
VOLUME 81, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 28 SEPTEMBER1998

2
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Inclusive p0 and direct-photon cross sections in the kinematic range3.5 , pT , 12 GeVyc with
central rapidities (ycm) are presented for530 and800 GeVyc proton beams and a515 GeVyc p2

beam incident on Be targets. Current next-to-leading-order perturbative QCD calculations fail to
adequately describe the data for conventional choices of scales. Kinematic distributions from these
hard scattering events provide evidence that the interacting partons carry significant initial-state parton
transverse momentum (kT ). Incorporating thesekT effects phenomenologically greatly improves the
agreement between calculations and the measured cross sections. [S0031-9007(98)07206-8]

PACS numbers: 13.85.Qk, 12.38.Qk, 13.85.Ni, 25.40.Ve
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In recent years, perturbative QCD (PQCD) has b
tested in a variety of strong interaction processes at s
distances, and increasing attention is now being dire
towards areas that may be sensitive to shortcoming
the current theoretical description [1]. The high statist
samples of hard-scattering data accumulated by Fe
lab fixed-target experiment E706 provide an opportun
to probe such issues. This paper presents compari
of PQCD calculations to our data on the production
direct photons andp0’s with large transverse momen
(pT ). Direct-photon data have long been expected to p
vide an accurate determination of the distributions of g
ons in hadrons, especially at large longitudinal momen
fraction (x), where information has proven difficult to ob
tain from other measurements. Inclusive meson prod
tion at largepT probes a different mix of hard-scatterin
processes and provides insight into parton fragmenta
For conventional choices of parameters, our data are
described satisfactorily by next-to-leading-order (NL
PQCD calculations [2]. Resolving the observed discrep
cies is important for improving the understanding of bo
parton distribution functions (PDF) and parton fragmen
tion functions (FF).

Several interesting aspects of QCD contributions
yond leading order (LO) can be investigated experim
tally through studies of processes sensitive to transv
642 0031-9007y98y81(13)y2642(4)$15.00
n
rt
d

in

i-

ns
f

-
-

-

n.
ot

-

-

-
-
e

motion of the partons prior to the hard scatter. ThiskT is
presumably due to effects of hadron size (primordialkT )
as well as initial-state gluon radiation. Measurements
Drell-Yan pair production [3] and direct diphoton produ
tion [4] have demonstrated the presence of substantia
fective kT (significantly larger than can be attributed
primordial kT ), and have revealed a center-of-mass
ergy (

p
s) dependence ofkkT l. (In this paper,kkT l de-

notes the average magnitude of the transverse mome
vector, jkT j, of eachof the two colliding partons in the
initial state.) A resummation of soft-gluon emissions h
recently been used to reproduce the size of the effect
served in the WA70 direct diphoton data [5]. Other d
also suggestkkT l values larger than those expected fro
NLO PQCD calculations. Recent comparisons ofpT spec-
tra from charm-particle hadroproduction to NLO PQC
results provide evidence that supplementalkT may be re-
quired to properly describe the data [6]. Likewise, it h
been suggested that the observed pattern of discrepa
between data from various direct-photon experiments
results from NLO PQCD calculations could be related
kT effects [7].

E706 is designed to measure the production of di
photons, neutral mesons, and associated particles at
pT . The apparatus features a large lead and liquid ar
electromagnetic calorimeter and a charged part
© 1998 The American Physical Society
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spectrometer [8]. The experiment accumulat
ø10 eventsypb of p2 beam data at 515 GeVyc,
ø9 eventsypb of proton beam data at530 GeVyc, and
ø11 eventsypb of proton beam data at800 GeVyc on Be,
Cu, and H targets (primarily Be) [9]. A variety of even
selection triggers sensitive to high-pT electromagnetic
showers was employed (using different prescale facto
to accumulate data over a broad range ofpT .

The steeppT dependences of neutral meson and dire
photon production make the measured cross sections
sensitive to uncertainties in the energy calibration. The
fore, achieving a precise and accurate calibration of
electromagnetic calorimeter was essential. As a resul
detailed studies of the data acquired, the uncertainty in
calibration of the energy response of the calorimeter w
reduced to less than 0.5% [10].

The single-photon sample is composed of photons
identified as an element of a reconstructed two photon
cay of a p0 or h meson candidate. The direct-photo
signal is extracted from the single-photon sample via s
tistical subtraction of the background contributions. The
backgrounds are primarily due to photons from unreco
structed decays of neutral mesons. Failure to corre
identify a photon as originating from ap0 or h decay oc-
curs when the other photon from that decay converts in
target region, escapes the fiducial volume of the calorim
ter, or is otherwise not reconstructed. Sources of dire
photon background have been modeled using theHERWIG

event generator [11] and a detailedGEANT simulation [12]
of the spectrometer response. These Monte Carlo ge
ated events have been weighted to accurately represen
measured neutral meson production spectra.

The pT dependences of inclusivep0 and direct-photon
cross sections are shown in Figs. 1, 2, and 3. The resul
NLO PQCD calculations [using Binnewies-Kniehl-Krame
(BKK) FF [13] for thep0] are compared with the data [14
For simplicity, all QCD scales (renormalization, factoriz
tion, and, where appropriate, fragmentation) have been
equal. The broken curves in Fig. 1 represent the res
of NLO PQCD calculations using conventional choices
scales (and GRV PDF [15]). The calculations are qu
sensitive to the scales (an indication of the importance
still higher order contributions), but even for rather sm
scales, the NLO calculations fail to describe our data. U
ing other recent PDF [16,17] in the calculations also do
not adequately account for the discrepancy between
NLO PQCD results and our data (broken curves in Fig.
[18]. Differences between LO [19] and NLO PQCD a
likewise not large when compared to the difference b
tween either of these calculations and the measured c
sections (Fig. 3). However, PQCD at NLO may not ad
quately account for soft-gluon radiation that imparts
effective transverse momentum to the incident partons

Kinematic distributions for high-mass pairs of pa
ticles directly probe the transverse momentum
incident partons in hard-scattering events. The dis
bution of the angle between twop0 mesons (each with
d

s)
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FIG. 1. The p0 and direct-photon inclusive cross section
as functions ofpT for 515 GeVyc p2-nucleon interactions
compared to NLO PQCD results for several choices of sca
The solid curves show the NLO PQCD results forQ  pT y2
scales adjusted for supplementalkkT l. (Note that the units for
the p0 andg results differ by a factor of 1000.)

pT . 3 GeVyc) in the transverse plane (Df) is shown
in Fig. 4 for 515 GeVyc p2-nucleon collisions. The
results of LO PQCD calculations [20], in which each
the incident partons has a Gaussian transverse momen

FIG. 2. Thep0 and direct-photon inclusive cross sections
functions of pT for 530 GeVyc proton-nucleon interactions
compared to NLO PQCD results for several choices of PD
The solid curves show the NLO result (using the CTEQ4
PDF) adjusted for supplementalkkT l. (Note that the units for
the p0 andg results differ by a factor of 1000.)
2643



VOLUME 81, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 28 SEPTEMBER1998

a

e

];
t
t

-
e

-
-

a
e
l

o
e
ls
s

n

n
ct
t

D
t

ll

ns
d
and

nt

wn

o
on
M
re
as
er,
DF
ata

uc-
y

n-
the
s of

l

FIG. 3. Thep0 and direct-photon inclusive cross sections
functions of pT for 800 GeVyc proton-nucleon interactions
compared to LO and NLO PQCD results. The solid curv
show NLO results adjusted for supplementalkkT l. (Note that
the units for thep0 andg results differ by a factor of 1000.)

distribution with kkT l  1.3 GeVyc (dashed curve) and
kkT l  1.7 GeVyc (solid curve), are also shown [19
here, and in the inset, the values were chosen to bracke
data. While fragmentation alone contributes significan
to the width of the calculatedDf distribution (dotted
curve, kkT l  0), adding supplementalkkT l . 1 GeVyc
provides a much better description of the data.

Another kinematic variable that is sensitive tokT is the
out-of-plane momentum,pout (the component of the mo
mentum of one high-pT particle, perpendicular to the plan
defined by the incident beam direction and the direction
the other high-pT particle). The inset within Fig. 4 dis
playspout distributions forp0 pairs, compared to LO re
sults with and withoutkT . These distributions (Df and
pout) show clear evidence for the presence of signific
kT (.1 GeVyc) in the hard-scattering interactions. Th
corresponding distributions for our other data samples a
support this conclusion [21].

Our preliminary analyses of thegp0 andgg kinematic
distributions, as well as studies of the distribution
the fractional momentum carried by individual charg
particles in jets recoiling against isolated photons, a
show evidence of substantialkT , as do our comparison
of the measured high-pT charged-D cross section to NLO
PQCD results [8]. All these results suggest a suppleme
kkT l of order1 GeVyc.

Since the inclusive spectra fall rapidly with increasi
pT , the introduction ofkT smearing has a significant effe
on predicted cross sections. To approximate the effec
supplementalkT smearing on the inclusive NLO PQCD
calculations for direct-photon (andp0) production, we
2644
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FIG. 4. TheDf distribution for high-massp0 pairs produced
in 515 GeVyc p2-nucleon interactions compared to LO PQC
results using variouskkT l values and GRV92 PDF. The inse
shows thepout distributions for high-massp0 pairs produced in
proton-nucleon interactions at530 and800 GeVyc compared
to results of LO PQCD calculations using CTEQ4L PDF. A
calculations use BKK FF.

calculatedkT factors (as functions ofpT ) for different
values ofkkT l, by computing ratios of results from LO
PQCD calculations [19] for differentkkT l values compared
to results withoutkT [22]. These samekT factors were
then applied to the results of NLO PQCD calculatio
[23]. As indicated by the solid curves in Figs. 1, 2, an
3, reasonable representations of both the direct-photon
p0 results are obtained usingkkT l values.1 GeVyc [24].
The kinematic distributions exhibit a pattern consiste
with kkT l increasing with

p
s, a trend reflected in thekkT l

factors employed in the theory curves (solid curves) sho
in the inclusive cross section plots [25].

As an illustration of the sensitivity of our data t
the gluon distribution, Fig. 5 compares our direct-phot
cross sections to NLO PQCD calculations using CTEQ4
and CTEQ4HJ PDF [17]. Once soft-gluon effects a
satisfactorily taken into account, either approximately
in this paper or in a more theoretically rigorous mann
our data can be used to help discriminate between P
that otherwise provide acceptable descriptions of the d
sets used in Ref. [17].

In conclusion, we have measured the inclusive prod
tion of high-pT neutral mesons and direct photons b
530 and800 GeVyc proton and515 GeVyc p2 beams.
Current NLO PQCD calculations (which exhibit substa
tial dependences on QCD scales) fail to account for
measured cross sections using conventional choice
scales. SignificantkT effects (.1 GeVyc) have been ob-
served in kinematic distributions of high-mass pairsp0p0,
gp0, andgg. A simple implementation of supplementa
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FIG. 5. Direct-photon inclusive cross sections as functions
pT for 530 and800 GeVyc proton-nucleon interactions com
pared to results of NLO PQCD calculations using CTEQ4
(dot-dashed curve) and CTEQ4M (solid curve) PDF. Fact
for supplementalkkT l are included. (Note that the units for th
530 and800 GeVyc results differ by a factor of 100.)

partonkT in PQCD calculations, usingkT values consisten
with observations, provides a reasonable description of
inclusive cross sections. Our high statistics direct-pho
data samples are directly sensitive to the gluon distribu
at largex values. An improved theoretical understandi
of soft-gluon effects in inclusive direct-photon productio
will facilitate the global determination of the gluon distr
bution function.

We acknowledge the many contributions of the Ferm
lab staff. This research has been supported by the U
Department of Energy, the National Science Foundat
and the Universities Grants Commission of India.

[1] P. Burrows et al., hep-ex/9612003; R. Brock, in
ICHEP ’96, edited by Z. Ajduk and A. K. Wróblewsk
(World Scientific, Singapore, 1997), Vol. I, pp. 69–8
G. Sterman,ibid. Vol. I, pp. 103–120.

[2] P. Aurencheet al., Phys. Lett. 140B, 87 (1984); E. L.
Berger and J. Qiu, Phys. Rev. D44, 2002 (1991);
F. Aversaet al., Nucl. Phys.B327, 105 (1989).

[3] B. Cox and P. K. Malhotra, Phys. Rev. D29, 63 (1984);
G. Morenoet al., Phys. Rev. D43, 2815 (1991).

[4] WA70 Collaboration, E. Bonvinet al., Phys. Lett. B236,
523 (1990); CDF Collaboration, F. Abeet al., Phys. Rev.
Lett. 70, 2232 (1993).

[5] P. Chiappetta, R. Fergani, and J. Ph. Guillet, Phys. Let
348, 646 (1995).

[6] S. Frixioneet al., Nucl. Phys.B431, 453 (1994).
[7] J. Hustonet al., Phys. Rev. D51, 6139 (1995).
f

e

n

.
,

[8] L. Apanasevichet al., Phys. Rev. D56, 1391 (1997).
[9] These event samples do not include data collected du

the initial run of E706 [G. Alversonet al., Phys.
Rev. D 48, 5 (1993)]. Although our earlier data ar
generally consistent with the results reported here, o
systematic differences between the two analyses
properly accounted for, these earlier results are superse
by our current higher statistics, more precise data samp
Theoretical calculations presented here also supers
earlier calculations.

[10] L. Apanasevich et al., Report No. FERMILAB-Pub-
97y142-E, 1997.

[11] G. Marchesiniet al., Comput. Phys. Commun.67, 465
(1992).

[12] R. Brunet al., Report No. CERN DDyEEy84-1, 1987.
[13] J. Binnewies, B. A. Kniehl, and G. Kramer, Phys. Rev.

52, 4947 (1995). These FF fits do not employ hadron
pion production measurements.

[14] Each PQCD calculation presented in this paper has b
adjusted to account for nuclear effects. Our conclusio
are fully supported by our hydrogen-target data samp
For the inclusive high-pT p0 and direct-photon calcula-
tions, theory was adjusted byAa21, assuminga  1.08
anda  1.04, respectively.

[15] M. Glück, E. Reya, and A. Vogt, Z. Phys. C53, 127
(1992);53, 651 (1992).

[16] A. D. Martin, W. J. Stirling, and R. G. Roberts, Phys. Le
B 354, 155 (1995); M. Glück, E. Reya, and A. Vog
Z. Phys. C67, 433 (1995).

[17] H. L. Lai et al., Phys. Rev. D55, 1280 (1997).
[18] There is substantial overlap in the data and the techniq

employed by different groups in evaluating the vario
PDF. Thus, the variation in these results does not refl
the full uncertainty in the knowledge of the gluo
distribution at largex values.

[19] J. F. Owens, Rev. Mod. Phys.59, 465 (1987).
[20] While it would be interesting to compare the results

Fig. 4 to full NLO PQCD predictions, these calculation
are not available. WA70 [4] also found that significa
kkT l (ø0.9 GeVyc) was necessary, in addition to NLO
PQCD effects, to explain similar distributions for the
diphoton measurement at280 GeVyc.

[21] M. Begel, Ph.D. thesis, University of Rochester, 1998.
[22] A possible variation ofkkT l with pT , expected in PQCD,

has been neglected in this analysis.
[23] Since the parton-level calculations with full treatme

of kinematics already exist, it is convenient (but n
essential) to use LO PQCD estimates of thekT factors;
one obtains similar results by numerically convolutin
parametrizations of the inclusive cross sections w
Gaussian smearing factors.

[24] The kkT l used in the figures are representative valu
not the results of fits to data. ThekkT l values that
provide a corresponding level of agreement between
direct-photon calculations (not shown) and our inclusi
cross sections are somewhat larger (ø10%) than the
corresponding values for the NLO comparisons.

[25] At the same incident momenta, thekkT l values observed
in Drell-Yan data for p2 beams are larger than thos
observed using proton beams [3].
2645


