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ABSTRACT
It is suggested that the possibility should be studied of producing high

mass particle states by multiple interactions within two colliding heavy
nuclei. |In particular a nucleon or meson might be excited, in two or

more stages, into its component quarks. Some rough estimates based on an
empirical extrapolation of existing cross-section data appear sufficiently

encouraging to justify further work based on more realistic models.
(This preliminary report contains only a brief outline of the ideas fnvolved,

prepared for informal presentation at a joint RHEL/DNPL meeting on

accelerator applications,)

Rutherford High Energy Laboratory
Chilton Didcot Berks

January 72




THE POSSIBILITY OF QUARK PRODUCTION BY MULTISTAGE EXCITATEON N COLLISIONS
BETWEEN HEAVY NUCLE!

P F Smith

1. BASIC IDEAS

In discussing posstble future particle accelerator facllitles, it Is of
interest to enquire whether collislons between heavy nuclei might be used
to produce high energy events with a centre of mass energy greater than
the maximum avallable In a normal two nucleon colliston.

Perhaps the simplest possibility of this type Is that a glven nucleon In the
target nucleus might be hit In rapid succession by two or more nucleons In
the incident nucleus. There would then appear to be a finite probability of
some of the nucleons being excited, in two or more stages, to very high

mass states. In particular a nucleon might In this way be split into its
component quarks.

As an example of the kind of energy gain which might be achieved, consider the
case of particle beams produced by a 300 GeV synchrotron. The normal proton
beam incident on a stationary target would glve a maximum centre of mass

energy of about 24 GeV. In the same accelerator, fully stripped heavy nuclei
could be accelerated to about 120 GeV per nucleon, corresponding to a centre

of mass energy of about 15 GeV. Consider now a target nucleon (in, for example,
a uranium target nucleus) which experiences two successive inelastic collisions:
suppose the first collision forms an excited state of mass, say, 12 GeV which
lives long enough to be slowed down by transferring its momentum to neighbouring
nucleons; it then presents a target of mass ~ 12 GeV, so that the available

centre of mass energy for the second collision is over 50 GeV.

Thus in this example, even assuming only two successive excitations, the maximum

effective energy is twlce as great as that available with 300 GeV protons.

Thus In searching for new high energy phenomenon such as quark production,
heavy nucleus collisions might be an alternative to the ISR technique for
increasing centre of mass energy, particularly since a suitable heavy lon injector

might be provided at a substantially lower cost than a corresponding storage

ring facility.




2. ASSUMPTIONS

In order to make preliminary attempts at numerical estimates we fix our attention
on the specific process of quark production. Although the various quark models
themselves make no specific prediction of the quark mass, there is at least some,
admittedly speculative, theoretical indication that new types of particle
phenomena could exist at a mass level of order mu2/me Vv 22 GeV; i f we suppose
this to be the quark mass we would then expect that an excitatlon energy of

45-50 GeV would be required to split nucleons or mesons tnto quarks. This

figure will be used for i1lustration purposes In subsequent calculations, although
the principles Involved do not in fact depend In any way on the particular mass

assumed.

We now wish to compare the possible quark production rate in heavy nucleus
collisions, with the corresponding rate In a normal two-nucleon collision, (assuming

sufficient energy available in each case). We can proceed in two distinct ways:

(a) lIgnore the internal quark structure of the nucleons, assume they
interact as a whole, and use existing data on production cross sections

for 1-2 GeV mass states to extrapolate to higher energles.

(b) Recognise the internal quark structure, and treat inelastic nucleon-

nucleon collisions as elastic collisions between their component quarks.

The latter is probably the only realistic way to proceed, as discussed in section 7,
and this will be the direction for subsequent work. |t is of interest, however, to

see what indications are given by approach (a), and these will now be discussed.

3. CROSS SECTION ESTIMATES

The number of excited states increases rapidly with energy, the mass spectrum

becoming effectively a smooth continuum above a few GeV. We can therefore consider

the particle production cross section to be a continuous functlon of mass. Suppose

the cross section for the production of a state between mass m and m + &m

Is E%lﬂl &m then the cross section for the production of state with mass greater
m

than some value m is o(m). Since the total cross section is approximately

independent of energy (v 40 mb), we may write o(m) as v~ 40 mb x Pg(m) where
0 < Pg(m) < 1.



For heavy nucleus collisions we assume a nucleon density ~ (2.10713 cm)-3 within
the nucleus, with all nucleons assumed to act independently and incoherently.

At this density every nucleon has a probability of order unity of experlencing
two or more Inelastic coliisions of some kind. The approximate production rate
for creating a state of mass mg in two stages is thus the product NA (number of
accelerated nucleil per second x atomic number), for which we can assume

1011 - lolzlsec to be technically feasible, multiplied by the separate
probabilities for excitation to Intermediate mass m;, slowing down in distance x
without decaying, and further excitation to mass me3 and finally integrating

over the intermediate variables m; and x :—
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where CLFZOO Is the probability of 'slowing down' (i.e. losing
clx more than say 70-80% of Its momentum) in a
distance x.
szg) is the probability of the intermediate state

surviving a distance x without decaying. Thus, for

a resonance of width w(MeV):-
-3
Pyx = exp[—- (w/ :oom.v)(x/:z.to cm)] 2)

and we have also assumed the same function Po(m) to be valid for the further

excitation of an excited state, provided m represents the mass Increase.

For rough estimates it will be sufficient to use the following approximation

to expression (1):
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We now wish to know the form of P_(m). Using the CERN data compilations
(CERN/HERA 70-2 to 70-7) for the processes pp » exclted nucleon states, also
mp, Kp > excited meson states, we sum the various partial cross sections for

which the final state contains a particle of given mass m, assisted by the




further assumption that (above threshold) the cross section for the production

of a given particle Is approximately independent of energy. Most of the data

is for the production of particles up to mass 2 GeV, and at this level the
discrete nature of the spectrum, together with the incompleteness of the data,
makes it difficult to plot a continuous function. However, by grouping

together the states in mass intervals of 500 MeV we arrive at the trend shown

in fig. 1; from this it is seen that if the differential cross section Is plotted
against the difference Am be;ween the excited and ground state masses, then the

trend is roughly the same for pp, mp and Kp processes.

Allowing for the increasing sparseness of the data with increasing mass, which
may misleadingly steepen the downward slope of the curve, the trend is not
inconsistent with a power law decrease, of perhaps (AM)"3 - although it must
also be admitted that an exponential decrease is not ruled out. We can thus

provisionally adopt the expression

P(m) = P(am) ~ 1/(bm)?2 | (4)

(which correctly becomes ~ 1 for the lowest possible mass increment ~ 0.3 GeV)

Note that this probability includes all events for which the increase in

mass exceeds Am.

We have also studied the estimates made by Hagedorn (e.g. Nuovo Cimento LVIA,
1968, 1027-1056; CERN Th/851, 1967; Nuovo Cimento Supplement Vol V1, 1968,

p 311-354, etc.) These assume that all possible particles are formed statistically
from the ball of hadronic matter produced by a high energy collision; the number
of available states is then predicted to grow as (m=5/2)exp (+ m/0.16 GeV) with the
production probability for a given state decreasing as exp(- m/0.16 GeV). Thus
the cross section for producing any state in a given mass range is apparently
predicted to decrease as m™3/2 - approximately similar to the above empirical
conclusion. However the assumptions of this model appear quite different from

the single particle excitation process which we have assumed; moreover,the

simple three quark model itself, together with the shape of the observed
excitation spectrum up to 3 GeV, gives a maximum allowable number of states per
MeV which increases much more slowly with energy (see fig. 2) than predicted by
Hagedorn's formula (unless, perhaps, the multitude of possible deuteron, etc.,

states can be regarded as independent single particles - which seems unlikely at

very high energies).
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FIG. 1. General trend of cross section data for the production

of (a) excited nucleon states, (b) excited meson
states, and (c) exclted strange meson states, estimated
by grouping states Into intervals &M = 500 MeV.

Only those reactlons are included which can be reasonably
Interpreted as a simple excitation of the particle In
collision with the nucleon, Thus formatton processes
such as mp + N*, are not tncluded tn (bl and (c], which
represent excitatlon of the meson ground state by the
nucleon.

The dashed lines show a slope 1/ (am)3.
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FIG. 2: Comparison of density of particle states/MeV as suggested

by Hagedorn's exponential formula, with the number allowed
by a simple three quark and quark-antiquark model of baryons
and mesons, assuming Proportionality between total quantum
number and (mass)2, as observed, up to 3-4 Gev. The two
estimates agree with one another (and with experiment)

at v 1 GeV but diverge at larger mass.

The alternative, and more optimistic, viewpoint is that
above a certain mass al) states become lonised into free
quarks (see fig, 3).
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n view of this, it seems more appropriate to proceed Independently of the
statistlical predictions for the present.

L. OTHER EXCITATION CHAINS

Before proceeding to estimates of the possible quark productton rate, [t Is
necessary to note that quarks could also be produced by a number of other
processes analogous to the multi-stage nucleon excitatlion already discussed.

In flg. 3 these are shown as routes on a simple map of the baryon and meson
spectra. All particle states are contalned within the area bounded by the x-axts
(zero internal angular momentum) the upper curve (maximum angular momentum) and
the vertical line at qu. (Note .that the shapes of the m-L curves are In fact
very similar for mesons and baryons In the observed range up to ~ 3 GeV). The
extra dimenslons assoclated with strangeness and Intrinsic quark spin are not
shown explicitly = any point would in fact represent a 56 or 70 multiplet In
the case of the baryons, or a 36 multiplet In the case of the mesons. (There
Is also a second internal degree of freedom of the three quafk system which

further Increases the density of avallable states.)

The routes shown are as follows:
(a) Direct single-stage excltatlon Into quarks, e.g. by a simple

nycleon-nucleon collision.
(b) Two stage excitation, as previously discussed.

(c) Production of a 'stable' strange baryon, such as a I, followed

by two stage excitation. (Since the strange particles tend to have smaller
widths, the intermedlate mass states may have a longer lifetime; this

gailn however, may be offset by the relatively small number of strange

baryons produced).

(d) Production of a heavy meson, followed by single-stage excitation

into quarks.

(e) Production of 'stable' K or w mesons, followed by two stage excltation
Meson states are observed to have smaller average widths

tn contrast to (c), the longer lifetime factor
tty, stnce at high

into quarks.
than baryon excitations, and,
is not offset by the initial = or K productlon probabil
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Typlcal routes for single-stage and multi-stage
excitation Into free quarks

Note that in general we are picturing the processes
in terms of quarks with Instantaneous tntegral
charges, the apparent fractilonal ch
a rapid internal charge sharing process. Thus we also
envisage the free quark states to have charge 1 or
Zero, although the princlples under discusston would
probably be simtlar for fractionally charged models,
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energies the number of 1 or K mesons produced per Incldent nucleon is
known to be of order unity or greater. One disadvantage of this route
is that a meson target has a lower mass than the nucleon so that the
maximum centre of mass energy in the first stage will be less. Thus the
K meson route should be more useful than the 7 meson route.

The total production rate is, of course, the sum of the rates for each of these
routes.

5. QUARK PRODUCTION RATES

A major uncertainty which remalns Is the process of slowing down the Intermediate
state within the target nucleus. This Is, of course, essenttal to the idea,

otherwise it cannot absorb a significant amount of energy from the second incident
nucleon.

The relativistic kinematics of this has been examined in some detall, from which
It Is concluded that even a single subsequent collision (in which the excited
state could lose up to half its forward momentum) would allow a reasonable mass

Increment to be achieved in the second excitation.

In practice, of course, the slowing down will occur primarily via inelastic
collisions, so that the exclted state will In general become elther de-exclited

or further excited. For the sake of making some kind of estimate we will assume

(a) that the mass is unchanged, on average, by the slowing down

collision(s)

(b) that the slowing down collision(s) occur within a distance 2.10"13 cm,

giving a decay factor ~ exp(- width/100 MeV)

(c) that the slowing down probability, (since mainly inelastic energy
transfer processes are involved) is given roughly by a function similar
to the excitation probability. For example we can put P (x) = P, (m;),
which should be an underestimate, since it ignores processes in which the

momentum is carried away by low mass particles.




on this basis, and assuming Pe(m) given by equation (4), the order of magnitude

for the production of a L5 GeV final state, by the various routes listed in the
ollows (assuming average widths of 500-1000 MeV

preceding section, would be as f
h mass meson resonances):

for high mass baryon resonances, and 100-300 MeV for hig °
(a) Single stage (i.e. at ISR, assuming luminosity 3.1030)

S5 -2, ‘ ' o!
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' < <2, =5, = L _ -
. R T 10 (me/a A (/23 (mef 25 (& ke ') A 10°to 0™ see”

(c) Two stage excitation of I, etc.
Rc"\' depends on strange particle multiplicities and widths but
probably similar to (b) 10° ko 10% sec!
(d) Excitation of heavy meson state
This involves an initial production process (e.g. palr production) not covered
by the above discussion. Empirically such processes appear to decrease much

more rapidly with mass than the excitation processes. Thus

Rd. e~ (not calculated but probably negligible)
(e) Excitation of K mesons
=2 =2 2, -, -2 1 S o
Re o }Om (hu“"wﬂuc;f"ywl)(h\;/l) (’m;/ﬁ.) (‘m;/ﬂs (e tee )V" 10 to 10 o<
(however, in comparison with (b), about 50% more incident energy per nucleon

is required in this case, to compensate for the lower initial mass of the K

meson targets).

If one is content simply with a comparison of production rates for heavy ion
collisions, and for p-p collisions in an ISR, then the possible validity of these
rough estimates improves somewhat, since the uncertalinty in cross section behaviour
occurs in each. Thus if quarks were to be observed in 25 GeV ISR proton collisions
(as apparently suggested by the above estimate - but see section 7, final paragraph,
for a contrary viewpoint) then it is also possible that quark beams of significant
intensity might be obtainable by means of 100-200 GeV heavy ion beams (even though
100-200 GeV proton beams would have insufficient centre of mass energy).

6. COLLIDING BEAMS OF HEAVY NUCLEI

It is also of interest to note that if one considers the multistage excitation
process in colliding heavy ion beams, the problem of estimating the effectiveness
of slowing down the intermediate state is no longer encountered; any excited
state formed within the colliding nuclel is immediately bombarded from both sides
by further nucleons, so that any motion it has In the original centre of mass
system will, in one direction, increase the available energy for the second

collision, so that no slowing down process 1s necessary.



However
for coa;;:::n:h:e::::nt:ta: #e?m currents, the effective luminosftY X cross sectlon
usual pep collletons Th:c ?i is a factor n A4/3 (v 102 to 103) lower than for the
probabi 11ty factors ;n s l? turn means that the factor multiplying the two-stage
technically possibla TQ:gtnon (3) is only about 104 - 105 compared with the
target. 0 o for a heavy ion bean fully interacting In a solld

ne recovers a factor ~ 104 from the PsPy term, so that we are left with

predicted two-stage quark
production rates 103 - jok
in section 5. 10* lower than the flgures given

It is nevertheless stil]] significant, and free from one of the maln uncertaintles
(the slowing down process) of the beam + target estimate. Moreover, the predicted
two-stage events would occur In addition to the normal two-nucleon Interactions -
for which the effective luminosity would be essentlially unchanged. It seems
worthwhile, therefore, considering further the possible Implications of collidin
heavy nuclel. | g

7. A MORE REALISTIC APPROACH - THE INDIVIDUAL QUARK COLLISION PICTURE

The preceding rough estimates, although apparently encouraging, cannot of course
be regarded as predictions at this stage. They simply show that, using the
simplest {and not necessarily realistic) description of a heavy nucleus collision,
and making some moderately optimistic extrapolations of existing data, appreciable

rates can be obtained for two stage excitation to particle states of a few tens

of GeV.

In fact, as indicated in section 2, the above calculations are almost certalnly

based on a rather unrealistic picture. On the basis of the simplest quark

models - which account fairly convincingly for the quantum numbers and the ordering

of states in the observed multiplets of baryons and mesons - we can make the

following observations:-

(a) it is possible to infer from the shape of the mass spectrum that the
corresponding shape of the inter-quark potential appears rather open,

i.e. apparently varying as a rather low power of the quark separation.

The system is thus not very rigid, and in fact from the observed approximate

proportionality between (mass)2 and angular momentum, one can estimate that

the mean quark separation increases roughly linearly with energy. Thus

for excited states of mass ~ 10 to 20 GeV the internal quark wavefunction

11,




extends over a distance v ]0‘2 cm - larger than the colliding nuclel!l
Thus it Is not consistent to treat the exclited state as a single entity

formed within, and moving amongst, the nucleons of the target nucleus.

(b) By similar reasoning we can estimate the characteristic periodicity
associated with the oscillatory or rotational internal motion of the 2
0

exclted state. For states of mass ~ 10 to 20 GeV we findito be ~ 1 sec,

which Is to be compared with the assumed 'slowing down' time v 1023 sec and
the decay time constant of ~ 2.10'2“ sec. This further illustrates the
point that the quark system, although acquiring some additional internal
energy, does not settle into a well defined exclited state before being

subject to further collisions.

(c) Perhaps the most obvious point of all Is that at sufficiently high

energlies we should describe a collision between two nucleons in terms of
collisions between the individual quarks of each nucleon. Thus, Just

as it Is the energy per nucleon which Is relevant in the case of a high

energy heavy nucleus (rather than the total energy of the assembly), then also
we would expect that in a nucleon of sufficiently high energy the quantlty of
importance in an interaction will become the energy per quark. In general,

this situation will always arise In a compound system when the energies

Involved become comparable with the binding energy, or when the collision time
becomes short compared with the internal response time (I.e. the characteristic
bound state period ) and, as we have seen, both of these criteria are easily
satisfied in the nucleon-splitting reactions under discussion. -
One could, of course, imagine the possibility of types of Interactlon In which
more than one component of a compound system participates coherently; this
remark applies not only to the collision of a pair of three-quark systems, but
also to our original discussion of heavy ion collisions (where only a serles of
independent incoherent single nucleon collisions was assumed). However, it seems

likely that such coherent many-particle interactions would be of relatively
low probability.

It should be noted that a description of nucleon collisions as the sum of
individual quark collisions is believed to be appropriate even at energies of

only a few GeV, since, it provides a natural explanation of, among other things,
the approximate ratio 2/3 for np and pp total cross sections.

12.



::?C:f::::inzczzfa::shfnd!cate~that, for further studies of the phenomena

reasonably realistic t;QZd:::FZYm::::Y'nuc;eus colllsions, it should be

en . . in which the nucleons transfer

sh::zz ::t;ol;;S:o::ti:lt‘ally between single quark components, subse::ezzjjrb

it bossible take ?ntoa or quarks via the binding potential. (The model should

continually interactinac;?::t thg presence of virtual quark-antiquark pairs,

collislons can. of couis ith the permanent quark components). The elementary

procedure thro;ghout h e; be regarded as purely elastic following the usual

te}ms of purely e]ast?cys cs of eventually describing any Inelastic process in

nature of this elastic lprocessfs at a more macroscopic level; although the

be possible to reduce c nteraction is at present unknown, it should nevertheless
onsiderably the uncertainties and empirical assumptions,

and
therefore to predict the various processes with greater confidence. *

Such calculations would also be of relevance to present attempts to produce quarks
by normal proton collisions, either on stationary targets or with colliding *
beams. If, as suggested by the above preliminary discussion, the maximum
available energy becomes dependent on the energy per quark rather than the full
proton energy, then extension of the experimentally avallable energy range becomes
even more difficult. For production of new particles on the CERN ISR, for example,

the maximum effective centre of mass energy might be only v (9 + 9) GeV rather

than ~ (27 + 27) GeV.

ACKNOWLEDGEMENTS

The author is grateful to J R J Bennett, D Morgan and R J N Phillips for

valuable comments and advice; discussions with W Wentzel (Berkeley)and

M White (Princeton) are also acknowledged.

*One prediction of immediate interest from this picture is that the

d perhaps have an upper limit,

y widths of high mass states shoul
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