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Study of parton k; smearing effects in direct photon production at the Fermilab Tevatron
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Previous detailed studies of direct photon production from both fixed-target and collider experiments have
witnessed a pattern of deviation between the measured inclusive cross sections and the corresponding theoret-
ical expectations in the low transverse momentuyy) (regime. Most data sets display steeperdependence
than the next-to-leading-ordéNLO) perturbative QCOPQCD calculations with standard choices of scales
and parton distribution functions in this region. A simple implementation of higher-order soft-gluon corrections
to the NLO PQCD predictions significantly improves the agreement between data and theory. This interesting
feature motivated us to investigate the/ 2@d CDF measurements of inclusive photon cross sectiafs at
=1.8 TeV from the run b and also at/s=630 GeV. We use the latest updated parton distribution function
CTEQ6M in the NLO QCD calculations for direct photon cross section to describe the data. The conventional
theoretical uncertainties originating from scale dependence and gluon distributions have been illustrated. We
estimate the impact of additional soft-gluon radiation on the direct photon production eeirga (LO
PQCD), which adds transverse momentlmto initial-state partons through a Gaussian smearing. The impact
of ky effects on the discrepancy in the Iqw-region is explored using a phenomenological model, wherein we
merge the NLO calculations witk; correction factors. We show that this approach provides a much more
acceptable description of the Fermilab Tevatron data.
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[. INTRODUCTION standing of the process. However, both the completeness of
the current theoretical description of the process at the next-
The production of direct photorfd—3] with large trans- to-leading ordeNLO) and the consistency among different
verse moment@+ in hadronic collisionspp, pp— yX, has  €Xxperimental data sets have been subjects of intense debate

long been established as an ideal testing ground for the fof8.9]-
malism of perturbative quantum chromodynami&QCD The LO contribution to the direct photon production is
[4]. This is because the pointlike coupling of the photon togiven by the Born-level subprocessggor q)g— yq(or q)

the hard interaction, in principle, makes this process ideallyynd qa_, vg [1,2]. The computation of the NLO contribu-
free from uncertainties inherent in jet reconstructias in  tions yields o(ag) corrections resulting from the subpro-
the case of iet prO(_juctio_m)r in fragmentation of partons into cessesqa—> v90, q(ora)g—mygq(ora), and from virtual
hadrong(as in the inclusive hadron produc.tborand.hence & corrections to the Born-level subproces$és?]. Unfortu-
clean probe of the hard-scattering dynamics. This process igately, in experiment, one has to deal with a substantial back-
complementary to the electroweak processes of deep inelaﬁround of photons from ther® decay. In addition, highp
tic scattering(DIS) and Drell-Yan(DY) pair production and  photons can be produced in jets, such as a parton resulting
to pure QCD processes such as inclusive production of jetgom a pure QCD reaction, fragments into a photon, which
or heavy flavors. One of the main motivations of direct pho-can also mimic the direct photon signal. Whereas the contri-
ton investigation is that its production mechanism offers aution from the fragmentation or bremsstrahlung photons re-
valuable opportunity to place strong constraints on the gluomnains small(at most 20%) at fixed-target energies, it over-
distributionG(x,Q), inside the colliding hadrons in the glo- whelms the signal at the collider regirig0] particularly at
bal analysis of parton distributiori,5]. The sensitivity to  |arge center-of-mass energies and Ipw. To suppress the
G(x,Q) arises from the dominant contribution of the Comp- background, the experimental selection of direct photons im-
ton scattering subprocegg— qy with a gluon in the initial  poses “isolation” cuts on the electromagnetic trigger. Gener-
state to direct photon production at leading-orde®) QCD  ally, these are of the form of an upper limit on the amount of
[1] in all kinematic regions ofp scattering, as well as for hadronic transverse energy which can accompany the elec-
low to moderate values of the parton momentum fracki@m  tromagnetic trigger inside a cone of sia&R= A 7°+ A ¢?
pp interaction. The gluon distribution is relatively well con- about the trigger 4 and ¢ are the pseudorapidity and the
strained by DIS and DY data for<0.1, and by collider data azimuthal angle, respectivélyThese isolation criteria effec-
on jet production at moderate (0.1-0.25 [6], but is less tively remove most of the bremsstrahlung contribution from
constrained at largetr where the direct photon data are par- the data samplgl1].
ticularly important[7]. The potential usefulness of the direct  The global QCD analysis of the direct photon production
photon cross section necessitates a proper theoretical undg@rocess from different experiments over a wide range'®f
has revealed a consistent picture of disagreement between
the NLO QCD prediction$12—-16 and the measured cross
*Corresponding author. Email address: cdrst@hepdelhi.com  section for the transverse momentupy) distribution of the
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photon[9]. Characteristically, in both fixed-targét7—-19  a plane perpendicular to the beam axis. However, in the
and collider experimentg20—25, there is an experimental hadron-hadron center-of-mass frame, the colliding partons
excess of photons in the lops region. The most serious may have some transverse momentimwith respect to
problems relate to the high-statistics E706 sample, where theach othe{32], which will appear as a ngb; imbalance
NLO theory dramatically underestimates the observed crosamong the outgoing particles in the hard scatter, and is there-
sectiond19]. At collider energies, there is comparatively lessfore reflected in the vector sum of the individymsl values of
reason for concern, but here also the agreement is not satihe outgoing particles@+). If, say, in the Compton process
factory. The deviation occurs at differexvalues for experi- qg— gy the initial partons have a nonzeke, theqy pair in
ments at different energies rather than in any spexifange  the final state will acquire a net transverse momen@m
[9]. Thus global fits with new parton distribution functions which will make the process softer than it would be other-
(PDFg cannot be expected to cure this discrepancy. Thavise and result in an enhancement in the phatespectrum
CERN Intersecting Storage Rings and fixed-target data arg33]. If the outgoing particles are pairs of photons or leptons,
also almost insensitive to fragmentation processes, thus it ilien Q; should provide a good measure kf, with the
difficult to derive any conclusion based on fragmentation ofaverage value ok; per parton (kT>)~<QT>/\/§ [26].
quarks. The obvious source of uncertainty due to the choice Measurements of dimuon, diphoton, and dijet production
of QCD scales also cannot be held responsible for the dishave indicated the presence of a significant effedtivE26],
crepancy, since it provides a small normalization shift withgs do the analysis 0f°7° and y7° [27]. The comparisons
no change in shape. One proposed expland826-29 is  of the p; spectra for charm-particle hadron production and
that the present NLO PQCD calculations may not adequateljgh-p; chargedD cross section to the NLO PQCD results
account for a photon-jet system “recoil” orky kick”due to  have also provided an evidence that substamtamay be
mgltiple soft-gluon radiat_i0|ﬁ30] by the initial—stat(_e partons  required to properly describe the d4te]. The values of
prior to the hard scatteringHowever, when the impact of (k) suggested by the kinematic distributions of the high-
this ky is incorporated in the NLO calculations the resulting mass pairs range from-1 GeV at fixed-target energies
cross section shows much more compatibility with the obser( Js<40 GeV), increasing upte-3—4 GeV at the Fermilab
vatlons[26—2q. . ) Tevatron collider (/§=l.8 TeV), the growth being approxi-
After a brief overview of partonic transverse momen'[ummate|y logarithmic with increasing center-of-mass energy

(ky) effects and its application to the theoretical predictions[26] (the value expected at the CERN Large Hadron Collider,
for the direct photon cross section through a phenomenologk/g: 14 TeV, lies in the range of 6.5-7.0 GEVThese val-
Ves of (kt) cannot be explained by primordidintrinsic)
transverse momentum reflecting the confinement of the par-

Jo= . afs tons inside the finite size of the hadron according to the
mass energyys=1.8 TeV during run 1b and also afs ncertainty principle, which is expected to make a contribu-

=630 GeV. The measured cross sections are compared Wiffy,, o1y of the order of 0.3-0.5 GeV. Such a large value is
the present NLO PQCD calculations using the latest updatedy, jngication of its perturbative nature. The major part of this
set of PDF, CTEQ6M31], and the usual choice of scales. ofect can, however, be attributed to the multiple soft-gluon

Then we zoom in on the existing discrepancies between dal@nission by the partons prior to the hard scattering which
and theory at lowpr. Concentrating on the D@ata, W  jmnarts a transverse boost to the produced particles

examine the effects of the theoretical uncertainties due to the,g 57 29. Similar effects ofk; can be expected to be
choice of scales and parton densities on the discrepancy. V%esent in all hard-scattering processes, particularly in the
investigate the effects of multiple soft-gluon radiation from;, .| sive production of jets or direct photof26,27,29.

the initial-state partons associated with direct photon produc- prasent NLO PQCD calculations for direct' ph’oton Cross
tion by simulating events usimgyTHIA. LO PQCD has been  gqcion includes at most one extra gluon emission and hence
used to estimate the impactlof on the inclusive production 4 ot adequately account for the transverse motion of in-
of high-py direct photons. We then proceed to show that theeracting partong29]. Inclusion of thesek; effects in the

inclusion of the higher-order effects of soft-gluon emissiony o calculations in explaining the discrepancy at lpw

in the theoretical calculations through a simple implementaggems to be an interesting alternative, since any uniform

tion of the supplemental; smearing provides a reasonably gmearing on a steeply falling; distribution enhances sig-
consistent description of the observations. nificantly only the lowp: end of the spectrum, where the
discrepancy between the data and theory is observed to be
Il. PARTON TRANSVERSE MOTION (k7) significant[9]. A detailed overview of thé effects and its

) _ i application to the available direct photon ane®} data can
In the conventional QCD hard-scattering formalism, thepe found in Refs[26-29.

interacting partons are treated as if they were collinear with
the incoming hadrons and the partons emerging after the

hard scattering were produced back to back with eggah IIl. TREATMENT OF SOFT-GLUON EFFECTS

lated direct photon cross section by the @@d the CDF
detectors at the Fermilab Tevatron collider at the center-of

In highpt hadronic scattering a resummation of high-

We should add that this view is not universally held, see, fororder perturbative processes is required to incorporate the
example, Ref[8]. transverse effects of soft-gluon radiation. This has been
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a_chieved for some hadron_ic reactions, suchVég, DY, and dx fan(X,Q%) —dx d?kg(kT) f ayn(X,Q?),
direct photon pair production, where lar@#-parton scatter-
ing results in a colorless final state. It is quite challenging toand assume a Gaussian typekefdistribution,g(ky) for the
extend these calculations to inclusive direct photon producpartons inside the hadrdi,26], given by
tion processes that involve a parton jet in the final state.
Sustained efforts are underway to arrive at a fully resummed e~ k()
PQCD description[10,34—3§ of soft-gluon emission ef- g(kr)=———.
fects. Two independent threshold-resummed PQCD calcula- (k)
tions have been develop¢85,36], which do not includek _ . . .
effects, but exhibit less F(;Iéepengjence on the QCD scales tha{'ll\ere’<k_$> is the square of the two-dimensional rms width of
the NLO theory. A formalism for simultaneous treatment of theky distribution for one parton and is related to the square
recoil and threshold corrections in inclusive single-photon®f the average of the absolute value lof of one parton,
cross sections has been developd] which shows a good (k). through
promise for improving the theoretical description of the data,
but is presently unavailable for detailed comparisons. This <k2>=
approach accounts explicitly for the recoil from soft radia- T ™
tion in the hard scattering, and conserves both energy and
transverse momentum for the resummed radiation. A comSuch a treatment of modified parton kinematics in evaluating
plete treatment of soft-gluon radiation in high-production ~ the cross sections can be implemented in a Monte Carlo
should eventually predict the effecti%g values expected for framework. The QCD Monte Carlo event generaomTHIA
each process angs. The long-standing theoretical compli- [39] simulates the effects of soft-gluon emission in a model
cations associated with direct photon cross section have dighplemented in a LO PQCD Monte Carlo simulation, adding
couraged the CTEQ Collaboration from using the direct phof0 €ach collldmg.parton an effectlve .|n|t|al-state transverse
ton data in their recent fiti29]. With the advent of more mMomentumk; with a Gaussian variance. The resulting
complete theoretical treatments of the soft-gluon effects, thgrowth of the LO cross section is characterized by a
fixed-target direct photon data from E706 should have &t-€nhancement factdf(pr). At present, no such program
great impact on the determination of the gluon behavior ats available for NLO calculations. However, to approximate
largex. the effects of supplementdd; smearing on the inclusive

In order to investigate deviations between data and NLANLO calculations for direct photon cross section, we esti-
PQCD calculations for the; distribution of direct photons, Matekr-enhancement factokas functions opy) for differ-
somead hocprocedures have been used previously, whictent values ofkr) by computing ratios of the results from LO
approximates the radiative corrections. One such approadiQCD calculation$l] for different(ky) values compared to
involves adding the extra multiple parton emission effects tdesults withoutk;. These samér-enhancement factors are
the NLO PQCD via a parton shower mod&8]. However, then applied to the results of NLO PQCD calculations
an interesting and more intuitive technique has been the ud@6.,27.
of a simple phenomenologick-smearing model26,27. In Undoubtedly, this procedure involves a risk of double
this approach, the soft-gluon radiation is parametrized irfounting, since some of the- enhancement may already be
terms of an effectivéky) that provides an additional trans- contained in the NLO calculation. However, we expect such
verse impulse to the outgoing partons. Since the inclusivélouble counting effects to be smal[26,27. This
spectra fall steeply with increasing;, the introduction of ~Kr-smearing model has achieved considerable phenomeno-
transverse motion of initial-state partons prior to the hardogical success, since some authi#8,27 were able to ac-
scattering can shift the production of final-state particlescommodate both shapes and normalizations of direct photon
from lower to higher values gf, effectively enhancing the and w0 inclusive cross sections from E706, WA70, and UAG,
expected vyield. This approach has been followed in thdor appropriate choices ¢kr) values consistent with data on

Kkr)?

present work. high-mass pairs.
In PQCD, the expression for the LO cross section for
direct photon production at large; has the form 26] IV. COMPARISON OF DATA WITH THEORY

Both the CDF and DQ@letectors at the Fermilab Tevatron

o(hih;— yX)= f dx;dxofa sn,(X1,Q7) pp collider have measured the photon inclusive cross section
in the central region|,»|<0.9. The DOexperiment has also
><faz/hz(xz,QZ)(}(alaz_> yag), (1) performed measurements in the forward region,<l4|
<2.5. The Collider Detector at Fermila@DF) data used in
.. , , this analysis correspond to 90 pband 0.54 pb? of inte-
whereo is the hard-scattering matrix element, dndin, and  grated juminosity at center of mass energies of 1.8 TeV and
fa,m, are the PDFs for the colliding partorg anda, in 630 GeV, respectively, and was recorded during 1994-1995
hadronsh; andh,, respectively. To introduce transverse ki- collider run[22]. The DOmeasurements afs=1.8 TeV re-
nematics of the initial-state partons, we extend each integradult from the 1992-1993 running period and have an inte-
over the PDFs to th&; space, grated luminosity of 107 pb' [24], while that at /s
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=630 GeV were taken in the 1994-1995 run and represented 10% DG (-5 = 1.8 Tev)
520 nb ! of integrated luminosity25]. Both CDF and DO ® [n|<09

. = ; . 10* ] * 16<n|<25
detectors identified photons as isolated energy clusters in Y NLO QCD, 1= pr

their electromagnetic calorimeters by imposing the isolation wE L NLO QCD,r=Pr
(CTEQSM)

criteria to suppress the background from bremsstrahlung
photons and neutral meson decays. The CDF rejects events
with a jet of transverse enerdy;>1 GeV in a cone of ra-
dius R= A 7°+A#%=0.4 around any photon candidate.
The DOrequires the transverse energy to be less than 2 GeV
in the annular region betwed®= 0.2 andR=0.4 around the
photon. The QCD calculations at NLO for the production 16
cross section of direct photons are provided by Vogelsang -
[40] who used the latest updated parton distribution function 102 . . . . . .
CTEQ6M [31] and choseu=pt for the renormalization, 0 20 10 60 80 100 120
factorization, and fragmentation scales. (a) Photon pp (GeV)

In Fig. 1(a) we compare the transverse momentupg)(
distribution of the DOmeasurements of the isolated photon 105{ DO (=630 GeV)

0

10!

dPe/dprdn (ph/GeV)

10°

cross sections taken afs=1.8 TeV during run 1b in the o o 'l"ézl"-liu

central (#|<0.9) and the forward (16| 7|<2.5) rapidity 10 ' _N'Lonqcp,u:p,

regions with the corresponding theoretical calculatons.  f - Nl(g%%%igl’r

Similarly, Fig. 1b) compares the DOdata taken atys

=630 GeV in both central and forward regions with the cor-

responding NLO QCD predictions. Corresponding plots for

the CDF results in the central regiofv(<0.9) for both the

energies (/s=1.8 TeV ands=630 GeV) are shown in

Fig. 1(c). At first glance, it can be seen in the above figures

that the NLO QCD predictions agree qualitatively well with

the experimental results for both central and forward regions 10°

over a wide range gb; with the exception of the loy end

where the data points of the central region exhibit a steeper 10"

slope. 5 10 16 20 25 30 35 40

The discrepancy is more easily seen on a linear scale. In (b} Photon py (GeV)

Fig. 2(a) we show the relative difference between the experi-

mental and theoretical differential cross sectiorfdata- 1.5E
0

102

d%s/dpydn (pb/GeV)

10!

CDF, Inl<0.9
A 5=18Tev

A s = 630 Gev
—  NLOQCD,n=pr
ok NLO QCD,r=Pr
I‘z'} (CTEQ6M)

theory/theory, versup for the DOand CDF measurements

at Js=1.8 TeV in the central region. A reasonably good 10*
agreement is found between the NLO QCD predictions and
the measured cross section at high, =20 GeV for CDF

and =35 GeV for DQ However, at lowerp; values, the
measured cross section exceeds the expectation from NLO
QCD, a trend consistent with previous experience from the
collider [20—25 and fixed-targef17—19 experiments. The
DO results exhibit larger deviations at log4 than the CDF
data, but show an excellent agreement with theory at high
p7. In the highpt region (p;>>60 GeV), the CDF data falls
below the NLO QCD prediction by an overall normalization
factor which is an unusual situation. The UA2 measurements 1
at \/'s=630 GeV also show a similar deficit of photons at 20 40 60 o0 100 120
high pr [22]. The run 2 data with higher statistics in this (g Photon py (GeV)

region will allow a better investigation of the high- deficit.

Similarly, Fig. 2b) shows thepy spectrum of(data-theory FIG. 1. The differential cross section for isolated photons as a
theory for the DOand CDF data at/s=630 GeV in the  function of transverse momentupy,, measured by the D@nd
central region. Here, we again observe that thed»@ CDF  CDF experiments. The curves show the corresponding next-to-
data agree remarkably well with the theory at high leading order QCD calculatioig0], using CTEQ6M parton distri-
(=20 GeV), and at lowep values there is an experimental butions. (@) DO data at\s=1.8 TeV in the central and forward
excess of photons. regions.(b) DO data at\s=630 GeV in the central and forward

Figures 3a) and 3b) show the comparison of the mea- regions.(c) CDF data atys=1.8 TeV and+/s=630 GeV in the
sured direct photon cross section with the NLO theory usingentral region.

d®a/dppdn (pb/GeV)

10!
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10 ¢ 10 Lé<|n|< 2.5
| Js=18TeV ¢ DO (f5=18Tev)
os | nl<0.9 08 f — —NLOQCD,k=P1/2
- ¢D0 NLO QCD,p=12Pr
0s | + A CDF os| (CTEQ6M)
i b
b 04 | £ o4l
=] [T}
= [ =} ¢
E oz} + 2 02r __|> _______ _
% oo [ I |‘+’|AAA+. e— ; —3 Eo.o Rl I ! !
2 : +2o 44 N 8 w00 ] |12 = | e +°$ ------ 6. ..o 80.........100 120
3; £2 : ; g .
04}
€ o4t e Photon py (GeV)
o6 | Photan py (GeV) 05}
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(a)10 *
30 16<n|< 2.5
40 ¢
< DO (5=630 GeV)
35 | - -—NLO QCD,n=pz2
i 5 =630 GeV 20 NLO QCD,p=1P1
a0k [nl<0.9 . (CTEQSM)
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FIG. 2. The relative difference between the measured differen: FIG. 3. Comparison of the measured isolated photon cross sec-
. C . . . tion by the DOexperiment in the forward region with the NLO
tial cross sectlgn fOT isolated photon. production by t.hé. aal QCD calculationg40], using CTEQ6M parton distributions &)
CDF Collahorations in the central region and the predictions from\/gz 1.8 TeV and(b) \S=630 GeV. The error bars show the un-
NLO QCD [40], using CTEQ6M parton distributions &&) /s ) .

correlated uncertainties. The effects on the comparison upon chang-
=1.8 TeV andb) at {s=630 GeV. The error bars for the/Ddata ing the renormalization scale in the theoretical predictions from

show the statistical and othgr gncorrelateq uncertainties, while thosrg,'T/2 to 2p are also shown,
for the CDF data show statistical uncertainty.

) o 10-15%, thus producing a small normalization shift
the CTEQ6M PDF for the DGlata in the forward rapidity  throughout with almost no change in shape. The NLO results
region atys= 1.8 TeV and\/s=630 GeV, respectively. The are found to be relatively insensitive to the changes in the
effects on theoretical predictions by changing the renormalfactorization and fragmentation scales. From the above fig-
ization scales fronu=p+/2 to u=2p+ are also shown. Itis yres, it can be seen that it is possible to get a steeper slope at
seen from the figures that the overall agreement of the meahe lowp; end by simultaneous variation of the renormal-
sured cross sections with the theory is quite satisfactory ovggation (uren), factorization (u,e), and fragmentation
the whole range opy, taking into account the uncertainty (kfrag) SCales independentfyt1], but only at the cost of an
due to the scale variations in the theoretical predictions. jncrease in the overall normalization. Apparently, it is not

Figures 4a) and 4b) show respectively the effect of dif- possible to get both the shape and the normalization correct
ferent choices of the QCD scales on the NLO QCD calculaty such a strategy. A similar result has also been obtained in
tions for the DOdata in the central rapidity region afs  the theoretical analysis of the CDF rui Hata[22,47.
=1.8 TeV andys=630 GeV. The reference theoretical cal-  The effect on the predicted cross section by using differ-
culation includes CTEQ6M PDF and scales equap+$o( u ent choices of PDFs has been illustrated for several sets of
=p7). The plots illustrate that the NLO calculations are PDFs, CTEQ5M1, CTEQ5M, CTEQ5HJ43], Martin-
quite sensitive to the choice of these scales which gives aRoberts-Stirling-Thorne  (MRST99, MRST99@1),
indication of the importance of still higher-order contribu- MRST99(g|) [44], and MRST200145]. The relative differ-
tions. We see that changing the scales frarwpr to © ence of the cross section between these sets of PDFs and the
=p+/2 or u=2p1 changes the predicted cross sections byCTEQ6M parametrization for the DKinematics is shown in
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() 40l Photon py (GeV) FIG. 5. The relative difference between the NLO QCD calcula-

tions for direct photon cross section for the/ Ihematical cuts
FIG. 4. Comparison of the D@easurements of isolated photon due to different parametrizations of parton distribution functions.

cross section in the central region with the NLO QCD calcuationsThe reference PDF is CTEQG6M. All calculations use a scalg of
[40], using different choices of theoretical scales and CTEQ6M= p; at(a) s=1.8 TeV and(b) ys=630 GeV.
PDF at(a) \/s=1.8 TeV and(b) \/s=630 GeV.

tant. Especially at high center-of-mass energies, initial-state
Figs. 5a) and 5b) at \s=1.8 TeV and\s=630 GeV, re- QCD radiation attains importance relative to fragmentation
spectively. It is seen from the figures that the variation in then determining the event structure due to increase in the
results is less thart 9% at \s=1.8 TeV and+7% at s phas_e space available for gluon emls_sﬂéﬁ]. As mentloned
=630 GeV. The theoretical uncertainty from the choice ofPréviously, the NLO PQCD calculations for direct photon
PDFs is quite small and it is smaller than that from the scal&"0SS Séction include effects due to single hard gluon only
dependence. It can be seen that it is not possible to improv%nd is thus inefficient in describing the effects of additional

the agreement with the data by making a fine-tuning of thdnultiple  soft-gluon radiation from initial-state hard-
parton distributions. The QCD analysis of the CDF rum 1 scattering partons. The kinematics of the multiple partons in
data has also reveéled similar res(izg] the initial-state shower may result in transverse momenta for

the partons particularly in the hard scattering, effectively

boosting the direct photon transverse momentum relative to
the collinear approximation of the kinematics. Monte Carlo

event generators such asTHIA can be used to investigate

In QCD, initial-state radiation as well as final-state radia-initial-state radiation effects as they provide a means to
tion of gluons are expected, which may generate large colimulate complete event structure having detailed parton
rections to the overall topology of events. Within the frame-configuration with correct kinematics. F¥THIA, all higher-
work of the perturbation theory, these radiation effectsorder parton emissions are accounted for by the leading-log
appear as higher-order Corrections to the bas_kﬂproceSS. |n|t|a|- and final-State pal’ton ShOWerS, Wh|Ch incluies Simple
For the direct photon transverse momentum distributionparton branchings such as-qg, g—gg, andg—qq [39].
initial-state rather than final-state showering is most impor- We examine the effects of multiple soft-gluon emissions

V. SIMULATION OF INITIAL-STATE
SOFT-GLUON RADIATION
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(b) PT Dist.of 2 Thru N ISR Gluons FIG. 7. Thepy spectrum ofkr-enhancement factdt(pr), as-

sociated with the LO calculations of direct-photon cross section
FIG. 6. ISR gluons assi)ciated with the direct photon eventsysingpyTHIA at (a) Js=630 GeV for(k7)=2, 2.5, and 3 GeV and
generated uSiNgPYTHIA in pp interactions atys=1.8 TeV for  (b) ys=1.8 TeV for(kr)=3, 3.5, and 4 GeV.
pT"=10 (solid line) and 50 GeM(dotted ling. (a) Number of ISR
gluons.(b) Net p; of the ISR gluons due to all but the leading ISR _ _
gluon. state gluons ipp collisions at\/s=1.8 TeV for two values
of minimum p+ for hard processpT'" [CKIN(3) parameter

from the initial-state partons associated with the direct phoin PYTHIA] =10 GeV and=50 GeV. The figure illustrates
ton production usingYTHIA version 6.2[39]. For this pur- that the number of ISR gluons is significantly larger than the

pose, we simulate direct photon events in m_einteractions NLO PQ_CD approximation of either 0 or L. The_ nie
at \/s=1.8 TeV and\s=630 GeV to extract the number of present in the ISR gluons, after S“b”rﬁ‘iﬁ“”g the higpest-
initial-state gluons as well as n&t present in initial-state gluon, is shown in Fig. ) for py"=10 GeV and
gluons, after subtracting the gluon with the highest initiaI:50 Qev. As can be seﬁir;, the s of such.remnarllt glu-
statepy. These results use default Gaussian primorkial ©NS 1S ~2.2 G?n\i/n for pr7'=10 GeV and increasing to
distribution of 1 GeV for the partons inside the hadi@s 4> GeV forpy =50 GeV. Similar results are obtained
would be the order expected from a purely nonperturbativéor pp interactions at/s=630 GeV. In this case, the np
hadronic finite size effectsand the initial-state radiation of ISR gluons beyond NLO turns out to bel.6 GeV for
(ISR) switched on. Figure @) shows the number of initial- pT'"=10 GeV and 2.3 GeV fopT'""=20 GeV (not shown.
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FIG. 8. Comparison of the isolated dir?Ct phqton Ccross seption at F|G. 9. Comparison of the isolated direct photon cross section at
Vs=1.8 TeV with the NLO QCD calculations withoiy and with /5= 630 GeV with the NLO QCD calculations withok and with
ks enhancement fofk)=3, 3.5, and 4 GeMa DO run 1b data. kr enhancement fafk:)=2, 2.5, and 3 Ge\(a) DO data.(b) CDF
(b) CDF run 1b data. data.

VI. APPLICATION OF k{-SMEARING MODEL

TO THE FERMILAB TEVATRON DATA strong enhancement at lop4 values, where is not sig-

nificantly larger thark; . This effect diminishes rapidly with
The previously describekl-smearing approach is used to increasingor and is essentially negligible f@y=40 GeV at
incorporate the effects of soft-gluon radiation in the calcu-ys=1.8 TeV andp;=25 GeV aty/s=630 GeV, thus exhib-
lated yields.PYTHIA 6.2 is employed to estimate the impact iting the expected~1/pZ behavior.
of partonks effects in the LO PQCD cross section of direct  Figures 8a) and §b) show the comparison of photon
photons, wherein the incident partons have Gaussian distrizross section for the DGind CDF run b data at+/s
uted transverse momentum with an average valuergier ~ =1.8 TeV for both with and withouk; enhancement, re-
parton (kr)) being an adjustable parameter. The LO predic-spectively. Similarly, Figs. @ and 9b) display the DOand
tions uses the default PDF ®myTHIA 6.2, CTEQ5M1, and CDF measurements a/E: 630 GeV. To incorporate thb‘r
the renormalization scal@,=pr. Figures Ta) and 1b) dis-  effects, the existing NLO calculation@ising CTEQ5M1
play respectively thek-enhancement factork(pr) as @ PDF andu=p;) were multiplied by theks-enhancement
function of pr at {s=630 GeV for values ofkr)=2, 2.5,  factorsK(py). We see that the introduction & smearing
and 3 GeV and at/s=1.8 TeV for values ofkr)=3, 3.5  has a significant effect on the predicted cross sections and is
and 4 GeV. These chosen values(kf) are consistent with successful to a great extent in describing both the normaliza-
that measured in the Drell-Yan process at each center-ofion and the shape of the measured cross sections. The values
mass energy3 GeV at 630 GeV, and 4 GeV at 1.8 TeV of (ky)=3 GeV for 630 GeV andk;)=4 GeV at 1.8 TeV
[21]. Also, using diphoton production at the Fermilab Teva-provide reasonably good representations of both the CDF
tron, the Collider Detector at FermildiCDF) has measured and DOdata. It is to be noted that the CDF data in Fi¢o)8
(k1)=3.6+0.8 GeV at\/s=1.8 TeV[47]. As can be seen in has been normalized upwards by a factor of 1.25 for the
Figs. 1a) and 1b), the ky smearing, as expected, producesbenefit of shape comparison. Without this normalization, the
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CDF data lie below the theory at higly . It can be seen that
the ks smearing modifies only the lowest end of {hespec-
trum, wherepy is not significantly larger thak;. Also, the

the NLO QCD calculations using the latest updated set of
PDF, CTEQ6M with the conventional choice of scales.
These datasets in the central rapidity region exhibit a steeper
dependence df(p+) on (k) is especially strong at lopw;,  slope than the theoretical estimates at lpy. Many varia-
which is consistent with the previous observations. tions of the recently improved PDFs and the QCD scales
Although the present numerical results are only explor-were tried, with small changes in the shape of the predic-
atory estimates of the size of expected effects, it is quite cledions, but none actually predicted the shape of the measured
that the phenomenological consequences are significant. cross sections. The effects of initial-state soft-gluon radiation
on the direct photon production have been investigated using
a phenomenologicdd;-smearing model, which supplements
the NLO calculations with a simplified Gaussian smearing. It
was found that the inclusion &f effects into the theoretical
The run 2 of the Fermilab Tevatron collider afs  predictions yield a significantly better description of the Fer-
=1.96 TeV with increased luminosity and the upgradedmilab Tevatron data. Although these results cannot be inter-
CDF and DOdetectors has the potential to significantly re- preted as a QCD prediction because of many uncertainties
fine our understanding of inclusive isolated direct photon(owing to the model dependent assumptioimsthe present
production. The kinematic reach in transverse momentumimplementation ofk; kick, they can be interpreted as an
should be greatly extended and the statistical and systematiistence of the proof that higher-order QCD contributions
precision of the data will also be increased, compared to rufparticularly from the initial-state soft-gluongan account
1. These measurements will allow both the lpw-and the  for the theory vs data discrepancy. A definitive conclusion
high-py regions to be investigated thoroughly and preciselyregarding the quantitative role of the effects in the hard
The possibility that the discrepancy between data and theorycattering awaits a more rigorous theoretical treatment of the
may be dependent on rapidity is interesting and is one thadoft-gluon radiation. A more developed theoretical frame-
can also be investigated in more detail. Although the data ar@ork is crucial for an accurate determination of gluon distri-
not expected to improve directly the knowledge of the gluonpytion in the hadrons, especially in the langeegion where
distribution at intermediate and largeit can do so by pro- sjgnificant uncertainties remain.
viding a testing ground for newly developed theoretical mod-
els and formalisms signifying the role of multiple gluon
emission in the direct photon process, and therefore can help
resolve the present arguments. Once this physics is properly
understood, the existing fixed-target data should provide one We are grateful to Werner Vogelsang for his assistance

of the best constraints on the gluon density, as has beefith the NLO theoretical calculations. We thank Torbjorn
envisioned for a long time. Sjostrand, Steve Kuhlmann, Lenny Apanasevich, and Vishnu

Zutshi for some enlightening suggestions relateYoHIA
simulations. Our sincere thanks are to the Department of
Science and Technolog¢DST), Government of India for

Direct photon production has proved extremely interestproviding the necessary infrastructure. Ashish Kumar, Kirti
ing and remained quite controversial. In this paper, we hav@®anjan, and Manoj Kumar Jha would also like to express
analyzed the+ spectrum of the CDF and D@easurements their gratitude to the Council of Scientific and Industrial Re-
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