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LECTURE III. PRODUCTION OF CHARM 

Allow me to discuss at greater length the production of charmed particles. 

With some simple arguments we may understand what the production cross section 

should be in various situations. So we may anticipate the best places to find 

charmed particles and the places where it will be more difficult to find them. 

1. e+e- Annihilations 

For e+e- annihilation we have done the calculations yesterday. We have 

calculated the total hadronic cross section. One may say that the production cross 

section for charmed particles is given by a diagram, in which ef and e- annihilate 

into a virtual photon. The photon then decays into a charmed quark and charmed 

antiquark. These quarks arrange themselves with other quarks out of the vacuum 

into charmed hadrons in the final state. This occurs with relative probability 3 for 

color times (2/312, which is the charge squared of the charmed quark. So we have 

u (e’e- + charm) = 4/3 o(e+e- + u’u -) used yesterday: 

This should be an average cross section which is expected to be reliable close to 

threshold. “Close to threshold” means a kinematical regime where we make at 

most a pair of charmed particles, and do not make 2 or 3 pairs of charmed 

particles. Yesterday we also computed in the same kind of language that the non- 

charm cross section was in similar units 
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ocnoncharm) z 2 . 

Consequently above the charm threshold we expect the charmed particle 

production cross section will be about 40% of the total hadronic cross section. 

That is a very large number which gives rise to great enthusiasm because it means 

that the signal to background should be very favorable in e+e- annihilation for the 

observation of charm. 

In real life there are some complications which were not anticipated 

theoretically. There seems to exist a heavy lepton with a mass almost identical to 

the mass of the lowest charmed particles. This is in some ways an analogy to the 

situation in the 1940’s when the n-meson was searched for in experiments. The 

first experiments which reported the discovery of the m-meson in fact discovered 

the muon, which has a very similar mass. Because the mass of this heavy lepton is 

so close to the mass of charmed particles the thresholds to produce them almost 

coincide in e+e- annihilation. That probably delayed for a year and a half the 

finding of charmed particles. 

With some reservations one may say that the heavy lepton does exist. We can 

calculate on the basis of the rules of quantum electrodynamics its production and 

can model its decay. If we do that we may subtract the cross section to make this 

heavy lepton from the observed cross section and deduce the true hadronic cross 

section in e+e- annihilation. I show here the ratio of the cross section for e+e- 

going to events detected with hadrons minus the cross section due to heavy leptons 

divided by the reference cross section to make a pair of muons. These are the most 
r 

recent data- of the SLAC-LBL collaboration working at SPEAR. We see below 

charm threshold and below heavy lepton threshold the number 2.5, which I have 

* 
V. L;‘th, SLAC-PUB-2050. 
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discussed yesterday, then in the neighborhood of 4 CeV a rapid rise of the cross sec- 

tion ratio and also some oscillations. The ratio settles down at a new level, the 

relative amount of cross section here compared to the low energy data being 

roughly what we have calculated on the basis of the 40% ascribed to charm. 
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Looking in more detail at the threshold region we see that this is something 

that one cannot calculate by elementary arguments. Look at the cross section of 

efe- annihilation into hadrons in units of u-pair production cross section as a 

function of the center of mass energy fi(next page). Again these recent data are 

from SPEAR.* In this picture, $ ’ looks like a long line. A new resonance is shown 

very clearly here with a mass M = 3772 MeV. It has a width of about 30 MeV and it 

seems to decay almost exclusively into a charmed meson D and an anti-charmed 

*P.A. Rapidis, et, Phys. Rev. Lett. 2, 526 (1977). 
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meson a. In addition there are the other structures, which were known for some 

time but are not still completely resolved. There is a very large cross section point 

at about 4.0 GeV, which is the place where charmed mesons were first observed in 

e+e- annihilations. There are also other details still to be understood. For 

example, there is a rather broad enhancement at 4.4 GeV, where charmed mesons 

have also been seen at SPEAR and where recently some evidence for the charmed- 

strange mesons, F and F* mesons, was obtained at DESY. You see again that the 

general level of this cross section is well above the pre-threshold value. 

So we expect, if we believe the arguments of this kind, that the discovery of 

this step in the ratio R means efe- annihilation would be an especially favorable 

place to look for charm. This is because in electromagnetic production it is the 

charge of quarks that is measured and the charmed quark has the largest charge 

213. 

2. Peripheral production in hadron collisions 

Let us consider some of the other places, where we might consider looking for 

charm. One can ask about the peripheral production of charmed particles in hadron 

collisions. We have experience with the discovery of strange particles many years 

ago in which strange particles were seen to be produced in pairs, the so-called 

associated production reactions such as n-p + K’A. We may ask whether the same 

kind of reaction would be favorable for the production of charm. It is at this point 

that one usually uses the substitution property of SU(4) representations. By 

substituting the strange quark for the charmed quark it turns out to be an easy 

exercise to read off the couplings of these reactions in terms of SU(4) symmetry. 

This is simply by a substitution. I list here a few reactions that one may consider. 



-66- FERMILAB-Conf-78/37-THY 

Some charm-exchange reactions 

Reaction 

n-p + D-CO+ 

n+p + I+C, *++ 

K-p + F-C + 1 

Exchange trajectory 

D*, D*- 

I, 

1, 

SU(4) analog 

n-p + K”A 

n+p + K+YIX+ 

n-p + K ace 

The associated production type produces a charmed meson with charm -1, D- 

mesons, and the charmed baryon with charm +I, Co+ baryon. In the peripheral 

exchange language this requires the exchange of a charmed meson trajectory, the 

vector or tensor trajectories: 

It has a full analogy with the familiar associated strangeness production reactions 

such as n-p + K’A, which proceeds by K* exchange. 

On the basis of this analogy for the couplings, then, we know the strength 

with which these reactions would proceed. The conventional way to make an 

estimate of a cross section in high-energy regions is to resort to Regge 

phenomenology. To do that, there is one more ingredient we need, which is the 

Regge trajectory of the charmed mesons. This one can invent in a number of ways 

before the discovery of the charmed mesons. “A number of ways” means, for 

example, to take the D* - D 
** 

Regge trajectory from mass formulas and then to 
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estimate cross sections by conventional Regge pole techniques (see Field and 

Quigg, Fermilab-75/15). In the most optimistic way (of estimating the trajectory) 

the largest prediction at any energy is then 10 nb. In perhaps more realistic ways, 

the prediction is 2 or 3 orders of magnitude smaller. This is simply because of the 

great mass of the charmed mesons, which makes it very difficult to exchange 

charmed particles. Experimentally no signal has been seen. That is consistent with 

the estimates! 

3. Inclusive production in hadron collisions 

Let us now consider the inclusive production of charm in hadron-hadron 

collisions. In the peripheral production case at least we have the Regge pole 

model, which is reasonably well defined. For inclusive production of very massive 

particles in hadron collisions we have no well-founded model but only a very large 

number of guesses, which have been made. I review only a couple of them here. 

There are statistical-thermodynamical arguments, which seem to be more in 

the nature of folklore than precise theory, which may be applied to the pair 

production of a new quantum number. By these arguments the charmed meson 

cross section should be proportional to an exponential damping factor 

u(DIT) fl exp [-2MD/160 MeV/c2 I 

Here 2MD is the mass of the charmed meson pair, and 160 MeV/c2 means the 

universal hadronic temperature. If you make such an assumption, then you find 

that the production of charmed pairs should be only approximately 2% of the 

production of the $, i.e. 

o(D@/o($ fl 0.02 

This is a very tiny cross section indeed. _ 
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I show you a smooth curve representing the excitation curve for J, production 

in pp-collisions as a function of the center of mass energy. 

The vertical axis points out the cross section as a function of rapidity Y at 

rapidity in the center of mass. So the integrated cross section is perhaps one or 

two times larger than this. You see that we are dealing with a cross section on the 

order of 10e31 cm* even at ISR energies. A cross section two orders of magnitude 
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below the $ cross section would make it virtually impossible to search to for charm 

in such a reaction. It seems that on this basis the thermodynamical argument is 

very discouraging. 

There are also numerous schemes which argue in just the opposite way. They say 

that to produce charmed quarks is not any harder than to have them stick and form 

a $-meson. They argue therefore that the production of unbound charm should be 

- 
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easier than the production of bound charm. There is a little bit of justification for 

this point of view because if you look at the cross section to produce a pair of 

strange particles compared with the cross section to produce the $-meson this 

cross section ratio is approximately equal to 20, 

o(KI?)/o($) s 20 

for pp-collisions at 24 GeV/c.* It is therefore popular to guess, although this is not 

defended by any very convincing theory, that charm production is 20 to 30 times 

larger than $-production at high energies. A guess that people make by this 

technique is that the cross section for the inclusive production of charm in hadron- 

hadron collisions should be about I ub at 400 GeV/c. Because of small branching 

ratios into visible final states the cross section times branching ratio is much 

smaller. We expect, therefore, an unfavorable signal to background ratio in 

hadronic collisions. The searches which have been carried out so far have failed to 

find any charmed particles in hadron collisions. There is not yet any interesting 

limit compared with this projection of 1 ub. [Note added: Recent beam-dump 

experiments at CERN have yielded evidence for a new source of prompt neutrinos: 

P. Alibran, a., Phys. Lett. m, 134 (1978); T. Hansl, Gal., &, p. 139. P.C. 

Bosetti, Sal., ibid., p. 143. A Caltech-Stanford calorimeter experiment at 

Fermilab has observed prompt muons in coincidence with missing energy: M. 

Shaevitz, talk at the 1978 Vanderbilt Conference. These experiments can be 

explained as the production and semileptonic decay of charmed particles. The 

inferred production cross section is PIO-100 pb. at 400 GeV/c. ] 

4. Production in (v, 3)N reactions 

Another place which is more favorable for the observation of charm is in 

neutrino reactions. Here we have at our disposal, since we know everything about 

*V. Blobel, Sal., Phys. Lett. EB, 88 (1975). 
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the weak interactions of charmed particles, all the ingredients we need to estimate 

the cross section for charm production. To do so we use the quark-parton picture. 

We will regard the reactions 

as the neutrino (antineutrino) turns into p-(u+) by emitting a virtual W+(W-), the 

virtual W+(W-) then interacts with a quark inside nucleon to produce the final state. 

I write down again the form of charm-changing charged current 

-J (+I 
P 

* cy,,(l + Y~)S cos Oc - c~~(l + y5)d sin Bc . 

We can now enumerate many weak processes by which charmed particles can be 

produced in v collisions. I start with v collisions and show you 3 examples. For v 

nucleon scattering there is an interaction of W+ with a d-quark, and the d-quark is 

obviously present in the valence regime for the nucleon. So that occurs rather 

frequently here but with Cabibbo-reduced strength by sin f3 c because of the 

structure of charged current. We have therefore a picture 

cuu 

A f f 

sin valence quarks 

w’ duu 
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There are then two other diagrams. If I consider the nucleon as being made of 

more than 3 quarks and having a sea of quarks and antiquarks in it, a strange quark 

from the sea can be changed into a charmed quark with a cos Bc factor or a d- 

quark again from the sea can be changed into a charmed quark with a sin 0 C 

factor. So we picture all this as 

c5uud 

All 
Wf sSuud 

ciiuud 

Aill 
W+ diiuud 

cos % 
sea quarks 

sin Bc sea quarks 

If one takes reasonable models for the distribution of partons in the nucleon, then it 

is possible to make a calculation. One finds that far above threshold the production 

of charm occurs at the 10% level from the non-charm production cross section. 

o(charm)/o(non-charm) ’ 0.1 * 

This is again a rather favorable and large cross section. The distinction as opposed 

to e+e- annihilation is that the total number of events one can accumulate is very 

small in most neutrino experiments. - 
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We can have the same kinds of interactions for: collisions. Now there are no 

allowed transitions from valence quarks. The strongest contribution is from the 

cos 0 c transition of a strange antiquark into a charmed antiquark, the first being 

from the sea. There is also a transition of &quark from the sea into a c-quark, 

which is Cabibbo-suppressed. We picture these processes: 

Esuud 

Afti 
W’ gsuud 

cos sea quarks 

Eduud 

AlIll 
W- iiduud 

sin % sea quarks 

Far above threshold, making the same kind of reasonable assumption as for the neu- 

trino case, we expect charm to be about 13% of noncharm production. Now let us 

remember that the total cross section for 7 scattering is about l/3 of the total 

cross section for v scattering, i.e. 

L lo VN VN 
= l/3 

We see that the total charm production in antineutrino collisions is smaller than in 

neutrino collisions by a factor of 1.3/3 or 

- 
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% (charm)/uv(charm) = 40% 

It appears that both reactions are appropriate, from the point of view of the signal 

to noise ratio, to search for charm. As we already saw in efe- annihilation 

reactions it is possible to sit at a single energy and to accumulate a large number 

of events. Therefore one can expect to have good invariant mass distributions for 

various combinations of particles and to search for peaks. In the case of neutrino 

scattering, event rates are rather small. So the observation of peaks in invariant 

mass distributions is very hard. However, it is probable that the first example of 

charmed particle production and decay was seen in a neutrino bubble chamber 

experiment. There is a single event, which is quite exceptional. It was found in a 

Brookhaven experiment in 1975 (E.G. Cazzoli, et al., Phys. Rev. Lett. 34, 1125 

(1975)). The experimenters interpreted it as the production of Cl’+ charmed 

baryon, which undergoes strong decay into I? and Co+ baryon, the last weakly 

decaying into An+ rr’n’n-. So the production and decay chain looks like 

v +p +!.I-+c 
(4) 

lf’ (2425 MeV/c*) 

strong 

’ (2250 MeV/c*) 

weak 

t A Tl+lr+ TI- 
67) (5) (3) (1) 

I show to you this possibly historic event. The tracks are labeled as indicated 

above. 
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A neutrino enters the chamber from the left. Of course, it is a single event and it 

is difficult to draw a strict conclusion from a single event. But it is quite an 

exceptional one because if you do not interpret it as a charmed particle event this 

event would be something else we had never seen before. That is, it would be the 

first observed violation of the rule for the strangeness-changing semileptonic 

decays, by which the charge and strangeness of the hadronic system must change by 

the same amount. This is a rule which we can read off from the hadronic charged 

current 

,(+) s idcoseC+%sinf3C . 

where the last term changes the strangeness and charge of quarks by I unit so that 

we find AS = AQ = 1. The initial state of this process, p, has Q = I, S = 0. The 

final state Arr’n’rr ‘TI- has Q = 2, S = -1. The charge changes by 1, the strangeness 

changes by -1. 

P -+ ‘21: T;cTI+ll- 
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In the absence of any experimental interpretation for it as a misidentification, it 

would be a very special event by itself. Confidence that it is probably a charmed 

baryon grows because in a photoproduction experiment last year at Fermilab some, 

evidence not completely convincing but very strong, which I will show you 

tomorrow, indicates that this is in fact the correct mass for the charmed baryons. 

Let us discuss for a few minutes the inclusive indications for charm in v , 7 

interactions. In most counter experiments, which are capable of accumulating a 

large number of events, the individual hadrons are not identified. But the bubble 

chamber experiments, where one can see some interesting events, typically have 

very low rates. So the problem is how to find some way by which we can make use 

of the large signal to noise or signal to background ratios as we expect in neutrino 

interactions, to see evidence for charmed particles. One of the things we can do is 

to observe that the semileptonic decays of charmed particles will lead sometimes 

to events having two charged leptons in the final state. By now there are a large 

number of examples in the bubble chambers of reactions such as 

V N -+ !J- + ef + hadrons 

where the muon comes from the original charged current interactions and the ef 

comes, it seems, from a semileptonic decay of charm. There are about a hundred 

of these events reported so far and many of t!lem have accompanying strange 

particles among the hadrons, the decay into strange particles being another of the 

signals which is seen for charmed particles. The experiments listed here are 

references for experiments with the Gargamelle bubble chamber at CERN (the first 

two) and the last two for two different experiments using the I5 foot bubble 

chamber at Fermilab. 

- 



-76- FERMILAB-Conf-78/37-THY 

H. Deden, et al., Phys. Lett. 588, 361 (1975). 

J. Blietschau,*, Phys. Lett. 608, 207 (1976). 

J. von Krogh,a, Phys. Rev. Lett. z, 710 (1976). 

C. Baltay,&, Phys. Rev. Lett. 3J, 62 (1977). 

Actually one of the earliest indications for charm was the observation of dimuon 

events in u(3)N scattering in the Fermilab counter experiment that Prof. Mann will 

describe (A. Benvenuti, Gal., Phys. Rev. Lett. 2, 419 (1975)). This phenomenon 

has now been studied in other large counter experiments at Fermilab and CERN by 

Caltech-Fermilab and by CERN-Dortmund-Heidelberg-Saclay teams. I show you 

here just an example of some recent measurements. It comes from the Caltech- 

Fermilab experiment (B.C. Barish,e, CALT 68-603). 
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What is plotted here is the cross section to observe dimuon events divided by the 

cross section to observe the muon final state as the function of neutrino energy. I 

use a cross for v data. The curves show the prediction of a quark-parton model for 
- 
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charm production. As we have said in our brief discussion there are more 

charmlike events in antineutrino interactions than in neutrino scattering. t\s a 

whole these data appear to be consistent with the charm hypothesis for production 

and decay, because of the magnitude for the cross section which one expects. [See 

C.H. Lai, Fermilab-Pub-78/18-THY. ] 

These dimuon events now are being studied in great detail in order to give 

specific masses for the charmed particles. If we can verify that these are coming 

from charmed particle decays then because of our specific ideas for charmed 

particle production we can learn something about the dynamics of neutrino 

interactions from the observation of these events. So we are using now charm as a 

tool to understand neutrino physics. 

Let us discuss the other expected characteristics of dimuon events: 

1) There is a missing neutrino which is not detected and should carry off some 

energy in the final state. 
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I show you a calculation appropriate for the neutrino spectrum at Serpukhov, which 

shows the amount of missing energy of dimuon events in vN scattering. Then you 

see that there is typically I or 2 GeV of missing energy in a broad band 

environment, which is a very difficult thing to detect. What one can hope to learn 

from a broad-band experiment is that the total energy spectrum that you deduce 

from your two-muon events would be different from that in the one-muon events, 

by a systematic shift to lower energies. There have been some observations now in 

a narrow-band beam at CERN by the CERN-Dortmund-Heidelberg-Saclay collabo- 

ration, which indicate that in their dimuon events there is indeed some missing 

energy, typically on the average about 8% of the incident energy. This is 

consistent with what one expects on the basis of charm particle production and 

decay. 

2) Now there are also many kinematical distributions which reflect the 

production mechanism. But I think that Prof. Mann will be dealing with it in detail 

so I only mention an obvious one, which we now are ready to accept from our 

discussion. We said that charm production by antineutrinos came from quarks in 

the sea. This is concentrated at small momenta, small values of x, whereas it is 

possible for neutrino production to make charm from valence quarks at some larger 

values of x. This kind of difference in the distribution is indeed seen as expected, 

i.e. 

cx>- << cx> 
v ” 

- 
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5. Photoproduction of Charm 

The last place that one can think of looking for charmed particles is in 

photoproduction, because the photon can couple to the charmed quark charge and 

you hope to have a large signal. We argue that in the timelike region above the 

charm threshold the hadronic composition of the photon is about 40% cc. In the 

case of photoproduction one can ask with what probability does this (ca component 

materialize as charmed particles ? There is a very simple argument one can make 

based on an analogy with I$ photoproduction in the reaction y N + + N. In a vector 

dominance picture we interpret $-photoproduction as an incident photon turns into 

a virtual IQ, which elastically scatters from the target and becomes a real+. 

This is a process now very well studied from 12 GeV up to about 250 GeV. On the 

basis of those experiments it is possible to conclude within a factor of 2, I should 

say, that the elastic cross section for $ N scattering is very small compared to total 

cross section for JIN scattering. So perhaps 

u elastic( PJ’N)/u~~~( JIN) z 5% * 
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Then because of our arguments about peripheral reactions it is hard to 

exchange charm quantum numbers from one side of the reaction to the other. It is 

a reasonable guess that inelastic scattering of the J, N system leads to the 

dissociation of the $ into explicitly charmed pair states. If we make such a guess 

then the photoproduction of charm would be 

o (yN + charm) = 20dyN +$N) u- 1 I.lb 

at 150 GeV. 

This concludes our survey of the names, masses, decay modes and production 

mechanisms of charmed particles. Next I will give you a summary of the 

experimental situation with respect to the spectrum of charmed particles. 

LECTURE IV. EXPERIMENTAL STATUS OF CHARM 

1. Summary of the data 

Today I will deal with two separate topics in two hours. In the first hour I 

will survey only charmed particles and in the second hour I will give a discussion of 

the new particles, newer than the charmed particles, which were recently 

discovered at a mass of approximately 10 GeV/c’. 

In the first part of this lecture I would like to survey the experimental status 

of charmed particles, and of particles with “hidden charm.” There are now a rather 

large number of well-established states. I list here the states which are bound 

states of charmed quark and charmed antiquark, together with the spin-parity and 

charge conjugation assignments for these levels 

- 


