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Particle ratios at the CERN pp collider
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By applying Chao-Yang statistics to multiplicities of different particles in pp collisions, we obtain good
quantitative agreement with the data obtained from CERN ISR experiments. What is especially significant
in this work is that the #/p ratios are given correctly for all energies. Predictions for various particle ratios
for pp collisions are also calculated for confirmation by future experiments.

In hadron collisions at energy beyond a few GeV, hadrons
are copiously produced. The dominant cross section gen-
erally involves on the order of ten or more particles when
one reaches Vs ~10 GeV and above. To date, normal
field-theoretical calculation is hopeless when facing such
large numbers of particles. Besides, most of these hadrons
generally have small transverse momentum (~ 0.5 GeV),
and hence they are not produced in a short distance.
Large-distance behavior, according to QCD, has a very
strong interaction, and does not yield to perturbative calcu-
lation. However, the strength of the interaction has the ad-
vantage that the multiparticle production probably has gone
through a great many different states, and some statistical-
ensemble argument may be applicable.

The crucial question is not whether one should use sta-
tistics but rather what sort of statistics is relevant. In the
following we shall investigate the statistics first proposed by
Chao and Yang! for bosons, and later generalized to quarks?
by us. The most significant physical ingredient of this
statistics is to preserve the quark number

N=N,—N; , 0]

where N, is the number of quarks and N; is the number of
antiquarks, and g can be up quark, down quark, or quark of

any flavor. Then the combinations of / quarks could be
given by the generating function
!
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where x and y stand for v and d quarks, respectively. The
coefficient NJ, on the right-hand side indicates the number
of combinations that would have the quantum numbers of a
u quarks and b 4 quarks. From the N/, it is easy to calcu-
late the particle ratios of =, K, p, p, etc.

In this paper we shall illustrate the results of applying this
concept to pp collisions where there is a large amount of ac-
curate data available. It is found that the #/p ratios can be
explained purely by the functions Ni,,, from the lowest ener-
gy to the highest energy available without any additional as-
sumptions or parameters. We then make the calculation for
pp collisions; we hope the prediction of the quark statistics
can be tested more severely because the two colliding ha-
drons are different and the number of particles produced is
even larger.

The probability of the occurrence of a 7+

meson in an

29

ensemble of / quarks with the quantum number of a u
quarks and b d quarks is

P_+=Ni=is+1/Nip . €))
The corresponding probability for = ~, p, and p are
P,—=N£1 b-1/Nis 4)
P,=NlZ3s_1/NLs , )
Py=Ni3ds+1/Nip . (6)
For a given set of / quarks, the ratios of 7= J-', p, and p are
Ri(m*/p)=P_4+/P, , )
R(n~/p)=P__/P, , (€]
Ri(p/p)=P;/P, . 9

These ratios are experimentally measurable in principle
because the total number of hadrons produced in each given
event can be counted and hence the value of / can be calcu-
lated from the number of = %, p, etc. In practice we do not
have such detailed information and can only substitute the
average multiplicity of hadrons for the exact values. We
take the average quark number / to be

1=3(na) , (10)
where (nq) is the average charge multiplicity in pp col-
lisions at any given energy. The charge multiplicity would
be an experimental input.

It is commonly accepted that there are several mechan-
isms at work in pp collisions. There are the following.

(1) Central collision. In this type of collision, the two ha-
drons mix up very well before the final particles are pro-
duced. The quark content of the hadron system is four u
quarks, a =4, and two d quarks, b =2. Thus Eq. (7) be-
comes

Ri(m*¥/p)=Ni3?/NL3 aan
The other equations (3)-(9) can similarly be obtained.

(2) Single-diffractive processes. In this case, one of the
protons goes straight through without being excited in any
way while the other proton undergoes diffractive dissocia-
tion. Then (/) =3(nq) — 3, and Egs. (3)-(9) would have
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to be changed correspondingly. Typically, Eq. (3) becomes
P(x*)=Ni{7’/N3 (12)

(3) Double-diffractive processes. In this process both pro-
tons undergo diffractive dissociation. The number of parti-
cles produced by each proton in general would be different,
but on the average would be //2 quarks for each. Then Eq.
(3) becomes

P(m*)=NY3"2/NY3 @13)

Surprisingly, the particle ratios calculated from these three
mechanisms do not differ very much (10-20%). We plot
them against the experimental data® on Fig. 1 and the latter
fall within the range of the three theoretical curves. It is
clear that some linear combination of these three mechan-
isms can represent the experimental data very well.

For the production of the K mesons, the s quarks have to
be included and the generating function becomes

1
x+y +7z+%+%+‘)’% =£N£bc(y)x“y”2‘ . (14
The K -meson-to-proton ratios are then given by
R(K*/p)=Ni=isc+1/NaZhp-1c 15
Ri(K~/p)=Nbiise-1/Ni=3p-1c (16)

We have introduced the suppression factor y because of the
heavier mass of the s quark when compared to the # and d
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FIG. 1. Comparison of the variation of the theoretical and exper-

imental values of = */p, w /p, and p/p with s. The theoretical

curves are for violent collisions and for single and double diffrac-
tion.

BRIEF REPORTS 29

quarks. The results of our theoretical calculation for these
mechanisms for y=0.02 is shown in Fig. 2. The ratios
depend greatly on the parameter y, but does not change
much for the different production mechanisms. Because of
the small value of v, it has no effect on the values of the
w/p and p/p ratios as calculated previously without the s
quarks.

From energy considerations alone, one would also expect
that the creation of a pp pair for £ —~ 2 GeV, which is five
times the rest mass of three pions ( ~ 0.42 GeV), to be re-
latively suppressed even though they have the same number
of quarks (=6). This suppression would become much
smaller at higher energy because the energy of the three
pions would then be closer to that of the pp pair. In our cal-
culation it is observed that our theoretical values become
closer to the experimental values as energy increases. Since
the antiproton data, in general, is relatively of an inferior
quality to the other data, the fit as shown in Fig. 1 is not
too bad.

The most interesting number noticed during the computa-
tion is the asymptotic value of the w/p particle ratio. It has
the value

w/p— 4+2y as | — o an

At the CERN ISR energy, the w/p particle ratio is about
three. It is important to measure this ratio in the future be-
cause it is a unique unambiguous prediction of this particu-
lar kind of quark counting. It is clean and probably not so
easy to obtain in any other method.
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FIG. 2. Comparison of the variation of the theoretical and exper-

imental values of K */p and K ~/p with s. The theoretical curves
are for violent collisions and for single and double diffraction.
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For higher energy, the next round of particle-ratio data
would presumably come from the CERN pp collider. The pp
collider has the advantage that the two colliding hadrons are
different. The different mechanisms mentioned, the central
production, single-diffractive, and double-diffractive pro-
cesses, can perhaps be separated. There would, therefore,
be different values for particle ratios for the different
mechanisms.

For a given quark number /, the probabilities for the pro-
duction of = i, K i, p, and p with the initial state having a
u quarks, b d quarks, and ¢ s quarks are the same as that
given by Egs. (3)-(9), (15), and (16). For the central col-
lision, the initial state would be a =0, b =0, and ¢ =0, and
the normalization function is N} o0 with / ~3(ng). For
the single-diffractive process on the proton side the normali-
zation function is Néfl?o and on the antiproton side it is
N'7?_10. For the double-d;ffractive case the normalization
functions are N;';o and N2, _1, with /;+/,=1, and for
simplicity we take /; ~ [~ [/2. The particle statistical prob-
abilities for these three mechanisms are plotted in Figs. 3 to
5. These figures may help experimentalists to obtain the
particle ratios immediately. We suggest that for precise
comparison with the theoretical predictions one should look
for particle ratios in exclusive processes where the number
of hadrons in the final state is precisely known. With this,
the value of quark number / can also be determined precise-
ly. For inclusive production in the pp collision one should
also obtain the average charge multiplicity and all average
particle ratios, that is, (ng), (nﬂi), (",(ir>» (np), and

(nz) (and perhaps (n,) and (nzi)), as we have done in
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FIG. 3. The variation of the quark statistical probabilities of = * ,
| & , P, and p with [ for pp collisions in the central region.
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FIG. 4. The variation of the quark statistical probabilities of = i’,
K i, p, and p with [ for pp single diffraction.
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FIG. 5. The variation of the quark statistical probabilities of = %,
| & , p, and p with [ for pp collisions in the central region.
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the pp reactions.

After having applied Chao-Yang statistics to particle ratios
in pp collisions with the number of quarks running from 8
to 40, which is very small in any sense of statistics, it is
rather surprising to obtain very good agreement for the w/p
ratios. However, since the numbers of pions and protons
are the largest in the pp multiparticle production, they
should be the first to be given correctly by any statistical ar-
gument. We find that the experimental 7r/p ratios, which
run from 0.4 to 3.4 at energies s — 10 to 2800 GeV?, indeed
agree with the span of the theoretical values. The actual
average number of pions is 3 to 4 and the average number
of protons is approximately 1.6. They are small, but are
nevertheless explainable by the statistical calculations. It
would be most interesting to test such predictions in the
coming pp collider experiments. We have indicated all such
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predictions in Figs. 3 to 5. They should be tested both in
inclusive reactions as well as in exclusive processes.

In this analysis, we have included only the u, d, and s
quarks in our treatment. It is easy to extend to heavier
quarks such as the charm and the bottom quarks.* Since
the addition of the s quark does not effect the #/p ratios,
the addition of the ¢ and b quarks will not change our nu-
merical values presented here because of their heavier
masses.

After the completion of the present paper, the multiplicity
data for the pp collider at CERN? were published. However,
the data are only limited to the central region and the multi-
plicity of proton and antiproton to pion ratios is 1.5/22.3 as
compared to our theoretical prediction of 1.5/6.5. We ex-
pect that the inclusion of multiplicity in the fragmentation
region would greatly increase this ratio.
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