Photon and Diphoton Production, and kT Effects

The DØ Collaboration^∗ Fermi National Accelerator Laboratory, Batavia, Illinois 60510 (July 2, 1997)

Abstract

Isolated photon production at the DØ experiment is reviewed and recent results on di-photon production are presented.

∗Submitted to the XVIII International Symposium on Lepton Photon Interactions, July 28 – August 1, 1997, Hamburg, Germany.

B. Abbott,^{28} M. Abolins,^{25} B.S. Acharya,^{43} I. Adam,^{12} D.L. Adams,^{37} M. Adams,^{17} S. Ahn,^{14} H. Aihara,^{22} G.A. Alves,^{10} E. Amidi,^{29} N. Amos,^{24} E.W. Anderson,^{19} R. Astur,^{42} M.M. Baarmand,^{42} A. Baden,^{23} V. Balamurali,^{32} J. Balderston,^{16} B. Baldin,^{14} S. Banerjee,^{43} J. Bantly,^5 J.F. Bartlett,^{14} K. Bazizi,^{39} A. Belyaev,^{26} S.B. Beri,^{34} I. Bertram,^{31} V.A. Bezzubov,^{35} P.C. Bhat,^{14} V. Bhatnagar,^{34} M. Bhattacharjee,^{13} N. Biswas,^{32} G. Blazey,^{30} S. Blessing,^{15} P. Bloom,^7 A. Boehnlein,^{14} N.I. Bojko,^{35} F. Borcherding,^{14} C. Boswell,^9 A. Brandt,^{14} R. Brock,^{25} A. Bross,^{14} D. Buchholz,^{31} V.S. Burtovoi,^{35} J.M. Butler,^3 W. Carvalho,^{10} D. Casey,^{39} Z. Casilum,^{42} H. Castilla-Valdez,^{11} D. Chakraborty,^{42} S.-M. Chang,^{29} S.V. Chekulaev,^{35} L.-P. Chen,^{22} W. Chen,^{42} S. Choi,^{41} S. Chopra,^{24} B.C. Choudhary,^9 J.H. Christenson,^{14} M. Chung,^{17} D. Claes,^{27} A.R. Clark,^{22} W.G. Cobau,^{23} J. Cochran,^9 W.E. Cooper,^{14} C. Cretsinger,^{39} D. Cullen-Vidal,^5 M.A.C. Cummings,^{16} D. Cutts,^5 O.I. Dahl,^{22} K. Davis,^2 K. De,^{44} K. Del Signore,^{24} M. Demarteau,^{14} D. Denisov,^{14} S.P. Denisov,^{35} H.T. Diehl,^{14} M. Diesburg,^{14} G. Di Loreto,^{25} P. Draper,^{44} Y. Ducros,^{40} L.V. Dudko,^{26} S.R. Dugad,^{43} D. Edmunds,^{25} J. Ellison,^9 V.D. Elvira,^{42} R. Engelmann,^{42} S. Eno,^{23} G. Eppley,^{37} P. Ermolov,^{26} O.V. Eroshin,^{35} V.N. Evdokimov,^{35} T. Fahland,^8 M. Fatyga,^4 M.K. Fatyga,^{39} J. Featherly,^4 S. Feher,^{14} D. Fein,^2 T. Ferbel,^{39} G. Finocchiaro,^{42} H.E. Fisk,^{14} Y. Fisyak,^7 E. Flattum,^{14} G.E. Forden,^2 M. Fortner,^{30} K.C. Frame,^{25} S. Fuess,^{14} E. Gallas,^{44} A.N. Galyaev,^{35} P. Gartung,^9 T.L. Geld,^{25} R.J. Genik II,^{25} K. Genser,^{14} C.E. Gerber,^{14} B. Gibbard,^4 S. Glenn,^7 B. Gobbi,^{31} M. Goforth,^{15} A. Goldschmidt,^{22} B. Gómez,^1 G. Gómez,^{23} P.I. Goncharov,^{35} J.L. González Solís,^{11} H. Gordon,^4 L.T. Goss,^{45} K. Gounder,^9 A. Goussiou,^{42} N. Graf,^4 P.D. Grannis,^{42} D.R. Green,^{14} J. Green,^{30} H. Greenlee,^{14} G. Grim,^7 S. Grinstein,^6 N. Grossman,^{14} P. Grudberg,^{22} S. Grünendahl,^{39} G. Guglielmo,^{33} J.A. Guida,^2 J.M. Guida,^5 A. Gupta,^{43} S.N. Gurzhiev,^{35} P. Gutierrez,^{33} Y.E. Gutnikov,^{35} N.J. Hadley,^{23} H. Haggerty,^{14} S. Hagopian,^{15} V. Hagopian,^{15} K.S. Hahn,^{39} R.E. Hall,^8 P. Hanlet,^{29} S. Hansen,^{14} J.M. Hauptman,^{19} D. Hedin,^{30} A.P. Heinson,^9 U. Heintz,^{14} R. Hernández-Montoya,^{11} T. Heuring,^{15} R. Hirosky,^{15} J.D. Hobbs,^{14} B. Hoeneisen,^{1,†} J.S. Hoftun,^5 F. Hsieh,^{24} Ting Hu,^{42} Tong Hu,^{18} T. Huehn,^9 A.S. Ito,^{14} E. James,^2 J. Jaques,^{32} S.A. Jerger,^{25} R. Jesik,^{18} J.Z.-Y. Jiang,^{42} T. Joffe-Minor,^{31} K. Johns,^2 M. Johnson,^{14} A. Jonckheere,^{14} M. Jones,^{16} H. Jöstlein,^{14} S.Y. Jun,^{31} C.K. Jung,^{42} S. Kahn,^4 G. Kalbfleisch,^{33} J.S. Kang,^{20} R. Kehoe,^{32} M.L. Kelly,^{32} C.L. Kim,^{20} S.K. Kim,^{41} A. Klatchko,^{15} B. Klima,^{14} C. Klopfenstein,^7 V.I. Klyukhin,^{35} V.I. Kochetkov,^{35} J.M. Kohli,^{34} D. Koltick,^{36} A.V. Kostritskiy,^{35} J. Kotcher,^4 A.V. Kotwal,^{12} J. Kourlas,^{28} A.V. Kozelov,^{35} E.A. Kozlovski,^{35} J. Krane,^{27} M.R. Krishnaswamy,^{43} S. Krzywdzinski,^{14} S. Kunori,^{23} S. Lami,^{42} H. Lan,^{14,∗} R. Lander,^7 F. Landry,^{25} G. Landsberg,^{14} B. Lauer,^{19} A. Leflat,^{26} H. Li,^{42} J. Li,^{44} Q.Z. Li-Demarteau,^{14} J.G.R. Lima,^{38} D. Lincoln,^{24} S.L. Linn,^{15} J. Linnemann,^{25} R. Lipton,^{14} Q. Liu,^{14,∗} Y.C. Liu,^{31} F. Lobkowicz,^{39} S.C. Loken,^{22} S. Lökös,^{42} L. Lueking,^{14} A.L. Lyon,^{23} A.K.A. Maciel,^{10} R.J. Madaras,^{22} R. Madden,^{15} L. Magaña-Mendoza,^{11} S. Mani,^7 H.S. Mao,^{14,∗} R. Markeloff,^{30} T. Marshall,^{18} M.I. Martin,^{14} K.M. Mauritz,^{19} B. May,^{31} A.A. Mayorov,^{35} R. McCarthy,^{42} J. McDonald,^{15} T. McKibben,^{17} J. McKinley,^{25} T. McMahon,^{33} H.L. Melanson,^{14} M. Merkin,^{26} K.W. Merritt,^{14} H. Miettinen,^{37} A. Mincer,^{28} C.S. Mishra,^{14} N. Mokhov,^{14} N.K. Mondal,^{43} H.E. Montgomery,^{14} P. Mooney,^1 H. da Motta,^{10} C. Murphy,^{17} F. Nang,^2 M. Narain,^{14} V.S. Narasimham,^{43} A. Narayanan,^2 H.A. Neal,^{24} J.P. Negret,^1 P. Nemethy,^{28} M. Nicola,^{10} D. Norman,^{45}

L. Oesch,^{24} V. Oguri,^{38} E. Oltman,^{22} N. Oshima,^{14} D. Owen,^{25} P. Padley,^{37} M. Pang,^{19} A. Para,^{14} Y.M. Park,^{21} R. Partridge,^5 N. Parua,^{43} M. Paterno,^{39} J. Perkins,^{44} M. Peters,^{16} R. Piegaia,^6 H. Piekarz,^{15} Y. Pischalnikov,^{36} V.M. Podstavkov,^{35} B.G. Pope,^{25} H.B. Prosper,^{15} S. Protopopescu,^4 J. Qian,^{24} P.Z. Quintas,^{14} R. Raja,^{14} S. Rajagopalan,^4 O. Ramirez,^{17} L. Rasmussen,^{42} S. Reucroft,^{29} M. Rijssenbeek,^{42} T. Rockwell,^{25} N.A. Roe,^{22} P. Rubinov,^{31} R. Ruchti,^{32} J. Rutherfoord,^2 A. Sánchez-Hernández,^{11} A. Santoro,^{10} L. Sawyer,^{44} R.D. Schamberger,^{42} H. Schellman,^{31} J. Sculli,^{28} E. Shabalina,^{26} C. Shaffer,^{15} H.C. Shankar,^{43} R.K. Shivpuri,^{13} M. Shupe,^2 H. Singh,^9 J.B. Singh,^{34} V. Sirotenko,^{30} W. Smart,^{14} R.P. Smith,^{14} R. Snihur,^{31} G.R. Snow,^{27} J. Snow,^{33} S. Snyder,^4 J. Solomon,^{17} P.M. Sood,^{34} M. Sosebee,^{44} N. Sotnikova,^{26} M. Souza,^{10} A.L. Spadafora,^{22} R.W. Stephens,^{44} M.L. Stevenson,^{22} D. Stewart,^{24} F. Stichelbaut,^{42} D.A. Stoianova,^{35} D. Stoker,^8 M. Strauss,^{33} K. Streets,^{28} M. Strovink,^{22} A. Sznajder,^{10} P. Tamburello,^{23} J. Tarazi,^8 M. Tartaglia,^{14} T.L.T. Thomas,^{31} J. Thompson,^{23} T.G. Trippe,^{22} P.M. Tuts,^{12} N. Varelas,^{25} E.W. Varnes,^{22} D. Vititoe,^2 A.A. Volkov,^{35} A.P. Vorobiev,^{35} H.D. Wahl,^{15} G. Wang,^{15} J. Warchol,^{32} G. Watts,^5 M. Wayne,^{32} H. Weerts,^{25} A. White,^{44} J.T. White,^{45} J.A. Wightman,^{19} S. Willis,^{30} S.J. Wimpenny,^9 J.V.D. Wirjawan,^{45} J. Womersley,^{14} E. Won,^{39} D.R. Wood,^{29} H. Xu,^5 R. Yamada,^{14} P. Yamin,^4 C. Yanagisawa,^{42} J. Yang,^{28} T. Yasuda,^{29} P. Yepes,^{37} C. Yoshikawa,^{16} S. Youssef,^{15} J. Yu,^{14} Y. Yu,^{41} Z.H. Zhu,^{39} D. Zieminska,^{18} A. Zieminski,^{18} E.G. Zverev,^{26} and A. Zylberstejn^{40}

(DØ Collaboration)

1Universidad de los Andes, Bogotá, Colombia 2University of Arizona, Tucson, Arizona 85721 3Boston University, Boston, Massachusetts 02215 4Brookhaven National Laboratory, Upton, New York 11973 5Brown University, Providence, Rhode Island 02912 6Universidad de Buenos Aires, Buenos Aires, Argentina 7University of California, Davis, California 95616 8University of California, Irvine, California 92697 9University of California, Riverside, California 92521 10LAFEX, Centro Brasileiro de Pesquisas Físicas, Rio de Janeiro, Brazil 11CINVESTAV, Mexico City, Mexico 12Columbia University, New York, New York 10027 13Delhi University, Delhi, India 110007 14Fermi National Accelerator Laboratory, Batavia, Illinois 60510 15Florida State University, Tallahassee, Florida 32306 16University of Hawaii, Honolulu, Hawaii 96822 17University of Illinois at Chicago, Chicago, Illinois 60607 18Indiana University, Bloomington, Indiana 47405 19Iowa State University, Ames, Iowa 50011 20Korea University, Seoul, Korea 21Kyungsung University, Pusan, Korea 22Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720 23University of Maryland, College Park, Maryland 20742 24University of Michigan, Ann Arbor, Michigan 48109 25Michigan State University, East Lansing, Michigan 48824 26Moscow State University, Moscow, Russia 27University of Nebraska, Lincoln, Nebraska 68588 28New York University, New York, New York 10003 29Northeastern University, Boston, Massachusetts 02115 30Northern Illinois University, DeKalb, Illinois 60115 31Northwestern University, Evanston, Illinois 60208 32University of Notre Dame, Notre Dame, Indiana 46556 33University of Oklahoma, Norman, Oklahoma 73019 34University of Panjab, Chandigarh 16-00-14, India 35Institute for High Energy Physics, 142-284 Protvino, Russia 36Purdue University, West Lafayette, Indiana 47907 37Rice University, Houston, Texas 77005 38Universidade do Estado do Rio de Janeiro, Brazil 39University of Rochester, Rochester, New York 14627 40CEA, DAPNIA/Service de Physique des Particules, CE-SACLAY, Gif-sur-Yvette, France 41Seoul National University, Seoul, Korea 42State University of New York, Stony Brook, New York 11794 43Tata Institute of Fundamental Research, Colaba, Mumbai 400005, India 44University of Texas, Arlington, Texas 76019 45Texas A&M University, College Station, Texas 77843

I. INTRODUCTION

The motivation for studying photon production is the precision testing of perturbative QCD. The lowest order production processes are all proportional to α_sα; therefore, the smallness of the electromagnetic coupling assures a more rapid convergence of the perturbative series than is possible with all jets in the final state. The invariant cross section [1] is given by E d^3σ dp^3 = X_{a,b xaG(xa, Q2)xbG(xb, Q2)}dσ̂_{dt̂ (a b → jet γ) =} d3σ_{dE2T dηγdηjet ,} where the first expression shows explicitly the factorization into a partonic cross section (which depends only on center-of-mass quantities), and parton distribution functions (PDF), which parameterize the beam composition resolvable with a momentum transfer (Q^2). The next equality shows this expression in variables that are directly measured in the detector: transverse energy (E_T ) and pseudo-rapidity (η).

Historically, it was believed that photon production was the most precise way to measure the gluon PDF at low parton momentum fractions in hadronic interactions. To date, hadronhadron collider experiments have not lived up to this expectation. There are several reasons for this. At leading order(LO), two processes are responsible for direct photon production: Compton (qg → qγ) and annihilation (qq → gγ). Only the first process probes the gluon composition of the proton. While this process dominates production for E_T < 100 GeV, the signal is diluted by the annihilation process. Next, the minimum x_{parton} that can be measured by an experiment is dictated by kinematics: x_{min} = 2E^{min}_T e^{−ηmax} / √ s. This implies measurement at both low E_T and high η. High η is difficult because calorimetry and tracking are hampered by the usual small angle problems. Low E_T measurements are limited by the difficulty of pairing photons from neutral meson decays that are widely separated. For the region accessible to Tevatron, photon measurements (10^{−2} < x < 10^{−1}), the variations in PDFs [2] are less than 10%.

To date, the theory of direct photon production [3] has been solved at next-to-leading order (NLO) in perturbation theory. The basic 2 →2 processes include corrections from 2 → 3 tree level and 2 → 2 one loop processes. An additional complication arises from the so-called Bremsstrahlung processes where a photon is emitted colinear to a final state parton. For large angles of emission this is included in the 2 → 3 graphs; however, when the angle becomes small the cross sections become singular. This is handled by a phenomenological fragmentation function. It was shown analytically [4] that the general form of this function is D(z, Q^2) ∼ α ln(Q^2/Λ^2_{QCD})f(z). The arguments of the logarithm are the lower and upper limits from integration over the emission angle, which are estimated to be of order Λ^2_{QCD} and Q^2 [5]. The function describing the z-dependence is usually parameterized from data [6] [7]. The interesting point about this form is that the logarithmic term is inversely proportional to the strong coupling. Naively, the fragmentation contribution is of order α^2_sα; however, the logarithmic term results in a process of order α_sα, which is of leading order. For most values probed by the Tevatron experiments (0.8 < z < 0.98), the current fits differ at most by a factor of two. The current theoretical approach is to use the fragmentation function only in regions where the exact 2 → 3 process is singular. Experimental cuts on energy near the

FIG. 1. Left - CDF(square) and DØ(round) isolated photon E_T spectrum shown relative to the NLO calculation of Baer, Owens, and Ohnemus, using CTEQ2M PDFs and μ_F = μ_R = 1.0E_{T γ}. The correlated systematic error is represented by the fill areas at the bottom, CDF(right slanting) and DØ (left slanting). Right - NLO + parton shower calculation of Baer and Reno shown relative to the NLO calculation alone.

photon are necessary to reduce backgrounds to a manageable level. This involves clustering the photon energy over a finite region of the detector. Generally, the additional energy is measured by subtracting the cluster energy from the energy in a larger area centered on the photon, a process which is difficult to mimic theoretically [8] .

II. ISOLATED PHOTON CROSS SECTION

Details of the DØ and detector can be found in reference [9]. The isolated E_T distribution is the simplest of all possible measurements because it uses only the photon, and jets in the event are ignored. CDF and DØ have published measurements of this distribution [10] [11] with an isolation cut of 2 GeV for energy in the vicinity of the photon. For CDF (DØ), this vicinity is defined by a cone of radius 0.7 (0.4) in η − ϕ space. This cut reduces the QCD background by three orders of magnitude resulting in background of the same order as the signal.

At high E_T we exploit the fact that the two nearly colinear photons from a neutral meson decay are twice as likely to convert to an e^+e^− pair as detector material is traversed. If the detector response is well understood, Monte Carlo simulation can be used to provide test samples of pure signal and background and discrimination is possible. Both experiments measure the cross section in the central rapidity region (|η| < 0.9); however, DØ has also measured the cross section in the forward region (1.6 < |η| < 2.5).

The data and corresponding theory are shown in Fig. 1 on a linear scale (σ_{data} − σ_{theory}/σ_{theory} ). Both experiments are in agreement with each other and consistent with

FIG. 2. Left - DØ(triangle) and CDF(square) angular distributions. Errors are statistical and systematic. The dotted line is the NLO calculation. Right - The DØ di-photon P^{γγ}_T spectrum and theory predictions for: NLO QCD, RESBOS, and PYTHIA.

QCD over a large range of E_T . The most notable feature of this plot is the apparent rise of the cross section over the prediction at low E_T . The rise has been interpreted as a signal that the NLO calculation does not include enough initial state gluon radiation [12]. This has been demonstrated by an ad hoc calculation [13] which adds parton showers to the NLO calculation. The general features of this procedure reproduce the rise at low E_T and also predict a deficit at high E_T . The DØ data show evidence of this deficit, which is due to the isolation cut failing when an initial state jet falls into the isolation cone. Other explanations of this phenomena come from more conventional sources. First, the set of structure functions used in the above comparison are rather dated and do not include deep inelastic scattering data from HERA. The later set CTEQ4 [2] includes this data and introduces a 15% shape change at low E_T . An analysis of the theory has also been done which allows the factorization and renormalization scales to be different [14]. The effects of different scales also chenges the shape relative to the standard calculation (all scales equal to E_T ). Were it not for the DØ high E_T data points, one might conclude from these analysis that additional gluon radiation is not necessary to explain the spectrum.

III. PHOTON JET ANGULAR DISTRIBUTION

The angular distribution is a measure of the partonic cross section since the effect of structure functions is removed by boosting the system to the center-of-mass frame. Figure 2 shows the angular distribution for both Tevatron experiments [16] [15]. The overall agreement with QCD is quite good, except for a slight excess at small angles observed by CDF. This could be due to an underestimation of the fragmentation contribution which rises steeply at small angles. Prompt photon production (Compton and annihilation) is mediated by quark exchange which has an angular distribution ∼ (1 − cosθ^∗)−1, while both the background and fragmentation angular distributions have components of gluon exchange with the form ∼ (1 − cosθ^∗)^{−2}. The only flexibility the theory can accomodate at this order is in the choice of scale factors and parameterization of the fragmentation function. Neither of these variations has a large effect on the shape of the theory distribution. Because of the very restrictive isolation cut done at the Tevatron, the fragmentation contribution is a small portion of the cross section, and it is not surprising that changes of this component have little effect. An alternative currently under study [17] is whether the NNLO fragmentation is larger than expected.

IV. DI-PHOTON CROSS-SECTION

The vector sum P^{γγ}_T = | ⃗P^{γ1}_T + ⃗P^{γ2}_T | of the di-photon system is sensitive to the initialstate gluon radiation, since no jet measurement complicates the process. The DØ method is described in reference [18] [19] for a luminosity ∼ 90pb^{−1}. The background for this process comes from both single isolated photons accompanied by a highly electromagnetic jet (which fakes a photon), and dijet events where both jets fragment into fakes. Figure 2 shows the diphoton P^{γγ}_T data distribution and several different theory calculations. The NLO calculation [20] describes the data well except at low P^{γγ}_T , where the prediction becomes singular as the additional parton in the event becomes soft. The Pythia [22] event generator agrees with the data over the entire kinematic range, because the low P^{γγ}_T singularity is moderated by the parton shower model of inital state radiation. The region of low P^{γγ}_T has also been treated with a calculation [21] which re-sums the singular leading logarithms, and the agreement at low P^{γγ}_T is very good.

V. CONCLUSIONS

The study of photons produced by hadrons in collision is providing a wealth of information about QCD. Indeed, it is possible to compare data and theory on linear scales, and differences of less than 50% are common. These precise measurements are pushing the theory to the limits of applicability, and new methods such as resummation are now being used. With the large run 1B data sample, the experimental errors are limited by systematic effects. Some theoretical progress has been made in understanding the two outstanding problems confronting the theory. First, it has been demonstrated that additional gluon radiation can reproduce the shape of the isolated photon E_T distributions over the full range of measurement; however, it has also been shown that modern PDFs and scale variations can also change the shape of the distributions at low E_T . Second, precision measurements of the size of the Bremsstrahlung/fragmentation component are necessary and await analysis of the full run 1B data set and completion of the full NNLO calculation.

ACKNOWLEDGEMENTS

We thank the staffs at Fermilab and collaborating institutions for their contributions to this work, and acknowledge support from the Department of Energy and National Science Foundation (U.S.A.), Commissariat à L’Energie Atomique (France), State Committee for Science and Technology and Ministry for Atomic Energy (Russia), CNPq (Brazil), Departments of Atomic Energy and Science and Education (India), Colciencias (Colombia), CONACyT (Mexico), Ministry of Education and KOSEF (Korea), and CONICET and UBACyT (Argentina).

REFERENCES

[1] J. F. Owens , “Large Momentum Transfer Production of Direct Photons, Jets, and Particles” , Rev. Mod. Phys. , 59 , 1987 , 465.

[2] H. L. Lai et al. , “Improved Parton Distributions from Global Analysis of Recent Deep Inelastic Scattering and Inclusive Jet Data” , Phys. Rev. , D55 , 1997 , 1280-1296.

[3] H. Baer, J. Ohnemus and J. F. Owens , “A Next-to-Leading Logarithm Calculation of Direct Photon Production” , Phys. Rev. , D42 , 1990 , 61-71.

[4] E. Witten , “Anomalous Cross-section for Photon - Photon Scattering in Gauge Theories” , Nucl. Phys. , B120 , 1977 , 189.

[5] C. H. Llewellyn Smith , “QCD Predictions for Processes Involving Real Photons” , Phys. Lett. , 79B , 1978 , 83.

[6] D. W. Duke and J. F. Owens , “The Photon Structure Function as Calculated Using Perturbative Quantum Chromodynamics” , Phys. Rev. , D22 , 1980 , 2280.

[7] L. Bourhis, M. Fontannaz and J. P. Guillet , “Quarks and Gluon Fragmentation Functions into Photons” , 1997 , hep-ph/9704447.

[8] P. Aurenche, P. Chiappetta, M. Fontannaz, J. P. Guillet and E. Pilon , “Next-to- Leading Order Bremsstrahlung Contribution to Prompt Photon Production” , Nucl. Phys. , B399 , 1993 , 34-62.

[9] K. De et al. , DØ collaboration, “The DØ Detector at Fermilab” , Nucl. Inst. Meth. , B99 , 1995 , 661.

[10] S. Abachi et al. , DØ collaboration, “The Isolated Photon Cross-Section in the Central and Forward Rapidity Regions in pp Collisions at √ s = 1.8 TeV ”, Phys. Rev. Lett. , 77 , 1996 , 5011-5015.

[11] F. Abe et al. , CDF collaboration , “A Precision Measurement of the Prompt Photon Cross-section in pp Collisions at √ s = 1.8 TeV” , Phys. Rev. Lett. , 73 , 1994 , 2662- 2666.

[12] J. Huston et al. , “A Global QCD Study of Direct Photon Production” , Phys. Rev. , D51 , 1995 , 6139-6145.

[13] H. Baer and M.H. Reno , “Multiple Parton Emission Effects in Next-to-Leading Order Direct Photon Production” ,Phys. Rev. , D54 , 1996 , 2017-2022.

[14] W. Vogelsang and A. Vogt , “Constraints on the Proton’s Gluon Distribution from Prompt Photon Production” , Nucl. Phys. , B453 , 1995 , 334-354.

[15] F. Abe et al. , CDF collaboration , “Center-of-Mass Angular Distributions of Prompt Photons Produced in pp Collisions at √ s = 1.8 TeV” , Phys. Rev. Lett. , 71 , 1993 , 679-683 .

[16] Paul M. Rubinov , DØ collaboration, “Direct Photon Angular Distribution at DØ¨, Presented at 1994 Meeting of the American Physical Society, Division of Particles and Fields (DPF 94), Albuquerque, NM, 2-6 Aug 1994.

[17] J.F. Owens, private communication.

[18] Wei Chen, DØ collaboration, ”Isolated Prompt Single Photon and Diphoton Production in pp Collisions at √ s=1.8 TeV”, To be published in the proceedings of 1996 Annual Divisional Meeting (DPF 96) of the Division of Particles and Fields of the American Physical Society, Minneapolis, MN, 10-15 Aug 1996.

[19] Wei Chen, Ph.D.thesis, ”Isolated Prompt Double Photon Production in pp collisions at √ s = 1.8 TeV with the DØDetector”, State Univ. of New York at Stony Brook, 1997 (unpublished) [20] B. Bailey, J. F. Owens and J. Ohnemus , “An Order α_s Monte Carlo Calculation of Hadronic Double Photon Production” , Phys. Rev. , D46 , 1992 , 2018-2027.

[21] C. Balazs and C. P. Yuan, “Testing Multiple Gluon Dynamics at the Tevatron”, 1997, hep-ph/9703405.

[22] T. Sjostrand, “High Energy Physics Event Generation with PYTHIA 5.7 and JETSET 7.4”, Comp. Phys. Comm., 82, 1994, 74-90.