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Abstract

A search for direct photon production has been
performed at Fermilab in 200 and 300 GeV/c Proton-Be
interactions over a wide range of ~ and PL. An excess
of photons has been detected which when interpreted as
single photon production yields a y/no ration which
averages .070±.025 in the region 1.5< P~ < 4.0 GeV/c
and -.7< XF< .0. This measurement is discussed and a
comparison of this result with the ISR measurements of
the y/no ratio has been made in an attempt to infer the
energy dependence of direct photon production.

1. Introduction

Prior to the 1977 Lepton-Photon Conference in Ham­
burg, considerable interest had been aroused by the
possibilityl-2that photons could be produced directly
in hadron-hadron collisions by the interactions of the
constituents of the nucleons. At the 1977 conference,
the two pieces of data which existed at the time were
presented 3

• This data is shown in Fig. 1. Since that
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~ a) Direct photon production by gluon-quark
Compton scattering. b) Direct photon production by
quark-antiquark annihilation. c) Direct photon pro­
duction by ClM meson-quark scattering.

models will be made.

2. Direct Photon Prod~ction in 200 and 300 GeV/c
pBe Interactions

The measurement 8 which is described in this sec­
tion was performed in the P-West branch of the Proton
area of Fermilab by a Fermilab-JHU collaboration using
the lead glass spectrometer shown in Fig. 3. This ex­
periment, which was conducted over a wide range of P~

and .~ (300 GeV region of measurement shown in· Fig. 3)
by varying the spectrometer arm angles over a large
range of e , consisted of the four distinct measure-
ments listgWsbelow:

3) Measurement of the nO/no ratio (This could only be
performed near ~ = 0 because of the limited accep­
tance for n's at larger center of mass angles).

2) Measurement of nO production in the same kinematic
region by detecting both of the decay photons and
reconstructing their energy and position.

1) Measurement of the total "single photon" flux. By
"single" we mean all signals including coalescing
TIo , and neutral hadrons which simulate a single
photon shower.

4) Measurement of the ratio of neutral hadron to
"single photon" flux.

In the case of all of these measurements, each spectro­
meter arm was triggered independently. The trigger
consisted of the requirement of a neutral particle
which was imposed by demanding no signal in the lucite
hodoscopes Ll, L2, and L3 in front of the Pb glass
arrays and the requirement of total energy in the Pb
glass above trigger threshold. The measurements of
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~ Measured y/no ratio as a function of PL at the
time of the 1977 Lepton-Photon Conference.

time, efforts to detect a direct photon signal have in­
tensified. The ISR measurements 4have been superceded
by new ISR experiments S

-
7 and the early result of Ref. 4

is now considered to be an upper limit determination.
The Fermilab-JHU experimenters have performed a new and
improved search 8with 200 and 300 GeV/c proton beams.
We will discuss this new experiment and compare the re­
sults with the new ISR experiments. Finally, several
new theoretical calculations 9

-
13 0f the level of direct

photon production arising from QCD Compton scattering of
gluons, QCD quark-antiquark annihilation, and the CIM
virtual meson process (shown in Fig.• 2a, b, and c re­
spectively) have been performed. Some comparisons of
the observed y/no ratios with the predictions of these

*Operated by Universities Research-Association, Inc.,
under contract with the U. S. Department of Energy.
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"single photons", TIo,S, and the nO/TIo ratio were per­
formed simultaneously. A typical TIo spectrum is shown
in Fig. 4 and the nO production data which was accumu­
lated is shown in Fig. 5. As noted in Fig. 5 the nO/TIo
ratio obtained from this data is .47±.10 in good agree­
ment with other measurements 14 at 200 GeV/c and slightly
smaller than the ISR measurements 1S- 17 performed at high­
er energies.

The measurement of the neutral hadron component of
the neutral flux required a separate run at each spec­
trometer angle and energy. In order to eliminate the
photons, 11.3 radiation length of lead were inserted in
the apertures of both arms during these runs. The flux
of non-interacting neutral hadrons which penetrated the
lead and triggered the spectrometer were then corrected
for a 31% attenuation due to interactions in the lead.
This attenuation was .calculated from the measured total
cross sections 18 for hadrons in lead. Typical ratios of
neutral hadron to total neutral flux as a function of
PL are shown in Fig. 6 for two laboratory angle settings

P BEAM =300 GeV

.IS = 23.7 GeV

of the spectrometer arms. This ratio was determined as
a function of XF and P~ and subtracted in each XF and
PJ. bin from the observed "single photon" flux.

The results of the measurement of the TIo flux over
the range .1< X~< .5 and -.8< XF< .0 are shown inFigs.8,
9, and 10 and are described in Ref. 19. At both 200
and 300 GeV/c the data fit the form

Ed03 = A P -N (l_~)M (1)
dp ~ -~

with N = 8.9±.1 and M = 4.9±.2. As shown by the prod­
uct spectra PLN.~3 and (1-XR)M.~3 in Figs. 8 and 9,
the cross sections exhibit scaling with energy and show
no flattening of the P~ spectrum in the Xl. range in
which ISR experiments 2 ,21 have observed a change in the
PL exponent. The flatness of the product p~N·~3 vs.
e shown in Fig. 10 gives further confirmation of the
cg~~ectness of equation (1). This data supplies the
basi.s for the .denominator of the y /TIo ratio.

y. MASS SPECTRUM (INCLUSIVE RUN)r--------------......
!OOGlY
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~ Two "typical" TIo mass spectra and estimates of
backgrounds.
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gle forward angle setting of the spectrometer (_60 in
the laboratory) is indicated by the 24 0 cms slice.
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The explicit method for calculating the yin ratio
in any ~ and PL bin is given by

The essence of the technique for detecting a
direct photon signal in this experiment is the observa­
tion of n and nO signals and the prediction of the lev­
el of single photons which should be in a given ~ and
P~ bin via a Monte Carlo duplicating all observed fea­
tures of the nO and n flux. The single photon flux,
as previously indicated, consists of four components,
namely single photons£rom nOand nOdecay, single photons
from coalesced nO events, and neutral hadrons which
simulate a high energy photon. The Monte Carlo normal­
ized to the observed nO flux and containing n's in the
proper ratio to the nO's was used to predict the first
three of these components. The detector was simulated
in great detail and the lead glass energy distributfuns
predicted by the Monte Carlo were passed through the
same pattern recognition and analysis program to ensure
similar treatment of real and simulated events. The
Monte Carlo shower patterns in the array were adjusted
to agree with the distribution of electron showers mea­
sured during the calibration of the detectors in the
P-West calibration elec tron beam. 22 Fig. lla and lIb
show the size of the four components of the "single
photon" spectrum for a typical piece of data versus XF
and P~. An excess of some hundreds of events is ob­
served for this particular data sample.

Number of predicted single
photon-like events.

±.016

±.007

+.007
-.016

+.010
-.010

+.018
-.004

+.007
-.002

< .005

Total Systematic Error -.025

Table I

Others

Error due to energy non-linearities in the
detector

Error due to error in the nino ratio

Error due to systematic shifts in energy of
converting photons

Error due to possible variation of nO
Monte Carlo

Error due to pattern recognition differences
between data and Monte Carlo

Error in the determination of the number of nO,s
in the data samples (Background subtraction)

In order to assign errors to the final y/nO ratio
calculated in the manner described above, many possible
sources of systematic error were investigated. These
sources are listed in Table I along with their contri­
butions to the uncertainty in the ratio.

Error due to error in the conversion probability ±.005

The excess of single photons which was observed
in this experiment when interpreted as direct photon
production give the y/nO ratio shown in Figs. 12a, 12~
l3a, and 13b.

The total systematig error dominates the error in
the average value of yin = .070±.025 found for the
entire region of acceptance averaging over both the
200 and 300 Gev/c data. The systematic error isapprox­
imately the same as the statistical errors on individ­
ual bins in the plots of y/nO vs. P~, X , XR and e
which are displayed in Figs. lla, lIb, i2a and l2bc~­
spectively. The systematic uncertainty is shown as a
band within which the data can be raised or lowered.
The error bars on the data include both the statistical
error and the error in the determination of the neutral
hadron background. The spectrometer arms in this ex­
periment are different lengths and because of this the
systematic effects as well as the contributions of the
various components of the "single photon" spectrum to
the total spectrum differ for the arms. The dataofrom
each arm has been analyzed separately and the yin
ratio agrees within the assigned errors. A more de­
tailed discussion of these systematic effects is given
in Ref. 8.

These results indicate that y/nO is increasing as
a function of P~ and~. However, it should be empha­
sized that the values of y/nO given in these plots are
average over the region of observation (see Fig. 3)
and therefore cannot directly be compared with the
theoretical predictions which are typically for 900 in
cms. In particular, since some increase of y/nO with
~ is observed experimentally,the level of y/nO vs. PL
m1ght be expected to be raised and flattened by the
av~raging over a finite angle region. The statistical
level of the data sample did not allo~i the detailed
study of y/nO vs. Pl in bands of XF which would be
needed in order to cleanly separate the XF and PL be­
havior. Ignoring these two problems in making the com­
parison of data and theory, we show in Fig. 12a four

(2)

(3)

normalization
region

-N MC
yN

Y

N 0
n

W MC
nO

Number of observed nO (back­
ground two photon combinations
subtracted) .

Acceptance of the spectrometer
arms as a function of ~ and P.L
for direct y.

WMC
Y •

Acceptance of the spectrometer
arms as a function of ~ and
P,Lfor nO events.

Monte Carlo weight of accepted
single photon-like events pre­
dicted from the three sources.

Ratio of the number of observed
pizero's in a given normaliza­
tion region to the Monte Carlo
calculated weight of the accept­
ed nO events predicted in the
normalization region.

Nno

Number of observed photons
(neutral hadrons subtracted).

N MC
Y

where Ny

E(no)

E(y)

with N MC
Y

W MC
Y

Nno

Wno
MC
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theoretical predictions for the level of Y/TIo at these
low energies. Curve a is the prediction of Ruckel,
Brodsky, and Gunion 10 for Y/TIo ratio at 200 and 300
GeV/c. This prediction includes both QCD and CIM ef­
fects, uses a calculated TIo cross section for the de­
nominator, and is valid, strictly speaking, only for
900 • Curve b is the QCD calculation of Halzen and
Scott 23 which includes both diagrams 2a and 2b but
fixes the absolutelevel of the direct photon production
not by using the normal value of as' the running QCD
coupling constant,but rather by normalizing to the
level of high mass dimuon production24 (which proceeds
via virtual photons by the same diagrams). If the
usual as is used, curve b would be lowered by a factor
of 2.5. Curve c is the sum of a CIM calculation per­
formed by Halzen and Scott and curve b. The denomina-

tor of the Y/TIo ratio of both curve b and curve c is
experimental data and the prediction is a 900 calcula­
tion. Finally curve d is the QCD calculation of Conto­
gouris et al. 12

• Once again, the calculation is for
900 and the denominator is derived from experimental
data. Notice that in this region the calculation is
similar to that of Halzen and Scott except for normali­
zation.

3. Comparison With Other Data

The theoretical predictions of the Y/TIo ratio suf­
fer from many difficulties not only in the calculation
of the direct photon production cross section but in an
ambivalence of attitude about whether experimental data
or a theoretical prediction should be used for the TIo

production. In addition, most of the experiments inte-
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within the limit of the bands. a) Y/TIo ratio vs. P.L for 200 and 300 GeV pBe interactions; curve a is the predic­
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Fig. 13
Brodsky,
ratio vs.

However, some attempts can be made to look for
trends in the data. Following suggestions by Halzen
and Scott 23 and previous experience with nO production,
if direct photon production can be factored into a func­
tion of P.l. and X.l. like nO production, we can write

grate or average over a non-zero angular range by nature
of the acceptance of the various detectors. These facts
coupled with the different energy ranges of the existing
experiments ·make the comparison of the various data
sets difficult since not even a theoretical guide exists
which would allow the data to be put on common footing.

N~

P.l. g(XJ.)

N
P.I. f(Xlo)

p/~-NQ(XJ.)

and Yo itself is a factorizable function of X.l. and P.L'

In o~der to organize the thinking about this formula,
we will investigate three possible forms that this for­
mula can take.

The first two cases are extreme cases and case 3 enconr
passes all the possiblities in between. By ignoring
the differences of angular range encompassed by thevar­
ious experiments and ignoring possible A dependence
effects in comparing the fixed target experiment and
the ISR data we can check these possiblities.

In order to check possibility 1, we plot Y/no at
a fixed Pl as a function of ;s- of the interaction.
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4. Conclusions
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1.5< Pol< 4.0 GeV/c

900 < e < 1600

cms

This Yo signal seems to increase slowly with P.L and
~ althougN a clean separation of ~ and Pol dependence
is not possible with existing data. If we compare the
Fermilab data with the CERN ISR results, ~ seems to de­
crease a t fixed P.L (for the moderate P.l. ra~ge<5. 0 GeVI c).
However, a flat P.L dependence is not ruled out because
comparison of different experiments complicated by dif­
ferent kinematic ranges of measurements, possible A ef­
fects, and differences in data sample which could arise
because of different char&? particle vetos for diffurent
experiments. In general, - seems to increase with
energy at a fixed Xl. beyon~X~-.2. No signal has been
observed by any experiment below Xol = .1.

What inferences can we draw from these data? First
and. foremost, there ~s an excess of single photons above
that which we can expect from nand Tfo decay. In addi­
tion, direct photon production is expected to be present
and ~t least in some calculations) copious enough to
supply this excess. The Yo ratio which is calculated
from this excess is Tf

BALTRUSIl.ITIS e1 01 19.4 0
23,8 •

AMALDI et 01 31 I).

53 •
KOURKOUMELIS et 01 31 0

45 •62- X

.4

.3

'tn-o'
.2

.1 tt
X,.

Fig. 15 Y/Tfo vs. X.L.

If the ratio is a function only of P.L then the Y/Tfo

ratio should be independent of energy. The data is
shown in Fig. 14. With the underlined caveats the ratio
seems to decrease with ;s- at fixed P~.

( do Ni

~r a. ~Xl)
(E ~3 )."e P1'N , t(XJJ

'Nil < IN I

'\S a P.l N' - N Q(Xl''n°

In order to check possibility 2 we have plotted
the various data as a function of x~. This is shown in
Fig. 15. From this data one can see that there is no
universal function of ~.L. At a ~ixed XL the data indi­
cates quite clearly that the Y/Tf ratio increases.

We have compared the energy dependence of the QCD
calculation of Contogouris et ale to the data in the
4 < P.L < 4.5. The prediction is below the data at low
;S-(remember that the angular range of the -data for the
low energy points in 90< e< 1600 as compared to 90°< e
_1000 for Kourkoumelis et al.) but in general a falloff
of ~ with ;s-at fixed Pl. seems to bE; predicted. The
the~ry of Ruckel et ale would predict no ;S-dependence.

Finally, since neither of the two simple possibi­
lities seem to be indicated, an attempt can be made to
investigate more complicated cases. The data indicates
that the Y/Tfo ratio is rising slowly at a given energy
with P.L. Therefore N~-N > 0 but not large. If we
assume N~-N-l, by plotting!o • pJ..-l vs. X..L we can check
to determine if the data li~ on some universal function
of Xol. This is shown in Fig. 16. Once again we are
disappointed. While the higher Xi data tends to line
up, the lower X.L data seems to disperse a bit. No sim­
ple answer is evident at this time with the existing
data.
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Finally, in closing, it should be obvious that
progress has been made since the Hamb~rg Conference.
It should be equally obvious that more and better ex­
periments are needed. It is to be hoped that by the
next Lepton-Photon Conference outstanding questions
about this exciting new process may be resolved.
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