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I - INTRODUCTION

lLarge transverse momentum production of photons from p—p
collisions has been the object of many investigations both at
FNAL 1) ond at the sk 20 %)
4, 5)

solid angle, with good resolutions in energy ond in position.

« Such experiments have used lead glass
detectors which permit detection of photons over a lorge
However, no systematic investigation concerning the source of the
observed photons has been mode and it hos been generally assumed
thot they are the products of 7% or n decays.

It has recently been orgued 6 thot quark parton models can
accomodote a copious production of direct photons ; G.R. Forror
ond S.C. Frautschi hove also pointed out that such direct photons
could generate in turn, by internal conversion, an important
lepton yield,7)- - A -

We report on o simultaneous meosurement of the yields of
single photons ond of photon pairs produced ot 90° in proton-
proton collisions of total c.m. energies Ys = 45 and 53 GeV. We
compare the rate of production of single photons to what would be

expected from u° decoys as meosured in the same experiment from

the yield of photon pairs,

II - EXPERIMENTAL SET UP

The photon detector is a leod gloss hodoscope located ot 90°
production angle in an intersection region of the CERN ISR. Its
properties and peérformance hove been described in detail in previous

3, 4)

corresponding to o solid angle acceptance of 0.05 sr in the p-p

publicdtions . The distance to the beom intersect is 3,62m,
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center of mass system. To onalyse the pattern of energy distribution
in the leod glass arroy, we reducc it to a number of clusters of
connected cells with pulse heights significantly obove zero. On the
average each cluster has more than 90% of its energy in three cells
ond two photon clusters can be resolved down to a 20cm seporation
between photons, The energy resolution of a single cell, as meosured
in a 1 GeV electron beom long before the experiment, wos typically
- 7’ The actuel energy resolution of the counter us o whole was
however almost twice os lorge in the conditions of the experiment.

The spoce around the beams is covered by a lorge acceptance
magnetic spectrometer, the Split Field Magnet Facility B), where
charged particles produced in association with the lead gloss
trigger ore detected. The corresponding data are not of direct
relevance to the present study and are discussed in detail else-
wheze 9). |

Events were recorded when they simulteneously satisfied two
conditions : an energy deposition above an odjustable threshold
(usually 1.4 GeV) in the lead glass counter ond the detection of two
charged porticles either in the SFM wire chambers or in eoch of twe
scintillotion hodoscopes positioned ot small angles to the beanm
lines. The second‘condition ensures thot the detected pBotons are

produced in o genuine beom-beam interaction while it may couse o

loss of at most 10% to the inclusive photon spectrum.

ITI - EXPERIMENTAL METHOD

The comporison of the measured single photon yield to thot
expected from 7° decays involves three operations : the meosurement
of the yield of 7°'s (identified os photon pairs with correct
invariont mass) o calculation of the single photon yield expected
from n° decoys seen by the detector (using the measured 7° cross

section) and the measurement of the single photon yield itself. The
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method is free of normalizotion errors since photon peirs ond
single photons are simultancously observed in the same experiment,
However there are three potential sources of systemutié biases :

i) the identification of singlé photons is not constrained as
that of photon pairs from n° decays, for which the measured
value of the invariaont moss provides a cleor signature.

ii) o loss of photons would affect the pair sample more than
that of singles and couse an opparent excess of single photons.

iii) on accurate knowledge of the shape of the energy response
curve of the lead glass counter is essenticl because a single photon
detected in the counter usually corrie; most of the energy of its
parent w°{B7% on the average) while photons from a resolved photon
poir carry on the averoge half of the n? energy. To illustrate this

point consider a 2 GeV photon detected as a single photon. Becouse of

the steep fall of the production spectrum its parenf 1 is most
likely to have an energy only slightly higher, say 2.2 GeV. If a
2.2 GeY 1% is insteod detected os o resolved photon poir, each
photon corries 1.1 GeV on the overoge. Assume now that energies are
correctly meosured around 1 GeV but are 5% lower than the meosured
values around 2 GeV. We would compore the single phoion yield infer-
red from identified T° decoys ot 2 GeV to observed single photon
yield ot an energy 5% lower, which implies a 40% apparent excess of
single photons. _

We briefly list the main properties of the kinematics of the fwo
photon decay of an object with four-momentum (;;, Eo) and moss m.
The photons have energies X - “% (1 Ya } and on opening ongle 0
strongly pecked near its minimum volue & . = 2 tan_l m /p . The

min o' "o
enexgy osymmetry o is uniformly distributed, lorger asymmetries
corresponding to more open pairs. For o = 0.5 the opening angle
is only 17% highe: thon’ emin' In the geometry of the present

. o
experiment a 7 can be detected os a resolved photon pair when its
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laboratory energy lies between 0.9 ond 3.6 GeVY. The lead glass
hodoscope is too smoll to permit simultoneous detection of both
decay photons from a lower energy m° while o hxgher energy wt
will sometimes appecr as on unresclved pheton pair. Two-photon
decays of n mesons can only be observed above 4 GeV ;i but the
production cross section is so low at this energy that in the
present experiment n decays will mostly contribute to single
photon events.
The effective acceptance for the detection of a 2 GeV
(4GeV) #° as a resolved photon poir with o < 0.5 is 5.3 msr
(12.7 msr). '
With the obove numbers in mind we restrict the transverse momen-
tum range of the present analysis to the intervol 1.6 GeV/c <p "< 3.8 GeV/c
(1.4 < £, ¢

poirs thh good efficiency. In addition we require the energy

€ 3.2 GeV) where ©° 's gre detected as resolved photon
osymmetry a to be smaller than 0.5, which ensures thot both
decay photons have energies obove 350 MeV, namely in a range where

the contamination from charged hadrons is very smoll,

IV ~ ENERGY CALIBRATION OF THE LEAD GLASS HODOSCOPE

The lead glass hodoscope is comprised of 61 hexagonal cells; each

cell is viewed by an independent phototubefoz'whlch the pulse areo
¢ is recorded for each event. The problem of encrgy calibration
cans;sts in establishing the 61 relations

E = fi { g), i =1, 61
where E denotes the energies deposited in each cell. In the
.following we assume that a universal function f (¢ ) describes
the energy responses of all cells up to a fuctor, namely

B0 A (o)

and we will comment later on the validity of this assumption.
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Cell goins hod been adjusted, prior to instollation in the fSR
tunnel, by illuminating euch cell from the center of its front
face with o reference light source - o smoll quontity of Am24l
imbedded in o sodium iodide crystal. The energy equivalent of this
reference light source had been previously measured to be 2.4 GeV
for one of the lead glass cells in an electron beam ot DESY. A

4)

their constancy during the course of the experiment.

system of light diodes was used to monitor cell gains and check
The constants li ore odjusted - up to a common factor -
from the data themselves by requiring that each cell record a number
of counts gbove 2 GeV consistent with the aopproximately uniform
illumination expected from 7%decays. On the averoge corrections
of ¥ 9% with respect to the preliminary adjustments from the
reference light source are necessary. I[f the threshold is lowered
to 1 GeV we obtain o new set of constents, identical to the first
to within I 2%, This gives us confidence that the assumption of
shape independence for f; (o) is justified. In order to adjust
the normalization factor common to all fi { o) we required that
the invariont mass spectrum of photon poirs peok ot the 7° mass.

As an independent check of the relative odjustment of the Ai
we have studied the invariant mass spectre of photon puoirs with one

photon in @ given cell and the other elsewhere in the counter. In

each caose we observe a peak at 135 MeV/c2 to within ¥ 2%.
To measure Fo ( v) ot different energies we moved the lead
glass counter to o smaller production angle (450 in the p-p center
o% moss system) where the bending power of the Split Field HMagnet
is 8 kGm (instead of 1.3 kGm for the 90° data). In thot position
it was possible to momentum anolyse in the SFM wire chambers electrons
and positrons from photon conversions in the vacuum pipe, and

adjust their energy os measured in the leud glass counter. Since
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there wos no specific porticle identificotion we only consider

positrons. This ovoids mistoking antiprotons for electrons and keeps
hadron contamination to o negligible level.

In order to monitor possible chonges of the Ai parameters
when moving from one position to the other, we repcated the moss
enalysis of photon pairs with the 45° dato. Distributions in the
energy differences obtained from the chamber ond lead glass measu-
‘rements with positron dota are presented in figure 1 for four
intervols of energy between 1 and 4 GeV. The widths of the curves
(t 250 MeV between 1 and 2 GeV) con be occounted for if the energy
resolution of the lead glass counter is os lurge as hd 14%. The data
are offected by radiation losses in the materiol of the proportional
chambers {0.15 radiation lengths) which couse the energy deposited
in the leaod glass counter to be on the average lower than the.
momentum measured in the SFM detector. The high AE teils in the
distributions of figure 1 con be ascribed to this effect ; the
positions of the maxima, however, are not expected to be affected
ond they were used to calculate fo ( 9).

We find that the dependence of fo( a) vpon o (figure 2) con be
approximated by the expression

F(o)=t(9) %; + euﬂ-g?
We choose o to correspond to 0.85 GeV on the average, the

meon photon energy for 7° decoys. This parametrization conveniently

decouples the information on the shape of fo(U )} coming from the
positron data, from that on the normolization coming also from the
poir mass spectrum.
Considering the positron daota alone, we find
€= 0.20 1 0.03 Gev
ond the photon poir inveriont moss distribution gives for the

measured m° mass o value
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- 134.8 ¥ 0.6 Mov/

where the error is stotistical only.

The above value of ¢ is consistent with on estlmate obtoined
from the response curve of the anolog to digitel converters used
to process the phototube pulses and with the energy calibration
curve previously measured for one of the cells in electron beams
with energies between 0.5 ond 5 GeV.

In order to goin confidence in the above study we have indepen-
dently obtained on gstimote of € from the energy dependence of the

® decays. To this effect

mass distribution of photon poirs from ™
we consider photon pairs with one of the photons having an energy
between 0.6 and 0.9 GeV and study their mass distribution for
veriovs ranges of energy of the other photon. The results ore
compored in figure 3 with the results of o Monte Corlo calculation
toking into occount the cell structure of the lead gioss array. This
must be done in some detoil to correctly reproduce the relotion
between actual and measured impuc{ points : cell size effects
distort the steep distribution of opening angles in the vicinity
of 8 win’ ond introduce an opparent dependence vpon energy of the
measured poir mass, of typically 2 HeV/c per GeV. The shupe of the
moss distributions corresponds to an energy resolution of - * 13% for
the lead glauss counter as a whole.

With this method we can adjust the mass distributions to an
accuracy of - 1.5 MaV/c und find

e =0.19 ¥ 0.03 GeV

in ogreement with the determination obtained from the positron
data.
. From the anolyses abave, we ret&in for € the value 0.20 2 0.03.
The corresponding uncertainty in the totel single photon rate -when
comporing it to that inferred from resolved photon pairs- is 10 to
15% depending upon enexrgy. The uncertainty of fo( 00) only affects
the globol energy scoale and has little effect to the extent
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thot we deol with olmost exponentio) energy distributions.

V - PHOTON PAIRS : THE INCLUSTIVE n° PRODUCTION CROSS SECTION

The distribution in energy osymmetry a of photon pairs produced
at 90° with total transverse momentum between 2 and 3.8 GeV/c is com-
pared in figure 4 with the result of o Monte-Corlo calculation. As
mentionned earlier we only retain symmetric poirs with o < 0.5 in our
somple of resolved photon pairs. In oddition we require the distance
between both photon 1mpocts to be laorger than 27cm (2 cell dxumeters)
and the invariant moss m of the photon pair to lie within the_f“ -
range 50 <m < 200 MeV/E - When more than two energy clusters are
detected in the lead gloss array (in 8% of the cases) we toke the
pair with the highest total energy; The distribution in mass for poirs
selected according to the above criterio ond with toto! transverse
momentum between 2,0 ond 3.8 GeV/c is shown in figure 5. The bock-
ground due to wrong pairings is estimated from 3 cluster events
to be less thon 2%.

Photon conversions in the vacuum pipe ond in the moteriel of
the S5FM detector couse o loss of events oither because the conversion
electrons are swept oway from the lead gluss counter or more commonly
because of energy degrodation and losses of soft electrons, From o
detailed calculation simuloting the conversion process and tracking
the electrons in the inhomogencaus SFM field we find an event loss
of 15 - 3% To check the colculation we have compored the observed
and colculeted fractions of accepted two-photon evenis where o trock
detected in the wire chambers points to one of the lead glass clusters.
We find 4.5 1 1. 0% and 5 ¥ 1g respectively,

The luminosity of the machine is measured from the rote of
coincidences in the forword scintillator hodoscopes mentioned
eerlier to within 5% 10 - The resulting invariant cross sections

are disployed in figure 6 and listed in table 1, together with a
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summary of the applied corrections and systemotic uncertaointies.
They are in good ogreement with the published charged pion dato of

11)

the British Scaondinavian Collaboration 7. .

VI - SINGLE PHOTONS

We retuin in the sample of single photon events those where a
cluster is detected in the lead glass orroy either alone or, in
2.8% of the cases, uccompanied by an additional cluster (or clusters)
of less than 100 MeV energy. This requirement helps in selecting
o pure sample but the loss of single photon events accompanied by
an independent cluster must be corrected for. From the rate of
occurence of symmetric photon pairs accompanied by o third cluster
we expect this loss to be of the order of BZ. This estimate is
consistent with what we infer from the observed number of asymmetric
(d;>0.5) photon pairs. In opplying the correction to the.data we
implicitly assume that two particle angular correlations ore the
some for n°'s and for photons from other sources.

We also correct for conversions in-the moterial between the
interaction region and the leod glass counter, as we did for photon
poirs. They cause on event loss of 5 to 104 depending upon energy,
smaller than in the case of poirs. We can agoin compore the observed

and calculated fractions of events with o track detected in the
SFM wire chambers end pointing to a cluster in the lead glass
counter. Electrons end positrons are expected to contribute 1.5%
;och. In fact we observe 2% positive tracks but a larger frection,
&%, of negative trocks., We tentatively ottribute the excess 1o
antiprotons which may deposit much more than their kinetic energy
when they annihilate in the leod gloss. In support to this inter-

pretation we observe that the corresponding clusters have a lurger
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spatiol extension (69% of the cluster energy is contoined in a
single cell instead of BOZ for photons). This brings up the question
of the ontinevtron contomination, over which we have né direct :
control since ontineutrons leave no track in the 5FM wire chombers. :
The ontineutron contamination is not simply related to that of
ontiprotons becuuse the presence of magnetic field and of g
materia]l between the interaction vertex and the lead glaoss
counter affect differently the n ond p momentum spectra*, We estimate
that, due to this effect, the antineutron contamination may be as
much as twice as loxge as thot from antiprotons, if we assume that
both porticles are produced with the same cross section. This
estimate, obtoined from a colculation taking into cccount the |
observed p spectrum, the SFM magnetic field and the slowing down

of ontiprotons in the vocuum chomber and in the SFM detector, neglects
possible differences between the responses of the lead glasé counter

to n ond p (dve, for example, to the fact that n annihilate deeper

in the glass and closer to the photofube than p do). This can be
particulorly importont ot lower momenta where, in addition, the
calcylation of the efficiency of the SFM chombers to detect anti-
protons is less relioble. For this reason we restrict the ronge
of the anelysis of single photon events to momento larger than

cm _ 2.8 GeV/c, above which value the contamination of p and n

p
t
with piab < 0.5 GeV/c is negligible. In this high momentum range

we calculote the contomination of n to be obout 11% of the whole

single photon yicld. Comparison with a Monte Carlo

PR

calculotion describing the annihilotion process in the gluss and

5)

lead glass to antiprotons of 1 and 2 GeV/c momcntum give us

with measurements by the CCR Collaboration of the response of

confidence that the obove estimate is reliable.
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We hove carefully investigated several distributions of the
single photon sample in order ito gain additionnal confidence in
its purity. Among those are the lateral extension of the shower
and its position in the lead gluss counter, the time diffe:ence
between the lead glass pulse end the SFM wire chamber pulses (which
shows ¢ negligible accidental contribution) and the distribution of

track vertices which were oll found consistent with the correspon-
ding distributions in the photon puir somple.

We compere in figure 7 the single photon yield uncorrected
for n contamination to that inferred from the photon poir sample.
A large excess, typically 57% of all single v 's, is observed at
all values of p:m and Vs, |

Radiative decays of particles other than #%'s contribute to
this excess. The lorgest contribution is expected from n + vy y
decays, for which the inclysive production cross section has been

2, 3 .
' )' in the same range of pim’

measured in previous experiments
v s ond 8 . This however contributes only 12% (figure 7) leaving
a fraction of 45% of the single photon spectrum unexplained. Radia-

9)

tive decuys from other known purticles , such as w and n°',
ore unlikely to account for such an excess.

The ratio between the single photon yield corrected for enti-
neutron contamination in excess to that from 71° and n decays and
the ©° yield itself is displayed in figure 8 in the momentum
interval 2.8 GeV/c < p:m < 3.8 GeV/c and o summary of corrections
end systematic uncerteinties is given in toble 2. It typically
amounts to 20% for both values of V/s. To quote on uncerteinty on
_this number we separote that coming from the energy response curve,
which amounts to X 7%, Trom that coming from oll other sources,
including stotislics, and which amounts to ¥ 6. While
this is the first time that o copious production of single photons

is mentioned in proton-proton collisions, it had previously boen
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12)_

reported in o lorge Py photoproduciion experiment
VII - CONCLUSION

We have measured inclusive 7' production from identified
m° =+ Yy decays at 90° between 1.6 and 3.8 GeV/c transverse momentum.

We have observed o large and significont production of large

0

tronsverse momentum photons which cannot be explained with 1" ond

4 production

n decays, ond which cmounts to cbout 207 of the o
in the 2.8 GeV/c to 3.8 GeV/c range.
The geonetry of the present experiment was more favourable

2, 3)

photon spectrum to thot inferred from pairs in o higher range of

than others , in thot it permitted compavison of the single
transverse momentum than had been previously possible.

However the experiment wos not specificolly designed to
detecl single photons, but to study the structure of events with o

<
L 0 0 ))
large tronsverse momenlum #° produced at 20 .

In porticular the
lcod glauss delector was primorily inlended to be used as o Lrig-
gering counter and no deteiled study of itls encrgy response ond
resclution had been made at the time of the experiment. W hove
discussed in detoil possible systemotic bieses in the cov o of the
prescntation of the data. An foperlent  one  is due de th uncer-
tainty on lhe shoape of lhe eriergy respense of the joad yir 4w counter,
In terms of the paramcter € , which describes 1ts deviaton from
lincarity, and which we wmeasvied o be

¢ = 0,20 0,03 Gov
we find that the observed excrss of single photons would disapeur
if we hod instcad o= 0,29, three siandord deviations avay from
the measured value, In oddilion the doto suffer an o fvacution
contamination, over which we have little direct control ond we must

rely upon calculation te correcl for it.
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Fig.
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FIGURE CAPT1ONS

Positron dota. Distributions in AE, the difference between
the energies meosured in the SFM detector and in the leaod
glass counter, are shown for various energy intervals. The
mean energies in each interval are 3.3 GeV {a), 2.3 GeV {(b),
1.7 GeV {c) ond 1.2 GeV (d). Also shown (thin lines) are
the some distributions for the minimum modification of the
energy response curve of the lead glass counter such that
the excess of single photons (see section VI) would disap-
pear. A few typical error bars ore indicated.

Energy response of the lead gluss counter. Positron data
peints (full circles) are shown together with the corres-
ponding response curve (heavy line) giving € = 0,20+ 0.03GeV,
In octual colculetion the linear approximotion was replaced
by o parabolic dependence below 1 GeV. Also shown {open
circles) ore the calibration points obtoined from the
study of mass spectra of photon pairs (see text). While
the point to point uncertointies on these doto ore as good
os * 1,5% they hove been increesed to * 3% to account for
possible differences between the responses of the lead
glass counter to photons and to positrons.

In the insert we show the best fit volues of ¢
and fo ( 9o) to the positron daota, togother with the one
standard deviation ellipse. The dotted line indicates
the value of ¢ and f, ( 0,) which would cause the
observed excess of single photons to cancel, three
stondard deviations awey from the best fit {dotted
ellipse und dosh-dot line in the figure itself).

Invariant mess distributions (hcavy lines) of asymmetric
photon pairs in the 45° data (left column) and in the 90
data {right column). The energy of one of the photons is
restricted to the interval 0.6 to 0.9 GeV ; thot of the
other photon lies botween 1.2 and 1.6 GeV (a}, between
1.6 ond 2.0 GeV (b) or between 2,0 and 3.0 GeV (c). Monte
Carlo distributions (thin lines) are shown for comparison.
A few ‘ypicol error bars ore indicated.

0
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fig. 4 - The observed (heavy line) and predicted (thin line)
distributions in energy asymmetry a for photon pairs.
Only pairs with photon energies above 400 MeV are
considered. A few typical errox bors are indicoted.

Fig. 5 - Invorient mass distribution for symmetric photon pairs
(o < 0.5) with c.m, transverse momentum between 2.0 ond
3.8 GeV/c. The dato (heovy line) ore compored to the
results of a Monte Corlo calculation (thin line).

Fig. 6 - Inclusive n° production cross sections ot 90° for
Ys = 45 ond 53 GeV, as measured from resolved photon
pairs {open circles). Also shown are the datu of ref. 11 !
for «*+ (full circles) and 7~ (crosses). :

-

Fig. 7 - Single photon yields uncorrected for antineuvtron conto-
mination ot 90° for s = 45 and 53 GeV. The observed
distributions {full dots) are compoured to thot inferred
from the resolved photon pair data (open circles). The
latter ore also shown ofter addition of the contribution
from N * Y Y decays (crosses).

Fig. 8 - The ratio R between the excess of single photons (corrected
for antineutron contamination) not accounted for by n®
ond n decays and the 1" yield measured from resolved
photon pairs us o function of transverse momentum for
¥s = 45 ond 53 GeV. Error bars do not include the
systematic uncertainty on the energy calibration of the
lead glass counter (see text).
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TABLE 1

Invariant cross sections for inclusive m° production {os
deduced from resolved photon poirs) ot 90° for Vs = 45 GeV
and  v& = 53 GeV.

The date have been corrected for background {-2% ¥ 1£) and
for conversion losses {+15% ¥ 3%). In cddition to the quoted
uncertainties, systemotic errors due to acceptance colcu-

laotion and to luminosity measuvrcments omount to * 5% each.
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TABLE 2

Single photon data.

Dato ore integrated over both values of Vs (45 and 53 GeV)

ond over p:m between 2.8 and 3.8 GeV/c.

All numbers ore given as froctions of the w°

section in the same ronge of pim.

production cross

1 - Observed single photon yield

Single photon events 0.462 + 0.008
Conversion losses + 0.032 * 0.009
Events with an independent second photon |+ 0.037 + 0.009
Antinucleon contamination - 0.077 * 0.046
0.455 * 0,053

II - Single photon yield from 7° and 1 decoys
vy 0.192 + 0.006
n>yy 1 0.062 + 0.011
Uncertainty in acceptance calculation * 0,013
0.255 + 0.018

ITI - Excess of single photons

. ¥ /1 Ratio 0.20 + 0.06
Uncerteinty on energy response 0.0/
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