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LECTURE II. CHARMED PARTICLE SPECTROSCOPY 

1. W(4) Symmetry-Generalities 

First of all we are interested in the quantum numbers of the quarks which are 

required for the description of the properties summarized yesterday. Our SU(4) 

symmetry includes 4 quark flavors with the following assignments of isospin (I, 13), 

charge (Q), strangeness (S), hypercharge (Y) and charm (C) 

Quark I I3 Q S Y C 

U 112 l/2 213 0 113 0 

d 112 -I/2 -I/3 0 l/3 0 

S 0 0 -I/3 -I -213 0 

c 0 0 213 0 0 1 

Now we can generalize the Gell-Mann-Nishijima formula for the charge of any 

state. The usual formula relates the charge to isospin and hypercharge. Now we 

add a piece which gives us the right charge for the charmed quark. This is a 

contribution equal to 2/3 of the charm quantum number. The general formula is 

I Q = 13fSY+fC . 

There are several papers summarizing the mathematics of SU(4) symmetry. I will 

be going only superficially here and you may consult some of these references for 

additional details and for applications. 

1. D. Amati, H. Bacry, J. Nuyts, and J. Prentki, Nuovo Cim. 2, 1732 (1964). 

2. Einhorn’s lecture notes (see first reference list). 

3. M.B. Einhorn and C. Quigg, Phys. Rev. DE, 2015 (1975). - 

4. H.J. Lipkin, Lie Groups for Pedestrians, second edition (1966). 
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The first paper summarizes very nicely the mathematical properties and gives a 

detailed description of generators of SU(4) in a form useful for physics. The third 

paper has an appendix which summarizes many of the properties one needs, but it is 

not as complete. However it is a bit more attuned to modern applications. Finally 

on a more elementary level there is a section in the second edition of Lipkin’s book, 

which introduces SU(4). 

Let’s begin by considering the fundamental representation of SU(4), the 4- 

dimensional representation (4_) which contains 4 quarks up (u), down (d), strange (s) 

and charmed (c). It consists of two pieces if you decompose it under charm and 

SU(3). We have the normal SU(3) triplet [3J of noncharmed quarks u, d and s, for 

which the weight diagram is a triangle and is shown as the base plane of the 

tetrahedron. 

C 

id!- Y 

13 

C=l 

c=o 

- 



:31- FERMILAB-Conf-78/37-THY 

There is in addition an SU(3) singlet [)J , which is the charmed quark carrying 

charm +I. If we make a three-dimensional plot of the quarks with the third 

component of the isospin as a horizontal axis, charm as a vertical axis and the 

hypercharge as an axis into the page then the weight diagram becomes a 

tetrahedron, that is a shape made up of four triangular sides. In the notation I will 

use later to do calculations, the ‘r-dimensional representation of SU(4) can be 

considered as a sum of an SU(3) triplet with charm = 0 (the subscript means charm) 

and an SU(3) singlet which has charm q 1 

ft = [3Jo + [iI1 

Now it is interesting to know this, and I will point it out a number of times in the 

course of this talk because it turns out to be useful for physics, that the 

decomposition of the fundamental representation of SU(4) can be made in three 

other ways. In the way we have made it, the charmed quark plays a special role 

because we have distinguished it in labeling things by the number of charmed 

quarks that appeared. But we could equally well set apart the u, d or s quark. The 

physics of our common experience does not give any reason to do this because the 

charmed quark seems much more massive and seems to hold a special role. But for 

exploring the symmetries it is useful sometimes to consider other triplets as 

belonging together and single out a different quark. 

Let me indicate that if we want, for example, to single out the u-quark then a 

triangle consisting of the d-, s- and c-quarks represents a triplet of SU(3) with no u- 

quarks. We could say the u-quark number is 0. The u-quark represents then the 

decomposition, which looks in this direction and is an SU(3) singlet with u-quark 

number 1. You can do it with strange and down quarks as you like. 

- 
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d l U 

-u 

2. Mesons 

As we have done in the case of SU(3) we will build the meson spectrum of 

quark-antiquark pairs. Let me say this in a number of ways. In group theory 

language the quark-antiquark pair will allow the representations that are obtained 

by taking the product of the fundamental representation i with the conjugate of 

that representation 4*. For those familiar with language of Young diagrams: q 
is the fundamental representation 2, 

terms, a singlet 
El 

R 
is its conjugate L. The product has two 

and the second 
IT 

which turns out to be a 15- 

dimensional representation of SU(4). So 

Let us do the arithmetic in a more pedestrian way. I can expand the product 4-B < 

in terms of the SU(3) subgroups 

2@. = (l~,orlJ,,c4(rp1,@ II&) 

and then expand this product according to the rules familiar from SU(3) as 

- 
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4&++ = ~~1,@~~1, o[Jl-, o ‘ilo &cl, . ..a 

For the product of the ordinary quarks, triplet with antitriplet, we get the ordinary 

mesons, a singlet plus an octet of SU(3) both with charm 0. So these are the normal 

9 meson states, which we have experience with in the past. Then come the other 

terms of the product: an additional representation of SU(3) from an anticharmed 

quark and an ordinary quark, that is from this product I get a triplet of SU(3) with 

charm = -1. From the product of the charmed quark and antiquark I get a singlet 

which is charmless and finally from the opposite combination of the charmed quark 

and an ordinary antiquark I get a IL*] with charm = 1. 

Both of these calculations, the group theoretical one and the more pedestrian 

one, tell us that the familiar nonet of SU(3) is expanded now to a 16-dimensional 

representation of SU(4) made up of a singlet plus a 15-plet, just as a nonet is made 

up of an SU(3) singlet plus an octet. We have here the SU(3) representations to 

which new mesons will belong. There will be a cc meson, which is an SU(3) singlet. 

In the case of the vector mesons that will be the J1 or J-particle. Then there will 

be a triplet and antitriplet of particles with charm -I or 1. These are the new 

explicitly charmed particles which we seek to investigate. 

Finally, there is a matrix notation for the meson states which is quite 

convenient for SU(3). We think about the 3 x 3 matrix by which we represent each 

vector meson in terms of its quark-antiquark contents, for example, a u-quark and 

anti-d-quark make p +. We expand it to a 4 x 4 matrix by adding a charmed quark 

and charmed antiquark and then have a full set of 16 mesons for the vectors. The 

new particles are given conventional names. I will use the term$ for the vector 

- 
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state made up of charmed quark and charmed antiquark. The states made up of a 

charmed quark and c- or z-quarks I will call D for the pseudoscalars and D*, for 

the vectors (D means doublet). Finally for the combination of a strange quark and 

charmed antiquark I will refer to the F meson. So our 4 x 4 matrix for vector 

mesons looks like 

ii 

d 

P- 

s c 

K 
C- 

D *o 

a 9+ /+ (w - PO) K*o D *+ 

v = 
s K *+ K l o 

e F *+ 

c -*o D D 
*- 

F 
X- 

J, 

Let us summarize the spectrum of mesons that is expected by looking again 

at a weight diagram, now for mesons. I said a moment ago that the SU(3) singlet 

plus octet is expanded by addition of the charmed quark to an SU(4) singlet plus IS- 

dimensional representation 

[Llsr8_1+ ‘Sly . 

The weight diagram for the same convention of the axes is the 3-dimensional object 

of which the central plane with charm 0 is the familiar hexagonal representation of 

the octet of SU(3). 
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Then we add to that a single state made of cc at the center and an antitriplet and 

triplet as two triangles with charm +I and -1. 

cZ=F+ 

The names that I list on this picture are those used for the pseudoscalars. In the 

pseudoscalar family there are similar new particles as the vectors have except for 

the pseudoscalar particle made of cc, which is usually referred to as the nc, the 

charmed analog of the n-meson. 

Again let me make a remark that because of the way we perceive physics it is 

useful to draw the SU(3) decomposition in the way I have here, giving a special role 

to the charmed quark. I can make the decomposition instead with a special role for 

the u-quark. So we have in the SU(3) decomposition an octet of states with no u- 

quarks and antitriplet of states with I u-quark and a triplet of states with I u- 

quark. - 
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-u 

u= 

This decomposition again, like that for the fundamental representation, can be 

made in any of 4 directions which we choose. 

3. Baryons 

Let’s turn now to the baryons. Since it is slightly more complicated I’11 begin 

by reviewing the SU(3) result. Baryons we believe are made of 3 quarks and are 

contained in representations of SU(3) obtained from the product 

This, as you remember the arithmetic, gives 4 representations in the product: a 

singlet, 2 octets and a IO-dimensional representation or decimet 

= U1c3[81$[81c3l101 . - L - ix 

For the baryons we have the additional complication that the final states we are 

dealing with are fermions. Therefore the wave functions must obey the exclusion 
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principle. We talked yesterday about how it is achieved with symmetric wave 

functions of the quarks by the introduction of color. We have here an additional 

problem which is the presence of the singlet representation and one antisymmetric 

combination of octets. There is nothing we can do without introducing angular 

momentum to make those symmetric for color to act on. Therefore it develops 

that in the lowest-lying set of the baryons (the so-called 56-dimensional 

representation of SU(6) in which there is no orbital angular momentum of quarks) 

only two of these representations, the 10 and a symmetric combination of octets 

occur. This (561Lzo of SU(6) just counts the number of states with different 

quantum numbers and different spin states. And so for the familiar octet with spin 

Y, there are 16 spin states carrying spin up and spin down and for the IO-dimensional 

representation which contains N*‘s and Y*‘s of spin 3/2 there are 40 states because 

their spin multiplicity is 4. All this gives a 56-dimensional representation. In short 

we write 

(56JLzo fl 8 spin l/2+ + 16 states 

10 spin 3/2+ + 40 states . 

A similar kind of complication with picking out the representations of the lowest- 

lying states will occur in SU(4) but as we know what happens in SUO), it is easier 

just to give the answer. Again we assume that baryons are made of 3 quarks and 

this time they will live in representations of SU(4), which are obtained from the 

product 

WI c j-c3 4@ 4 XL 

If I do the group theory for this I find 
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q E@20”$20”@20’ . .L - /A 

I mark by primes two kinds of 20 dimensional representations which occur in SU(4). 

In Young diagram language 

q cfcl = 

20” l3EF @ 

4 

20” 

Q 
EiF 

The first is a completely antisymmetric combination, the last is a fully symmetric 

object and others are combinations with mixed symmetry. In complete analogy to 

SU(3) we will have the fully symmetric representation 20’ taking the place of the 

IO-dimensional representation of W(3) and one symmetric combination of the two 

20” entering the lowest-lying multiplet (120)L=o of SU(8). It’s the last we’ll say 

about SU(8)! 

Now let’s consider these baryons. In the case of spin K baryons we started 

with 8 in SU(3) and we know there are 20 in SU(4). So I will ask what the new 

states are. If I make an SUO) decomposition of the 20” dimensional representation 

of SU(4) I do it just the same way as we did for mesons. So we find 

20” contains ISI c=o 
r* 

[3*1 - + [6] C=l 

[3 1 c=2 . 

You can see the weight diagram for %+ baryons in SU(4) before we enumerate all 

these states. Again we have the usual notation for the axes. 

- 
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SC 

For charm = 0 we have the familiar hexagonal representation of the octet of SUO), 

for charm = 1 we have on the second floor a sextet and an antitriplet. Finally at 

the top floor with charm = 2 we have a triplet of new states. Once again I make 

the point that we could single out a different quark rather than the charmed one. 

This diagram is fully symmetrical in respect to any changes of quarks. So if any 

quark is given a special role, we also get an SU(3) decomposition of octet, sextet, 

antitriplet and triplet. We show it in diagrams: 
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u=2 

Let’s return now to the names and properties of these new baryons. I haven’t 

listed the old baryons, .which had charm zero. I list only the ones having explicit 

charm. In the first column I give names which are the ones introduced by Gaillard, 

Lee and Rosner. I write in the next column the composition in terms of quarks with 

the notations: [ ] means an antisymmetric combination, {} means symmetric. For 

example, CO is so called for isospin 0, isospin 0 of the u and d quark combination. 

This isospin means the antisymmetric combination. Isospin 1 is the symmetric 

combination. Particles with isospin 1 combination we call Cl. So we have a table 

for the charmed H+ baryon states: 

- 
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Charm SU(3) 
(C) 

Isospin quantum Strangeness 
multiplet numbers (I, 13) (5) 

CO+ 

A+ 

A0 

c[udl 

c [us 1 

c [sd 1 

(0,O) 0 

1 r:* 

1 (l/2, I/2) 3 

-I 

(l/2, -l/2) 

cl 
++ cuu 

Cl+ 

CP 

c{ud 1 

cdd 

S+ 

SO 

cL5.u~ 

ckd 1 

TO css 

i 

(1, I) 
(1, 0) 

1 
0 

1 (61 (1, -1) 

(l/2, l/2) 

3 
-I 

(l/2, -l/2) 

(0, 0) -2 

xu++ ecu (l/2, I/2) 

xd+ 
0 

ccd 2 [?I (I/2, -l/2) I 

xs++ ccs (0, 0) -1 

- 
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We have a triplet with charm = 1, in which there is an isospin singlet without 

strangeness. This is the particle we shall be most interested in, of the baryons, 

because it is the most commonly produced one, which undergoes a weak decay. 

Then there is a doublet of strange particles. Then as a whole I list the other states, 

which I won’t go through in detail. They make all the combinations that you can 

think of by substituting a charmed quark for an ordinary quark in terms of the usual 

baryons. I guess I must point out to you a rather strange set, which is in the sextet. 

Cl 
++ 

, cl+, c, 
0 are relatives in some sense of the Co+. We can discuss without 

going into great detail a peculiarity this multiplet displays compared with the 

multiplets we know from ordinary experience. We compare it with the well-known 

triplet, isospin triplet, of C +o- -particles. Now because of the new relation between 

charge and charm in the Gell-Mann-Nishijima formula we find that the isovector 

state C, has charges shifted from those normally expected: 0, +I, ~2. The peculiar 

property of the new states to occur in shifted multiplets is a wonderful 

experimental signature that we can look for. 

The generalization of the IO-dimensional representation of SU(3) also has 20 

members but arranged in a different fashion. At the level of charm = 0 the SUU) 

decomposition is again the familiar decimet of particles, at charm 1 is a 6- 

dimensional representation, at charm 2 is a triplet and at charm 3 is a singlet. The 

diagram version of this fundamental representation is the tetrahedron or pyramid: 

- 
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C 

tf- 
Y 

13 

++ 
A- A 

^- 

An interesting thing can be said about the particles in this pyramid. It seems 

that the most spectacular way to observe charm would be to see the charmed 

analog of the fi- made of 3 charmed quarks. As a homework exercise I invite you to 

think of the cascade of weak decays which this particle undergoes, to find all this 

physics in a single event. At last I make the point that picking out another quark 

such as the u-quark we can obtain a similar SU(3) decomposition: lo-dimensional 

representation with no u-quark, 6-dimensional one with I u-quark, 3-dimensional 

one with 2 u-quarks and singlet representation or A++ particle with 3 u-quarks. So 

we have the picture - 
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-U 

. 

u=3 

- 
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Now I give you the names of the new charmed 3/2+ baryon states 

Name Quark C W(3) (I, I,) s 

5 
*++ 

cI 
*+ 

5 
*o 

S *I 

S*O 

T *o 

xU 

*++ 

‘d 
*+ 

xs*+ 

d+ 

cuu 

cud 

cdd 

I 

cus 

cds 

css 

ecu 

ccd 2 

ccs .J 

ccc 3 

(I, 1) 
(1, 0) 
(1, -1) 1 

I$1 

(l/2, l/2) 
7 

(l/2, -l/2) j 

(0, 0) 

(l/2, l/2) 

[iI (l/2, -l/2) 3 

(0, 0) 

!I1 (0, 0) ‘..T 

0 

-I 

-2 

0 

-1 

0 

Again I call particular attention to those states, which will be most easily seen in 

experiments. These are the excited C,* states, which are members of the 6- 

dimensional representation and constitute an isospin multiplet of 3 states. 
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Three sorts of things we want to know before we look for all these states: 

what the masses of all the new states will be, how we will find them 

experimentally, i.e. how they decay, and, last, to have some idea how to produce 

them. 

4. CHARMED PARTICLE MASSES 

Let us first make some naive estimates of the masses. These naive estimates 

were of course chosen because they agree with reality. The trouble is that there 

are many naive estimates and in advance we do not know which one to believe! So I 

make a naive estimate here. Let’s neglect the binding energy between quarks. Any 

masses of elementary particles we know represent simply the masses of the quarks, 

which they are made up of. Therefore for the vector mesons we can write 

m =m mP 
U d” -i = 382 MeV/c2 

because the P-meson is made up from u- and d-quarks. Then to get the mass of the 

strange quarks I can use the fact that the strange quark makes up the K*-meson 

together with u- or d-quarks. Then 

m 
5 

= m s-m 
K u = 510 MeV/c’ . 

There is another way to get the mass of strange quark. Note that the $-meson is 

made up of two strange quarks. Then we have for the strange quark mass the same 

value as before 

m = 
S 

510 MeV/c’ 

Finally we have the vector state (I, the lowest-lying vector particle made of two 

charmed quarks. So the charmed quark mass is approximately equal to H of the I$ - 
- 

particle mass 
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m 
C 

= m 12 = 1.548 GeV/c2 
JI 

I combine these ingredients to make rough predictions for the masses of charmed 

states. The D*-meson is made up of a nonstrange quark and charmed quark. By 

adding quark masses I predict 

MD* :: 1.93 GeVlc’ MDzXperim = 2.007 k.002 GeV/c2 1 a 

The F*-particle is made up of a strange quark and a charmed quark so we have 

mF* :: 2.057. Experimentally this is less well established than the D-meson but 

recent indications exist that the experimental mass of this meson is 

,M 5xperim 
F r 2.14 t 0.06. So you see that by making naive estimates we were 

able to come reasonably close to recent experimental data. 

For the !‘a+ baryons we will make the same kind of naive estimates. We know 

the proton is made up of 3 nonstrange quarks, 2 u’s and a d-quark. We may say the 

masses of all these quarks are approximately equal to Mp/3, So we have 

m 
U 

q m d = Mp/3 q 313 MeV/c2 . 

We don’t know what the effective mass of a charmed quark in baryons is. So we must 

take the only estimate we know, that is the mass of the charmed quark in the $- 

meson. We predict MC + = 2.173 GeV/cL, which is to be compared with 
0 

the experimental indication of about 2.25 GeV/c2. 

There are of course more complete (sometimes deeper, sometimes just deeper 

sounding) descriptions of the charmed particle masses. The most complete is given 

in a paper by A. De Rujula, H. Georgi and S.L. Glashow, Phys. Rev. DE, 147 (1975). 

You can find a number of summaries or at least arguments in Jackson’s lecture 

notes and in a paper by B.W. Lee, C. Quigg and J.L. Rosner, Phys. Rev. Dg, 157 
- 

(1977). 
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5. DECAYS OF CHARMED PARTICLES 

How will we know that we have observed charmed particles or in other words 

how do charmed particles decay? 

I will give now a very superficial discussion of this subject. It is one of the 

most complicated subjects dealing with charmed particles. Because of its 

complications it is one of the most interesting. There are a great many questions 

we don’t understand about weak decays of heavy objects but we hope that through 

the study of charmed particle decays we will begin to understand them. In this part 

of our course we will pay no attention to these complications and 1’11 talk in the 

most simple terms. 

Charm is a conserved quantum number of the strong interactions. That is 

why the introduction of SU(4) symmetry for the spectroscopy of particles is useful. 

Therefore the lowest-lying charmed particles with particular quantum numbers will 

decay weakly. Weak decay is the only way one has to ascertain charm. Of all the 

charmed particles which can decay weakly I will only talk about the pseudoscalar 

particles Do, D’, F+ and single out the charmed baryon (%+) Co+. These are the 

ones which probably have been found in experiments so far and are likely to be 

most copiously produced. 

a) Leptonic Decays of Charmed Mesons 

We start by considering the simplest decays, which are leptonic decays of 

charmed mesons. I remind you from my discussion yesterday of the Weinberg- 

Salam model with the introduction of charm that the charm-changing charged 

current has two pieces. It has a piece which makes a transition from a charmed 

quark to a strange one with Cabibbo strength cos ec, and it has a piece which 

makes the transition from a charmed quark to a d-quark with strength sin Bc. So 

the / AC 1 = I charged current is 
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J 
u 

fl cylJ(l + y5)s cos ec - cy (1 + y5)d sin 0 
1-1 c * 

From this I can read off the selection rules for leptonic and semileptonic decays of 

charmed particles. In Cabibbo-favored decays the charge changes by the same 

amount as the charm and the strangeness AQ = AC = AS. There is no also change of 

isospin (AI = 0) for Cabibbo favored decays. For the once-suppressed decays the 

rule is that 

IY? = AC, A.3 = 0, AI = Yi 

with sine c transitions. Two-body purely leptonic decays of pseudoscalars can even 

be calculated. We will do it to prove we can compute something. The amplitude 

for the decay of pseudoscalar (P) into a lepton (9.) and a neutrino (v) 

is given by the product of the weak interaction coupling constant, which is the 

Fermi constant G divided by 0, times the matrix element for the pseudoscalar D 

to change into a no hadron state, that is to annihilate to the vacuum by the action of 

the hadronic charged current. Then there is as a factor the Dirac operators for 

the transition v into R by the weak charged current 

M = +/JJP&yJl + y5~) . 

The matrix element for annihilation of a pseudoscalar into the vacuum has the 

simple form 
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<O (Ju /P(q)> = iFp q ~ ( ‘rtne:C ) 

where Fp is the pseudoscalar meson decay constant, and q ~ is the 4-momentum of 

P. The matrix element has a difference for the favored and suppressed Cabibbo 

transitions that is marked by expressions in round brackets. We can do the square 

of this matrix element and combining it with phase-space factors calculate the 

width or rate of the decay P + kv 

T(P+ %U) = $ Fp2m 2 !?.Mp(l-f$)‘(~~~~~) * 

In the phase-space factor we neglect the ratio of masses ma/Mp which is small. 

The factor of m 112 has its origin in the factor q,fiY$l + Y’,)v~. This reflects the 

fact that in a V-A theory of weak interactions both neutrinos and massive leptons 

would like to be left-handed. That means that if the particle is going in one 

direction and the antiparticle is going in the opposite direction then they would like 

to line up their spins in the same direction. Then it will give a net spin projection 1 

while we started with a system of total spin projection 0. So that must be 

suppressed. Then the only way we can get a configuration of total spin 0 is for the 

massive lepton to have its spin pointing in the wrong direction. As you know from 

relativistic quantum mechanics the probability to have this happen is governed by 

the mass of that object. In the limit of zero mass for the V-A theory we have only 

a single helicity. 

Now I invoke SU(4) symmetry for the rates by saying arbitrarily that the 

decay constants of all pseudoscalar mesons will be equal 

Fn = F K = FI, = FF 

- 
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The purely leptonic decays of the F+ and D+ can be pictured as 

F+ has the annihilation of charmed quark and strange antiquark with Cabibbo 

strength cos Bc into W’, which decays into the 9,+ and V. Df decays in a similar 

way but with reduced strength. Both decays are analogous to the K 
a2 

decay, 

K+ + 9+ +v, which is Cabibbo suppressed 

In quark language the assumption of SU(4) symmetry for the decay constants is 

equivalent to the assumption that the wave function is such that the probability for 

two quarks to annihilate is the same for all our pseudoscalar mesons. SO if the 

wave function at the origin is the same in all our cases we have 

I’(D+ + a’v) = r(K+ + &+v) = tan2 8 
c (F 

+ + !L+vj 

MD MK MF 

With 
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T(K+ * ufv) “_ 0.5 - 108 set-’ 

we predict 

r CD+ + u+v) = 1.9 * IO8 set-’ 

r(F+ + p+v1 3 3.7 - lo9 see-’ 

which give very long partial lifetimes (10 -8 - lob9 set). The length of these partial 

lifetimes is due to the helicity suppression of the two-body decays, 

Therefore if we can find any other decay modes of these objects, we expect 

that the purely leptonic two-body modes will be rather unimportant because their 

rates are so slow. 

b) Semileptonic Decays of Charmed Mesons 

We may also consider semileptonic decays. 1 will treat them again by analogy 

with known decays but give less detail now. Let’s consider three-body semileptonic 

decays, for an example, of D+, which is made of a charmed quark and &quark. A 

charmed quark changes by emitting a W+ into a strange one leaving a hadronic 

system with the quantum numbers of the i?. The W’ decays subsequently into 2 

leptons. So we have as the pictures for D+, Do and F+ decays: 

D+ 

c= w&r; 
K DO 

c= p-$1 
K- 
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which look similar to the picture of the K” decay 

-d 

Again assuming SU(4) symmetry, this time for the form factors involved in these 

decays, one may say that the ratios of the partial widths are again given by phase 

space. Phase space for these three-body decays turns out to go as the fifth power 

of the mass of the decaying object. Consequently 

I-CD+ + l?e\ )/l’(K’ + TI -e+v) :: (M /M D K )5cot2 0 C = 1.4x IO4 . 

0 Since r(K + II -e+v) : IO’sec -1 we expect 

T’(D+ + I?e+v) = T(D” + K-e+u) = 1.4 x 10IL set-’ 

r(F+ + q Oe+v) = 1.5x 1011 set-l 

As a result, of the decays we have considered so far, I expect the semileptonic 

decays to dominate. We have calculated zsingle semileptonic decay in each case, 
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but that should trouble us because energetically thereare a large number of 

semileptonic decays which are allowed. We can imagine rhat instead of decaying 

into 1~’ we might have decays into I<* or just into K and ~~~mesons because all 

charmed states arc so rnasive. How can we take care of these states? We can 

make a very simple estimate based on a quasifree quark model. In this model a 

charmed particlc is made up of a charmed quark and an ordinary antiquark, which 

are roughly independent of each other. Therefore I treat the decay of charmed 

quark into a srrange quark and ¶, , \, in the same way as the decay of u + into _ 

positron and ve plus v,, 

in other words I will treat the charmed particle decay as the decay of an isolated 

charmed quark as in u-decay, not worrying about the influence of the second quark. 

1 call the second quark a spectator and picture it a5 a dashed line 

ri---- *------‘ii 
If I do that then I know the rate of this decay because we can calculare the rate lor 

@xay. I simply transcribe the familiar formula for Jo -decay and have the rate 
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2 5 

T(charm + hadrons + F.u) = GF mc 

192n3 

with m 2 1.5 GeV we find finally r(charm+hadrons+ 9.v) =I’(charm+hadrons+ uvI= 

=3 - lh se,-‘, which is 2 or 3 times larger than our equally naive estimate for 

specific exclusive semileptonic decays. 

c) Nonleptonic Decays 

Now we want to look at nonleptonic decays. This is a subject of considerable 

complication, detail and beauty. So I would like to return to it in a later lecture. 

But for now I will speak in very simple terms. In the usual current-current picture 

of weak interactions the weak Hamiltonian is a product of leptonic and hadronic 

currents with its conjugate plus the opposite combination 

HW s JJ+ + JfJ 

I recall from my discussion of the Weinberg-Salam model that the charge- 

changing current has a number of pieces. I rewrite them suppressing space-time 

structure and coupling constants as 

J s cdcoseC+iissin eC+‘&coseC-?dsin BC . 

Here we have a transition from a d-quark to a u-quark with the strength cos 0 C, 

from a strange quark to a u-quark with the strength sin BC, from an s-quark to a 

charmed quark with the strength cos eC and from a d-quark to a c-quark with the 

strength sin 0 C. Consequently we can see that the Cabibbo-favored transitions are 

given in quark language by transition c+ s + u + a. In a current-current picture 

that takes the cos 0C piece from the charm-changing transition and the cos BC 

piece from the AC = 0 current. 

- 
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Therefore we can read off the selection rules from these transitions again for 

the Cabibbo-favored decays. The change in charm is equal to the change in 

strangeness and is equal to -I 

AC = AS = -1 

(or +I if we go in the other direction). The isospin changes by 1 because we start 

with an isoscalar. The s-quark is isoscalar and the combination of u and 3 quarks is 

like TI ‘, soI=IandthechangeisAI=I,A13=1. 

Given these simple rules for changing the charmed quark into the strange and 

ordinary quarks we can list some simple examples of the kinds of decays that will 

be of interest. For example, the DO-meson made of c and c-quarks will go to a 

final state, which is Kir+, i.e. 

Do(&) -, K-n+ 

D+(ca + K- rr’n+ 

F+(ca + K+I? 

C,+(c[ud]] + A(s[ud])1: . 

Before we do anything involving any details we should simply make the remark that 

charmed states are much more massive than the already known weakly-decaying 

states such as TI and K-mesons. Therefore simply because of energetics there is 

likely to be a very large number of competing decay channels and the branching 

ratio into any channel is likely to be very small. 

I will deal later with the calculations of the relative importance of specific 

nonleptonic final states. For the moment I simply want to make an inclusive 
L 
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estimate of the nonleptonic decay rate by the same technique we used for the 

semileptonic decays, again in the quasi-free quark picture. From the picture of 

semileptonic decay I have a width that in some units I define to be 1 (r CE 1). 

Nonleptonic decays in these pictures are 

c&L rcc3xcosee ‘I ------f------ 9 C 

c-Ld roc3xsi”ze 
9’--- --------’ q C 

The tripled rate for the two last pictures means that we take into account three 

colors of each quark. 

- 
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d) Charmed particle lifetimes 

Consequently we have an estimate for the total decay rate of a charmed 

particle, which is proportional with some numerical factor A to the decay rate of 

the charm into hadrons plus lepton and neutrino 

r (charm + all) J A x I’(charm +h9.v) 

The numerical factor is 3 from nonleptonic decay estimated from this naive 

quasifree quark model plus 1 for each of semileptonic decays into hadron and pv, 

hadron and ev. On the basis of this estimate we arrive at a total decay rate, which 

is 

r(charm + all) = 5 !Jcharm + h9.v) q 2 . 1012sec-1 . 

There is a phenomenon which I would like to discuss tomorrow. It is called 

“nonleptonic enhancement” and in fact it increases rates for the ordinary hadron 

nonleptonic decays compared to what we would calculate on the basis of 

universality of the weak interactions and the known strength of leptonic and 

semileptonic interactions. If such an enhancement would operate in the case of 

charmed mesons the total rate of decay could be increased by a factor as much as 

10. 

Keeping this in mind, but not doing anything specific with it at the moment, 

we may say that before we find the charmed meson we expect a range of lifetimes, 

taking into account the simplicity of the calculations that have been done, between 

10-11-10-14sec. These are interesting lifetimes because they are rather long on 

the scale of hadron physics. It is possible that particles with lifetimes of this kind 

travelling with a momentum of 100 GeV/c can leave tracks of finite or detectable 

length in a detector. Here for a reasonable%sumption in this range of possibilities 
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we show the mean path length traversed by a charmed particle before decay as a 

function of its mass and momentum. In this figure it is assumed that 

T M5 = IO-“set GeV5. 

M (GeV) 

What you see is that for the mass range of interest we expect something of the 

order of 1 O-l-1 0 -2 mm to be a track length. Such track lengths are not resolved in 

conventional bubble chambers and certainly not in conventional spark chambers. 

However the emulsion technique which was used for a long time for cosmic ray 

research and also for the study of hadron interactions at accelerators is able to 

detect particles leaving such short tracks. There are now in the literature a 

number of observations of short tracks, which seem to be consistent with the 

detection of charmed particles. Because the number of examples is very small and 

because in emulsion it is very difficult to identify the species of particles, no one 

of these events is definitive. I simply show to you an example of such an event 

(E.H.S. Burhop, et, Phys. Lett. m, 299 (1976)): 

- 
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On the left side of the picture there is an interaction. This is the interaction of a 

neutrino with an emulsion nucleus making first the splash of slow particles. Then a 

number of fast particle tracks comes out to the right. The track of interest goes 

horizontally. It comes a long distance, 0.2 mm, and then appears to break up into 3 

seen tracks and probably a K” or A. There appears to be farther away a neutral V- 

particle, which is plausibly pointing back to the same vertex. This event was found 

in Brussels by a large collaboration of European experimental teams with some 

institutions from the USA. The interpretation is ambiguous but appears to be 

consistent with the four-body decay of charmed baryon with a lifetime of about 

IO-l3 sec. There are some additional experiments using other kinds of detectors 

such as at CERN, in which a large bubble chamber works together with an emulsion 

stack tagging the interesting events and pointing back to some position in the 

emulsion. People hope that experiments now in progress will give as many as 20 

events of the interesting kind. 

Now we have some idea of what we are looking for. We know the names of 

all the charmed particles, we have made guesses for their masses and we have 

formulated some elementary remarks about their decays. 

- 


