hep-ph/9912368 15 Dec 1999

IFT 99/16 hep-ph/9912368

The forward photon production and the gluonic content of the real and virtual photon at the HERA collider

Maria Krawczyk^† and Andrzej Zembrzuski^‡

Institute of Theoretical Physics, Warsaw University, Poland

Abstract

The discussion on the production of prompt photons with p_T of a few GeV in the tagged process ep → eγX with small Q^2 (DIC process) at the HERA collider is presented. Photons produced in the forward (proton) direction are mainly originating from subprocesses involving interactions of the gluonic content of the exchanged photon. The large enhancement over the Born term (direct photon) is found up to a factor of 35 for a real photon and up to 5 for a virtual photon with a squared virtuality 1 GeV^2. It gives a possibility of extracting a gluonic density of the real and of the virtual photon. The BFKL approach to the description of the forward particle production is shortly discussed.

Presented at the International Conference on the Structure and Interactions of the Photon, PHOTON’99, 23-27 May 1999, Freiburg im Breisgan, Germany.

†Supported in part by the Polish Committee for Scientific Research, Grant No 2P03B18410 (January-June 1999) and

2P03B01414 (1999).

‡Supported in part by the Polish Committee for Scientific Research, Grant No 2P03B18410 (January-June 1999) and

Interdisciplinary Centre for Mathematical and Computational Modelling, Warsaw University, Grant No G16-10 (1999).

The forward photon production and the gluonic content of the real and virtual photon at the HERA collider^∗

Maria Krawczyk^{a†} and Andrzej Zembrzuski^{a‡}

aInstitute of Theoretical Physics, Warsaw University, ul. Hoża 69, 00-681 Warsaw, Poland

The discussion on the production of prompt photons with pT of a few GeV in the tagged process ep ! eγX with small Q^2 (DIC process) at the HERA collider is presented. Photons produced in the forward (proton) direction are mainly originating from subprocesses involving interactions of the gluonic content of the exchanged photon. The large enhancement over the Born term (direct photon) is found up to a factor of 35 for a real photon and up to 5 for a virtual photon with a squared virtuality 1 GeV^2. It gives a possibility of extracting a gluonic density of the real and of the virtual photon. The BFKL approach to the description of the forward particle production is shortly discussed.

1. Introduction

1.1. The DIC process at HERA

The production of the prompt photon with a large transverse momentum in ep collision under antitagging or untagging conditions is dominated by events with almost real photons mediating the ep interaction, Q^2 ≈ 0. So in practice the photoproduction of the prompt photon, the Deep Inelastic Compton (DIC) scattering, is considered. The observed final γ arise directly from a hard subprocess or from a fragmentation process, where q or g ’decays’ into γ.

This DIC process with two real photons first offered an opportunity to test the Parton Model idea [1] and later the Quantum Chromodynamics with LO and NLO accuracy [2–10]. Next, the isolation restriction of the final photon needed in experimental analyses [11–13] was imposed in the

∗Presented at the International Conference on the Struc-

ture and Interactions of the Photon, PHOTON’99, 23-27 May 1999, Freiburg im Breisgan, Germany. †Supported in part by the Polish Committee for Scientific Research, Grant No 2P03B18410 (January-June 1999) and 2P03B01414 (1999).

‡Supported in part by the Polish Committee for Scientific Research, Grant No 2P03B18410 (January-June 1999) and Interdisciplinary Centre for Mathematical and Computational Modelling, Warsaw University, Grant No G16-10 (1999).

NLO calculations [14]. Recently the NLO approaches with the isolation of the final photon and other experimental cuts [15–18] were applied successfully to describe the data measured at the HERA collider [12,13].

The sensitivity of the DIC process to test the parton densities in the photon (and in the proton) was realized and studied for the HERA collider already ten years ago [5–9]. The conclusion was reached that the processes initiated by the gluons from the photon dominate in events where the final photon is produced in the forward direction, i.e. in the direction of the initial proton. This is a specific kind of an inverse Compton process characterized by very energetic final photons [5– 8]. The tagging condition, limiting the virtuality and the energy of the exchanged photon, allows to separate the individual contributions, especially these with the gluonic content of the photon [7,8] (see also [10]).

The DIC process with so called resolved photon (i.e. interacting via its partons) takes place also for the virtual photon. This occurs when the (positive) virtuality of the exchanged photon, denoted below by P^{2 (4)}, differs from zero and yet is

4It is convenient to denote the virtuality of the photon-

target by P 2, while use Q2 if the photon plays a role of a probe.

still small compared to the hard scale of the partonic subprocesses given by the transverse momentum of the final photon, P^2 ≪ p^2_T . Then an opportunity arises to test partonic (gluonic) structure of the virtual photon in a similar manner as for a (almost) real photon mentioned above [19,20].

The recent HERA data for the jet production processes allowed so far to extract a combination of parton densities - the so called effective parton distribution in the virtual photon [21]. We argue that the photon production (DIC process) may play an complementary role in testing the structure of virtual photon [22]. Although it appears at lower rate the production of photon has an advantage being dominated in the forward direction by only one, a gluon initiated subprocess. Therefore the DIC process may allow to separate and extract the fundamental, although less known experimentally, gluonic density in the virtual photon.

1.2. Forward particle production as a test of QCD dynamics at small x_{Bj} Recently a forward jet and particle production, among them π^0 and π^±, has been studied at HERA [23,24] in order to test QCD dynamics at small x_{Bj} . The question is what is the proper type of partonic evolution (BFKL, DGLAP or CCFM?) in the chain between the virtual photon and the proton for the DIS events at small x_{Bj} . In such analysis the positive virtuality of the exchanged photon, P^2, plays a role of the standard DIS Q^2 variable. It is well known that the BFKL evolution corresponds to not strongly ordered in p_T parton emission and leads to larger transverse momenta of final gluons than the DGLAP evolution based on the collinear gluon emissions. Therefore in search for a signal of the BFKL evolution the transverse momentum of the final forward particle is usually chosen to be large and of order of P^2.

The resolved virtual photon contribution leads to BFKL-type final state configurations, as it was pointed out in [25]. Although such contributions is suppressed for p^2_T ∼ P^2 (lack of corresponding large logarithms present in the standard DGLAP description of the virtual photon structure, where e^− e^−

p γ γ

Figure 1. The DIC process

p^2_T ≫ P^2), one should be aware that the forward particle production may arise from a mechanism not obviously included in the BFKL evolution equation [25,26].

The newest ZEUS data [24] for the forward jet production studied in the range 10^{−2} < p^2_T /P^2 < 10^2 show that only model which includes resolved photon components, with a hard scale Q̃^2 = P^2 + p^2_T , describe the data in the whole kinematic range. On the other hand a new analysis [27] shows that CCFM approach can describe properly the forward jet production at HERA as well, while the H1 data for forward π^0 [23] seems to support a modified (i.e. with a limited p_T phase space) BFKL evolution equation [28].

In this presentation we focus on the production of very energetic forward photons with p_T ∼ 5 GeV in the DIC process for P^2 ≪ p^2_T and we show that it may offer an opportunity to probe the gluonic content of the virtual photon at HERA.^5

2. Probing parton densities in γ^∗ in the DIC process at HERA

We continue our study [20] of the inclusive DIC process ep → eγX (1) for a relatively small momentum transfer between the initial and the final electron, where the ex-

5The analysis of the forward γ production at HERA as a

signature of the BFKL evolution can be found in [29].

change of a virtual photon dominates over the Z boson exchange. We will limit ourselves to events with the tagged electrons, so the energy and (positive) virtuality of the exchanged photon −p^2 = P^2 are known.

The first attempt to describe the DIC process at HERA using the structure of the virtual photon can be found in [19], where the Equivalent Photon Approximation (EPA) approach was compared with the calculation involving direct and resolved virtual photons. Next we have examined the usefulness of DIC process to study at the HERA collider the structure of a virtual photon, in particular its gluonic content [20]. Here we extend this analysis by comparing compare different contributions to the DIC cross section in the ep LAB reference frame and by studying a wider virtuality range: P^2 from 0 to 2.5 GeV^2.

2.1. Born term and subprocesses involving resolved γ^∗ We consider the virtual photon - proton interaction leading to the production of the large p_T photon. It corresponds to the following direct subprocess at the lowest order (Born level): γ^∗ q_p → γq, (2) with the initial and final photon interacting directly with a quark from the proton. The Born process dominates at very large p_T ∼ √ S_{ep}/2 (x_T =^{2pT}√_{Sep} ∼ 1), while in the moderate p_T re-

gion which we will consider here, i.e. for Λ^2_{QCD} ≪ P^2 ≪ p^2_T ≪ S_{ep}/4, resolved virtual photon processes become important. There are three types of LO subprocesses involving the partonic constituents of the initial and/or final photons in DIC process:

• with single resolved initial photon g_γ�q_p → γq, (3) q_γ�g_p → γq, (4) q_γ�q_p → γg (5)

q_γ�q_p → γg (6)

• with single resolved final photon (fragmentation into the photon)

γ^∗ g_p → qq̄ (7)

γ^∗ q_p → gq (8)

• with double resolved photons

g_γ� g_p → gg (9) q_γ� g_p → qg, etc. (10) In this talk we limit ourselves to the processes involving single resolved initial photon. We expect to see the effect due to the gluonic content in the virtual photon by looking into a final photon produced in the forward direction. The remaining subprocesses are known [20] to give smaller contributions in this region.

2.2. Calculation of the cross section The differential cross section for deep inelastic electron-proton scattering with a photon in the final state, eq. (1), can be written in the following form: E_eE_γ dσ^{ep→eγX} d^3p_ed^3p_γ

= Γ_T ( E_γ dσ^γ�^{p→γX} d^3p_γ ) |_T +

+Γ_L ( E_γ dσ^γ�^{p→γX} d^3p_γ ) |_L, (11)

where E_e(E_γ ) and p_e(p_γ ) are the energy and the momentum of the final state electron (photon). Coefficients Γ_T and Γ_L (functions of the energy and momentum of the electron in the initial and final state) can be interpreted as the probability of emitting by the initial electron a virtual photon polarized transversely and longitudinally.

Since the cross section for the reaction ep → eγX is dominated by the exchange of the photon with small virtuality, one can neglect a contribution due to the longitudinal polarization. (See also [31], where the role of the longitudinal photons is discussed for the Born term, and where it was found that the longitudinal polarizations can be neglected even for P^2 larger than studied here). Assuming that the exchanged photon has only the transverse polarization we obtain: E_eE_γ dσ^{ep→eγX} d^3p_ed^3p_γ

= Γ_T E_γ dσ^γ�^{p→γX} d^3p_γ

|_T . (12)

where we include contributions from subprocesses (2)-(6). In the calculations of the cross section for the γ^∗ p collision functions describing parton densities appear. They depend on a hard scale Q̃2 ∼ p2_T , a parton virtuality P 2 and x_γ - the part of the photon momentum taken by the parton.

It is worth to emphasize that while calculating the cross section for individual subprocesses we take into consideration the virtuality (P^2) of the photon emitted by the electron as it follows from the kinematics of the process.

Note that the minimum value of the x_γ is reached when the photon is produced in the forward (proton) direction. This fact influences the shape of the cross section as a function of rapidity what is discussed below.

2.3. Results

The resolved initial photon contributions to the DIC process are calculated and compare to the Born (direct) term for the HERA collider. The squared energy of the HERA accelerator (S_{ep}) is taken as 98400 GeV^2 and the cross section is calculated for the transverse momentum of the final photon equal to 5 GeV and for the fixed energy of the exchanged photon: E_γ� = yE_e, with y = 0.5.

In our calculations the GRS (LO) parton parametrizations for the parton distributions in the virtual photon [30] and the GRV (LO) set of the quark and the gluon densities for the proton [32] were used. The number of flavours is assumed N_f = 3 - the maximum number of active massless quarks in the GRS parametrization. We take the QCD parameter Λ_{QCD} = 0.2 GeV and the hard scale equal to the transverse momentum of the final photon Q̃ = p_T .

The following cross section was studied: E_γ dσ^{ep→eγX} d^3p_γ dP^2dy = 1 2π E_γ p^2_T dσ^{ep→eγX} dE_γ dY dP^2dy , (13)

where Y denotes the ep LAB rapidity of the produced photon (its positive value corresponds to the proton direction).

The cross section dependence on rapidity was tested using various values of P^2 between ∼ 0 and 2.5 GeV^2. The results are presented in Figures 2 and 3. Fig. 2 shows the ratio of the cross section (13) for the subprocess g_γ�q_p → γq to the Born contribution as a function of the rapidity Y . For comparison also the ratios of q_γ�g_p → γq and qq̄ → γg subprocesses to the Born term are plotted.

The virtuality P^2 for the reaction g_γ� q_p → γq varies from 10^{−7} GeV^{2 (6)} to 1 GeV^2, while for the other two subprocesses involving the quark or antiquark content of γ^∗ only the case of P^2=0.1 GeV^2 is presented (results for higher P^2 are even smaller).

The clear dominance of the process g_γ� q_p → γq over the Born contribution and over the other two types of subprocesses with a single resolved virtual photon is seen in the forward direction. Even for P^2=1 GeV^2 the corresponding cross section ratio reaches maximum value of about 6 at Y_0=4.8. The position of the peak is almost independent of P^2 and it is related to the smallest value of x_γ tested in the subprocess (min x_γ ∼ x^2_T and Y^{CM}_0 ∼ − ln x_T , see [5]).

The same cross section ratio, now only for the dominating subprocess g_γ�q_p → γq, as a function of the virtuality P^2 for three different values of positive Y is presented in Fig. 3. The large enhancement of the contribution due to the gluonic content of the virtual photon over the Born term is seen in the proton direction for the considered virtuality range.

This dominance of the g_γ�q_p process is so large that the change of parameters (among them the number of active flavours) and/or parton parametrizations will not change the main conclusion. The conclusion will remain unchanged also when imposing an experimental isolation restrictions for the final photon, because the isolation does not change the cross section for the dominant subprocesses (2-6) considered herein[16–18].

Note also that the interference with the Bethe- Heitler process, discussed in [33], is small for p_T =5 GeV and in the region of the rapidity where

6Due to smooth behaviour of the GRS parametrization in

the limit P 2 ! 0 we were able to perform the calculation also below Λ2QCD.

Figure 2. Ratios of the cross sections (see eq. 13) for the reaction ep → eγX, with y=0.5 and p_T = 5 GeV. The ratios of the contributions due to g_γ�q_p → γq (solid lines), q_γ�g_p → γq (long-dashed line) and q̄_γ�q_p, q_γ�q̄_p → γg (short-dashed line) to the Born cross section are presented for various values of the virtuality P^2 as a function of the rapidity Y . For g_γ� q_p → γq the results correspond to P^2= 10^{−7}, 0.01, 0.25, 0.5 and 1 GeV^2. For q_γ�g_p → γq and q_γ�q̄_p, q̄_γ�q_p → γg we take P^2= 0.1 GeV^2.

the gluonic content of the virtual photon plays a dominant role [34].

3. Conclusions

We have considered the LO cross section for tagged DIC events corresponding to the γ^∗ p scattering including the direct and resolved virtual photon subprocesses at the HERA collider. The GRS(γ^∗) and GRV(p) parton parametrizations were used for N_f =3. The final photon rapidity dependence was studied for typical values of the variables, y=0.5 and p_T =5 GeV, and virtualities of the exchanged photon from 0 to 2.5 GeV^2. The ratios of single resolved photon contributions to the Born contribution were studied as a function of the rapidity and as a function of P^2.

The contribution due to gluonic content of the virtual photon was found to dominate over other subprocesses in the direction of the initial proton. This can have important consequences for the possibility of measuring the gluon distribution in the virtual photon at HERA. The DIC process may be treated as complementary to the jet production which have allowed recently to extract the effective parton density in the virtual photon at HERA.

Finally, it is worth to mention that the forward photon production in DIC process leads to the configurations typical for the study of the BFKL dynamics at small x_{Bj}.

Acknowledgments

One of us (MK) would like to thank the organizers of this very fruitful conference for their help before, during and after the conference. A.Z. is grateful to Joanna Trylska for helpful discussions.

REFERENCES

1. J.D. Bjorken, E.A. Paschos, Phys. Rev. 185, 2. M. Fontannaz and D. Schiff, Z. Phys. C 14, 151 (1982) 3. D.W. Duke and J.F. Owens, Phys. Rev. D 26, 1600 (1982); Err: Phys. Rev. D 28, 122 (1983) 4. P. Aurenche, A. Douiri, R. Baier, M. Fontannaz, D. Schiff Z. Phys. C 24, 309 (1984)

Figure 3. The ratio of the cross sections^{dσep}!^{eγX}_{dEγ dY dP 2 dy} for p_T = 5 GeV and Y = 0.5: g_γ� q → γq contribution divided by the Born contribution. The lines show the results as a function of the initial photon virtuality P^2. The final photon rapidity Y is equal to 2.8 (dotted line), 3.7 (dashed line) and 4.8 (solid line).

5. M. Krawczyk, Acta Physica Polonica B 21,

999 (1990) 6. A.C. Bawa, M. Krawczyk and W.J. Stirling,

Z. Phys. C 50, 293 (1991) 7. A.C. Bawa and M. Krawczyk, “Probing the

structure of proton and photon in deep inelastic Compton process at HERA and LEP/LHC”, Proc. “Physics at HERA”, Hamburg 1991, vol. 1, p. 579 8. A.C. Bawa, M. Krawczyk, Phys. Lett. B 262,

492 (1991) 9. P. Aurenche, P. Chiappetta, M. Fontannaz,

J.P. Guillet, and E. Pilon, Z. Phys. C 56, 589 (1992) 10. L.E. Gordon and J.K. Storrow, Z. Phys. C

63, 581 (1994) 11. H1 Coll., Submitted to the International

Europhysics Conference on High Energy Physics, HEP97, Jerusalem, Israel, August 1997 12. ZEUS Coll., J. Breitweg et al., Phys. Lett. B

413, 201 (1997) 13. ZEUS Coll., J. Breitweg et al., DESY 99-161,

hep-ex/9910045 14. L.E. Gordon and W. Vogelsang, Phys. Rev. D

52, 58 (1995) 15. L.E. Gordon, Phys. Rev. D 57, 235 (1998) 16. M. Krawczyk and A. Zembrzuski, In Proceedings of the XXIX International Conference on High Energy Physics, ICHEP’98, Vancouver, July 1998, p.895 (hep-ph/9810253) 17. M. Krawczyk and A. Zembrzuski, “Photoproduction of the isolated photon at HERA in NLO QCD”, IFT 99/14 18. A. Zembrzuski, PhD thesis - in preparation 19. A. Zembrzuski, The ep → eγX process at HERA. Structure of photon, Msc Thesis, Warsaw University 1991; A. Zembrzuski and M. Krawczyk, On the validity of the equivalent photon approximation and the structure of a virtual photon, Proc. “Physics at HERA”, Hamburg 1991, vol. 1, p. 617 20. M. Krawczyk, A. Zembrzuski, Phys. Rev. D 57, R10 (1998) 21. H1 Coll., C. Adloff et al., hep-ex/9812024, submitted to Eur. Phys. J. C 22. M. Krawczyk, M. Staszel, A. Zembrzuski, “Survey of recent data on photon structure functions and resolved photon processes”, IFT/99/15 (an updated and extended version of DESY 98-013, IFT/97/14 (hep-ph/9806291)) 23. H1 Coll., C. Adloff et al., Nucl. Phys. B 538, 3 (1999), Phys. Lett. B 462, 440 (1999) 24. ZEUS Coll., J. Breitweg et al., Eur. Phys. J.

C 6, 239 (1999) and DESY-99-162 25. H. Jung, L. Jonsson, H. Kuster, Eur. Phys.

J. C 9, 383 (1999) 26. G. Kramer and B. Potter, Phys. Lett. B 453, 295 (1999) 27. H. Jung, hep-ph/9905554 v2 28. J. Kwieciński, A. D. Martin, J. Outhwaite, hep-ph/9903439 29. J. Kwieciński, S.C. Lang, A.D. Martin, Phys.

Rev. D 54, 1874 (1996) 30. M. Glück, E. Reya and M. Stratmann, Phys.

Rev. D 51, 3220 (1995) 31. U.A. Jezuita-Da̧browska, “The polarization states of the virtual photon in ep → eγX at the HERA collider”, MSc Thesis, Warsaw, 1999 32. M. Glück, E. Reya and A. Vogt, Z. Phys. C 67, 433 (1995) 33. S.J.Brodsky, private communication and S.J.Brodsky, J. F. Gunion, R. L. Joffe, Phys. Rev. D 6, 2487 (1972) 34. U.A. Jezuita-Da̧browska, P. Jankowski and M. Krawczyk, A. Zembrzuski, in preparation