,- mass spectra,

h} transient threshold phenomena in deep inelastic leptoproduction,

i) approach of the(e+e“ -~ hadrons)/ (e+em -~ p+p-)ratio to 3 %,
perhaps from above, and

i) any other phenomena that may indicate a mass scale of
2-10 GeV,

Unfortunately, we have not answered the most important question
of all: "What would constitute a definitive experiment that would lead
us to give up the idea of charm (or some new hadronic degree of freedom)
altogether ?'" We have tried to indicate some of the reasons why this

question still can't be answered properly.

1) The calculations of the charmed quark masses do not give
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charmed particle masses. To obtain the latter directly one must
apparently resort to questionable pole models or spectral-function
approaches. The scale in all these approaches, however, is roughly
the same: of the order of a few GeV . One must probably keep an
open mind for charmed particles as massive as 10 GeV., These are
still entirely within the range of present day accelerators.

2) The strong interactions are not well enough understood to
estimate the associated production of a pair of very massive particles,
One might expect the (charmed particle)/ (pion) ratio to increase at high
transverse momenta, in analogy with the case for kaons., (The large
number of pions at small transverse momenta may well come from
decays of resonances, which greatly prefer to decay to pions rather than
to kaons, ) One should probably be prepared for charmed particle pro-
duction to be at least as suppressed as baryon-antibaryon pair production,
in any given kinematic region,

3) The estimates of total charmed particle lifetime are hampered
by our ignorance of factors which may enhance nonleptonic decays, By
analogy with known cases one can expect such factors to range from 14
to 100, with ~ 20 a reasonable guess based on the hyperons, If is much
easier to estimate leptonic decays, since the basic weak interaction of
the charmed quark is specified. Even here, however, the qualitative
conclusions differ widely depending on whether the charmed particle

mass is 2 or 10 GeV, In the former case a few channels are important,



-69- FERMILAB-Pub-74/86-THY

while in the latter some kind of "inclusive' estimate is needed.

We have estimated, for the semileptonic decays

Qh ~ 10" see! [M(G—f’-\/)lb

and, for the total decay rate,

T a (o' sect [M(GVTT

Tet
Certain charmed particles may not have enhanced nonleptonic decays

if their final states are "exotic."

The semileptonic decays of such
states might compete more favorably with the nonleptonic ones, and
such particles (the Di) are the ones for which tracks in emulsions are
most likely to be found.

Many of the tests suggested above would not even be conclusive
evidence for charmed particles if their results were positive. No test
is conclusive which does not lead to a measurement of the charmed
particle mass. For example, since all semileptonic decays of charmed
particles to uncharmed ones involve ] A Q[ = 1, direct lepton production
cannot be invoked by itself as evidence for charm, since {(because of the
missing neutrino) a mass measurement will not be possible.

The most convincing evidence for charmed particles would come
from observation of short tracks. These have been looked for in bubble
chambers and the results are negative 23 go far, However, further
emulsion searches are desirable.

It is quite likely that charmed particles might live too short a

time to make any visible track., In that case, the most conclusive



~70~ FERMILAB-Pub~74/86-THY

evidence for their existence would be the detection of narrow peaks in
multi-particle mass spectra, Missing-mass spectra are generally
not adequate since the charmed particles are produced in pairs or via
neutrinos (which do not lend themselves to missing-mass studies),
Consequently, high resolution, high-statistics effective-mass multi-
particle spectrometers hold the best promise for detection of charmed
particles if they are too short-lived to make visible tracks,

One can only hope that we shall be rescued from the problem of
charm either by experimentalists--who find it-~-or by ingenious theorists--
who show us how to do without it while still accounting for the remarkable
existence of neutral AS =0 currents,

Finally, we ask, ''Could any charmed particles have been seen?"
There are a few candidates, and we shall discuss them briefly.

(1) In the experiment of Christenson et al.(1970)at AGS, the reaction

p+ U N iy anything
was studied. The differential cross section in the effective mass of the
muon pair was found to have a ''shoulder' in the mass region near
3.5 GeV/cz. The authors commented that the observed spectrum could
be reproduced as a composite of a narrow vector boson resonance and
a steep continuum when the single-particle mass resolution and efficiency
were properly introduced into their analysis. Could this phenomenon be
due to the production of ti)c which decays copiously into muon pairs? If

it is, the production cross section of ci:c i1s about 10-32 c:rn2 at
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p = 30 GeV/c, assuming the branching ratio of a few percent into the
muon pair channel,

(2) Niu, et al.(1971) reported on a eosmic ray event in which a
heavy particle decayed into a charged particle and a neutral, which
stbsequently decayed into 2y. They associate the 2y with w0 decay.
The 2y carried the energy of 3.2 £ 0.4 TeV, and the charged particle
0.59 TeV. The transverse momentum carried by the decay particles
with respect to the flight direction of the parent was (627 £ 90) MeV/c.
It is tempting to speculate that this event was a two-~body decay of a
charmed particle, for example, ]3"i - TT:ET] - ‘rr‘i\(\(. If this is -
correct, then the mass of the parent is about 2 GeV/cz, and its lifetime
about 10-.14 sec,

(3) Di-muon events reported by the Harvard-Pennsylvania-
Wisconsin collaboration (Rubbia, 1974) at Fermilab could be due to the.

v-production of charmed particles which decay leptonically.
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FOOTNOTES

1For reviews see Lee, 1972; and Weinberg., 1974a,

ZHasert, et al., 1973; Benvenuti, et al., 1974; Aubert, et al., 1974;

Barish, et al,, 1974a,b; and Lee, et al., 1974.

3Amati, et al,, 1964a; Bjorken and Glashow, 1964; Maki and Ohnuki,
1964; Hara, 1964; Glashow, et al., 1970; Weinberg, 1971; and Bouchiat,

et al.,, 1972,

4 .

Weinberg, 1967; Salam, 1968,

Bars, et al., 1972, 1973; deWit, 1973,
6Weinberg, 1973, 1974a.

7Gaillard and Lee, 1974a; Vainshtein and Khriplovich, 1973; Ma, 1974;

Gavrielides, 1974,

8Char-med particle searches have previously been discussed by Carlson

and Freund, 1972; Snow, 1973; and Glashow, 1974.

9C0nstruction of SU(4) representations has been discussed in detail by

Amati, et al., 1964b and also by Lipkin, 1965a,b.
wA possible resolution has been suggested by Langacker and Pagels, 1973,

“Chodos, et al., 1974; Gell-Mann and Leutwyler, 1973; Bardeen, et al,,

1974,

1ZJ’_n fact, the operator which is enhanced by the mechanism discussed
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by Gaillard and Lee, 1974b, does not contribute to the decay

+ +
D~ - K in the SU(3) limit. However, 3-body decays of D are not
forbidden and current algebra arguments indicate that they should be

comparable in strength to D0 - K 2m,

13In F - F'y, only the isoscalar current contributes. Assuming the

coupling is comparable to that for ¢ —~ ny, we obtain

3 2 23
r(F*—»FY),s(:,f’)( o FZ) (6~ ny)
F md) - mn
GeV Y 20 -1
= = ] X 10  sec s

(mF)

where we have used the mass relations (3.6), (3.8) and {4. 15),

4
1 H. Lipkin, private communication.

iS’A. Lloret and P, Musset, private communication,

16This parametrization has been suggested by Farrar, 1974 and is

consistent with the data {N. Stanko, private communication}).
17 . .
Appelquist and Georgi, 1973; Zee, 1973.

1
SBusser, et al., 1973; Alper, et al., 1973; Banner, et al., 1973.

19

J, -M. Gaillard, private communication,

2
OThis is a modification by J. -M. Gaillard of the parametrization

suggested by Carey, et al,, 1974,
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21This is a modification by Appel, et al., 1974a of the CCR fit, given
in Eq. (5.24). (See footnote 18).

225 ymond, et al., 1974; Appel, et al., 1974b. A lower yield (= 0.25

x 10 ) was reported by the Serpukhov group at the XVII International

Conference on High Fnergy Physics, London 1974.

23’1‘. Ferbel, private communication.
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FIGURE CAPTIONS

Fig. 1 Weight diagrams for SU(4). Shaded planes denote
multiplets of SU(3) © U(i)c.
a) The four quarks of SU(4): the conventional SU(3)

"down') and

triplet consisting of u ('up"), d (
s ("strange') with C = 0, and an SU(3) singlet
¢ {""charmed'') with C = 1.

b) 'The three-quark 1/ 2+ baryons which form a
20-plet of SU(4). The SU(3) multiplets are

8(C =0), 6+3

v

(C = 1)and3 {C = 2).
c) The 15-plet + singlet pseudoscalars, The SU(3)
multiplets are i (C = -1), ,?, +3 (C =0)and
é (C = +1).
Fig. 2 Schematic representation of charmed pseudoscalar
decays. The arrow points from the parent particle

to a state with the quantum numbers of the final

state hadronic system.

a) Semi-leptonic decays with AS = AC (T’ = coszec).

b) Non-leptonic decays with AS = AC (T" = cos460).

c) Non-leptonic decays with AS # AC (T = cos” 6,
sin2 Bc).

Fig. 3 Schematic representation of strong decays of charmed
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baryons. The mass gplittings within an SU (3)
multiplet are independent of the charm mass scale
R. The scale for multiplet separation is linear

in R (see Egs. 3.9).

Fig. 4 Differential cross section for elastic neutrino pro-
duction of charmed baryons with C =4, 5 = 0. The
cross section is an incoherent sum of V-A and
V + A contributions as indicated.

Fig. 5 Definition of the kinematic variables for deep inelastic
neutrino scattering in the rest frame of the target
nucleon. E and E“ are lepton energies, qpis the
momentum transfer, and W is the invariant mass
of the hadronic final state,

Fig, 6 Distribution in y for charm production (shaded area)
and ordinary deep inelastic scattering (dashed line),
The solid line represents the total inelastic production
and shows a threshold effect, A five percent s-parton
content of the nucleon has been assumed.

Fig, 7 Contributions to the distribution in W2 from charm
production (shaded area), ordinary deep inelastic
scattering from anti-partons {dashed line) and
valence partons (solid line). The charm threshold

effect can be seen in the total contribution. We
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lave arbitrarily smoothed over the step function
behavior which appears in Eq. (5. 20),

Fig. 8 Data on the ratio R = c(ee ~ hadrons )/ o(ee —~ pp),
and predictions  of the asymptotically free quark
model without charm (lower curve) and with charm
(upper curve)}, a)} CEA data: Litke, et al., 1973:
Tarnopolsky, et al., 1973; b) SLAC-LBL data:
Richter, 1974; c) This is taken from Adler, 1974.

Fig. 9 Monte Carlo calculation of r [see Eq. (5.25)] as a
function of P, for the decay D -~ K£v. The curves
are calculated for leptons observed at 90 ° in the
production center -of-mass with ~s = 24 GeV and for
two assumed production distributions, chosen to

reproduce the measured slope18 at pl =3 GeV:

3
- 4
E—d—g— ~ (1 +pf) 5.5 (1 -—E—-—) , dashed c:urves,20
dp Pmax
d30' 2 4,6 — 24
E = (p. +1) exp (-26 p /N's), solid curves,
dp3 L 1

The ratio r, calculated for both parent and decay
lepton at 90 ° in the production center of mass, is not
invariant under transformation tc the target rest

frame. However, the observed lepton-pion yield ratio:

(¢/m°)=r x B x (Dfm°)
Ly

is invariant, since both leptons and pions are
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effectively massless and undergo the same Lorentz
transformation. Here BJ2 X is the branching ratio
for the K¢ v mode of D decay. Courtesy J, -M,
Gaillard.

Path length versus mass assuming TMS =10 12 sec GeVS.

Path length ¢ is then
6
£ =300 x (p/M )

where p and M are in GeV/c, GeV/cZ, respectively,
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