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The ratio of charged-to-total energy in multiparticle hadronic systems produced in pp interactions has been measured.
The analysis has been performed using our technique of subtracting the “leading” baryon effects. The results are compared

with e*e” annihilation data.

Long ago the “energy crisis” [1] was reported in
the multiparticle hadronic systems produced in low-
energy ete~ annihilation [2]. This crisis was due to
the fact that, on the average, the total energy associated
with the charged particles (£, 004 Was measured to
be & 50% of the total energy:

O{e‘*e' = ‘[<Echarged >/<Etotal>] ete™ = 50%, (1)

the quantity £ ., being known from the energy of
the colliding beams. Interest in the energy crisis was
obviously based on the suspicion that some new chan-
rel could contribute to the “missing” charged compo-
nent of the total energy available for particle produc-
tion in e*e~ annihilation. Even more puzzling was the
hypothesis that some neutral energy could have been
carried away by neutrinos.

The crucial point however was, and still is, that the
value of the ratio o+, - characterizes the multiparticle
hadronic systems produced in e*e~ annihilation. It is
therefore of great interest to measure the value of the
analogous quantity,

pp = KE Charged>/(Etotal>]ppa 2)

for multiparticle systems produced in hadronic inter-

actions. No such measurements have ever been attempt-
ed in hadronic physics, mainly because the effects of
the “leading’ hadrons had never been correctly taken
into account.

We report here the measurement of a_, performed
in pp interactions once the leading proton effects have
been removed. In this case the denominator of eq. (2),
the total energy available for particle production, is in
fact:

Eiota) =M

= [(Epag, +Ehad2)2 —(Phag, +Phad2)2]1/2, ©))

where Ehad1 ) and Phad, , 1€ the energy and momen-
tum associated with the hadronic system produced by
the incident protons 1 and 2, respectively. As we al-
ready pointed out elsewhere [3,4], Ey, 4 is simply ob-
tained as the energy difference between the incident
proton and the outgoing leading proton:

Lhad = Eine — Eleading-
The measurement of this quantity would otherwise

need a calorimetric device with all its complications
and limitations.
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Analogously, py,4 is given by

Phad =Pinc — Pieading -

The indexes 1 and 2 for m; in eq. (3) refer to the
two hemispheres of the event. The quantity m , is
then the invariant mass of the pp final state where the
two leading protons have been subtracted.

The data presented in this paper have been collect-
ed at the CERN Intersecting Storage Rings (ISR) with
the Split-Field Magnet (SFM) facility [5], a set-up
which consists mainly of a powerful system of multi-
wire proportional chambers (MWPCs) in a large-volume
magnetic field.

The results have been obtained in pp interactions
at+/s = 62 GeV by analysing a sample of about 7000
“minimum bias” events, where at least one leading
proton was selected with 0.44 <xp <0.84 (xg =2py /
\/'S, where p 1, is the longitudinal momentum of the
fastest positively charged particle in each hemisphere).
Out of this sample, about 250 events contained two
leading protons in the above x, interval, All charged
particles were required to originate from the recon-
structed event vertex and to have Ap/p < 30%, the
average Ap/p over all tracks being =~ 7%, The vertex
was required, in turn, to lie in the beam-crossing fidu-
cial volume. For the leading proton, the condition on
the momentum uncertainty was Ap/p < 6%, the aver-
age value being Ap/p =~ 4%. The visible charged energy
had, on the average, an error of AE/E ~ 5%. Correc-
tions for track losses caused by reconstruction in effi-
ciency have been calculated and tested for the various
topologies via Monte Carlo simulation.

The visible charged energy was first determined
from the momentum measurements, assuming all par-
ticles to be 7’s. Using the latest results of charged par-
ticle ratios (~85% 7%, ~10% K* and ~ 5% p*) meas-
ured at the ISR [6], the value of Wy increases by
~3%%1, There is also a correction due to Kg decays
producing ~ 3% of the total charged multiplicity, as
derived from a Monte Carlo simulation, which compen-
sates the above increase.

In fig. 1, the value of &, =(E ), 1004)/(m 1) is given
for different my bands, covering the energy range
from 10 to 34 GeV (this corresponds to the selected
X range of our experiment). Such a fraction, O I8
constant versus» »,with an average value

*1 Using the recent results on particle ratios measured at
PETRA [7], the increase of %p would be ~ 4%,
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Gpp =0.57£007. (4)

Notice that the errors appearing in fig. 1 are partly due
to systematic effects, the statistical errors being ~ 5%
only.

In order to take advantage of the higher statistics
sample of one-proton events, we can use the standard
technique, already described in previous publications
[3.,4]. In this case, only the hemisphere with the lead-
ing proton is analysed. The denominator of eq. (2) be-
comes £y,q. The study of ap, =(E 41009)/(Epag? fol-
lows the same chain of analysis as the two-proton case.

Fig.2 shows the detailed values of 0y in the differ-
ent £} ; bands. Notice that £y, 4 is multiplied by 2,
since 2E} 4 allows a straightforward comparison with
the previously used total energy of My, . Here the sta-
tistical errors are ~1,5% only. The average value of
Oy OVET the total range of Ey 4, is

Gy = 0.57£0.04. (5)

This value is in remarkable coincidence with that mea-
sured in terms of 7y, [formula (4)].

It has been checked, by means ot a Monte Carlo
simulation program, that our set-up would measure
Qpp = 2/3,both in the two-proton and in the one-pro-
ton case, if pp interactions were to produce only
(nta—70).

From the comparison of fig. 1 and fig. 2, we ob-
serve that the two different ways of evaluating the to-
tal energy available for particle production in the
whole pp event, my,, and in half of the event, 2E} 4,
respectively, provide identical results in terms of & p
Moreover, from the measured value of &, it is possible
to derive the “missing” neutral energy agpassociatesd

1. S
Spp

0.5

o 10 20 30

myy (GeV)
Fig. 1. The ratio of charged-to-total energy ..., as a function
of my, in two-proton events. The dotted line shows the mean

value Gpp-
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Fig. 2. The ratio of charged-to-total energy «.,., as a function
of 2y, 4 in one-proton events. The dotted line shows the

mean value @.,.,.
PP

with particles other than {79, KO, KO n and n]. This
cannot exceed the fraction (see appendix)

oJ, =0.10£0.10. (6)

From the known 9 production in other kinematic re-

gions {8], its contribution to ozC:p is estimated to be

about 50% of the value quoted above [formula (6)].
We therefore conclude that, within the 10% level
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of uncertainty in agp [formula (6)], there is no sign of

an energy crisis in multiparticle systems produced in
high-energy lowpy pp interactions.

Finally, in fig.3 our results are plotted, together
with the eTe~ data obtained so far, from the lowest
[2] to the highest [9] energies. This shows that the
multiparticle hadronic systems produced in high-ener-
gy lowpy pp interactions, once the leading baryon ef
fects are subtracted, have the same ratio of charged-
to-total energy as do multiparticle hadronic systems
produced in e*e~ annihilations.

Appendix. The quantity agp is the ratio of the neu-

tral energy — not associated with 70, K%, K9, nand i
— over the total energy:
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Fig. 3. Our results compared with e*e™ data.

Eg=E,+E), Ey=E,+Es, EQ=ES=E, +E;.
bosd =E: 4+ gL 4 EE E ot 0
wKp “La tER T By, Epxn =Eixp tEokns

— 0 0
EOKn_E‘rr +EK

s

+E9.

<ni) = average multiplicity of charged pions,
(n?r) = average multiplicity of neutral pions,
(ng) = average multiplicity of charged kaons,

(nOK> = average multiplicity of neutral kaons plus
antikaons,

(n§> = average multiplicity of protons plus anti-
protons,

<n91) = average multiplicity of neutron plus anti-

neutrons.
(nh) +(ng)+ (n;‘;> = <n§Kp>

KO+ +<n0) = (¥ .

Measured quantities:

o _ E9 Fiota —Emn_ Fuxn
Dcp P E total Etotal Etotal '
Definitions:
Eiotal = By + Eg + Ey) +EV,
E,=Ey +EY, Ei=Ep+E,, E)=E,

= FE 4 g0 s N
Ex =B +Ex. Ex =Egs+EBg-, Eg =Fge +Fy

(ny=2(n, (A1)
(ng) =), (A2)
(n5y=(nd), (A3)

2,
S
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(np)finzg,) =0.85£0.09, (A4)

Gpp = Ergp/Erota; =057 £0.04, (AS)

The data (A1) to (A4) are from ref. [6].
Extrapolations. The validity of the above multiplic-

ity relations (A1)—(A4) is assumed to hold for the cor-
responding energy relations:

+ 0 t . 0
E;=2E), FEg=Ey, E5=E),
E}/Erg, =085+0.09. (A6)

Results. From the above definitions, extrapola-
tions, and measurements, we get:
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o0 =1*EnKN L 3/2(E7/Engp) +2(1— Ex/E7xc )
PP Etotal Etotal/Eerp
=0.10£0.10.
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