Total Cross Section Measurements in flp and fl^�p at HERA

Adolf Bornheim

Physikalisches Institut, Universität Bonn Nußallee 12, 53115 Bonn, Germany E-mail : bornheim@mail.desy.de

Measurements of the total cross section for real and virtual photons on protons at center-of-mass energies in the range from 20 GeV to 270 GeV with photon virtualities up to 5000 GeV^2 are presented. For real photons this cross section can be described by Regge-motivated models while for virtual photons perturbative QCD can be applied. The measurements of the two HERA collider experiments ZEUS and H1 open the possibility to investigate the interplay between the two theoretical approaches in the transition region as well as the high-energy behavior of the cross sections. The results of total cross section measurements are discussed in the above context.

Contribution to the proceedings of the LISHEP International School on High- Energy Physics, Rio de Janeiro, Brazil, 16-20 February 1998

1 Introduction

The high-energy behavior of the total cross sections for various hadron-hadron processes show very similar rises with the center-of-mass energy W as shown in Fig. 1. This behavior can be described by the Regge-motivated ansatz [1–4]

σ^{tot}_{γp} = A_R(W^2)^αR^{−1} + A_P (W^2)^αP^{−1}. (1)

It is found that this ansatz also describes the photon-proton cross section for real photons which is referred to as photoproduction (PHP), as will be explained in Sect. 5 in more detail.

Figure 1: Total cross section as a function of laboratory beam momentum for various hadronhadron scattering processes.

Figure 2: Kinematic range in Q^2 and x covered by DIS experiments.

In deep inelastic scattering processes (DIS) the application of perturbative (pQCD) is possible due to the presence of a hard scale. In DIS the hard scale is given by the photon virtuality Q^2. This presents the interesting opportunity to compare Regge-motivated models with pQCD calculations and to look for their potential relations.

At HERA 27.5 GeVpositrons collide with 820 GeV protons, resulting in a centerof-mass energy of 300 GeV. The kinematic range covered by the experiments including data up to 1996 is shown in Fig. 2. As follows from Eq. 2 the range in y is equivalent to a range in W from 20 GeV to 270 GeV. The wide coverage in these variables offers a unique possibility to investigate the high-energy behavior of the total cross section for photon-hadron interactions as a function of photon virtuality Q^2. This report provides a review of recent results and a discussion of the global features of the total cross sections.

2 Kinematics of Electron-Proton Scattering

The cross section of the electron-proton scattering process can be expressed in any two of the four variables Q^2 x y W the negative square of the four momentum transfer between electron and quark, the fraction of the proton momentum carried by the struck quark, the relative energy transfer from the electron to the proton in the proton rest system and the center of mass energy of the photon-proton system.

Figure 3:

Schematic view of the high-energy scattering process ep → eX , illustrating the variables W and Q^2.

They are related as follows: y = Q^2 sx W^2 = m^2_p + Q^2 ( 1 x − 1 ) yielding W^2 ≈ ys (2)

with s being the squared center-of-mass energy of the electron-proton interaction and m_p the proton mass.

In terms of cross sections (σ_L) and (σ_T) for longitudinally and transversely polarized photons the electron-proton cross section can be written as d^2σ_{ep} dydQ^2 = α 2π 1 Q^2 [( 1 + (1 − y)^2 y − 2(1 − y) y Q^2_{min} Q^2 ) σ_T +

2(1 − y) y σ_L ] ,(3)

where terms of the order^{mp}_s have been neglected, and where

Q^2_{min} ≈ m^2_e y^2 (1 − y)

. (4)

For the total cross section measurements in PHP to be presented below y is between 0.4 and 0.6 for the ZEUS experiment and between 0.3 and 0.7 for the H1 experiment. Therefore Q^2_{min} is of the order of 10^{−8} GeV^2 . DIS measurements presented here are restricted to the region y < 0.82. Therefore the Q^2_{min} term in Eq. 3 is ignored in DIS. Writing the cross section as a function of x rather than y yields

d^2σ_{ep} dxdQ^2 = α 2π (1 − x) xQ^2 Y^+(σ_T + ϵσ_L) (5)

with

Y^+ = 1 + (1 − y)^2 and ϵ =^{2(1−y)}_{Y +} . (6)

In leading order the cross sections are related to the structure functions by

F_2 =

Q^2 4π^2α

(1 − x)(σ_T + σ_L) F_L =

Q^2 4π^2α

(1 − x)σ_L (7)

were F_2 is the sum over the quark and antiquark densities in the proton. Only one-photon exchange is considered here, so we neglect the structure function F_3. The evolution of the proton structure function F_2 is calculable in pQCD once the distributions q(q) are known at a starting scale Q^2_0. F_L can be calculated in pQCD as well and is a small correction to the total cross section in the kinematic range considered here. We can therefore write σ^{tot}_γ�_p(x, Q^2) ≈ 4π^2α Q^2

F_2(x, Q^2) (8)

This means the measurement of the proton structure function F_2 as a function of x is equivalent to measuring the total γ^∗p cross section as a function of x. Making use of relation 2 this can be transformed into the total cross section as a function of W, the center-of-mass energy of the photon-proton interaction. In PHP^{σL}_{σT} << 1. Taking this into account together and integrating over the accepted range in Q^2 Eq. 3 reduces to

dσ_{ep} dy = α 2π Y^+ y [ ln ( Q2_{max}

Q^2_{min} ) − ϵ ( 1 − Q^2_{min} Q^2_{max} )] σ^{tot}_{γp} (W_{γp}) (9) with W_{γp} = √ 4E_γ E_p E_γ = yE_e. (10)

Ignoring the second term in the square brackets yields the Weizsäcker-Williams approximation [26] which, for the present experimental situation, overestimates the flux of photons by approximately 7% [17].

The above formulae show how the total cross section in PHP and DIS are related and how the latter is related to the parton densities, whose evolution in Q^2 is calculable in pQCD. It should be pointed out that the distinction between DIS and PHP in the following is based on experimental constraints rather than different theoretical approaches.

3 Experimental Techniques

Details of the experimental techniques of structure function measurements from the collaborations H1 and ZEUS can be found elsewhere [8,13] as well as details on the structure function measurements at low Q^2 [9, 14] and the total cross section measurements in PHP [21–23].

For medium and high Q^2 DIS events both the scattered electron and the hadronic system are measured in the main detector, for low Q^2 DIS the electron is measured in a small calorimeter close to the beam pipe outside the main detector 3m away from the interaction region while the hadronic system is measured in the main detector. For PHP the electron is detected in a small calorimeter about 35m away from the nominal interaction point, the hadronic system is measured in the main detector.

For DIS the electron and the hadronic particles produced in the interaction are used for event classification and for measuring the kinematic variables. Due to this combination of information from the electron side and the hadron side no single systematic uncertainty dominates over the whole phase space. Instead one can roughly summarize the situation as follows: at high W systematic uncertainties arise primarily from the electron side, while at low W they come mainly from the hadron side. The combined statistical and systematic uncertainties are typically a few percent, reaching more than 10 percent at the very edge of the accessible phase space.

In the PHP case, the electrons and the hadrons are used to trigger the event as well as for event classification, but the kinematics is calculated from the electron only. Therefore the systematic error is dominated by two contributions: first, the uncertainty in the acceptance of the electron calorimeter, secondly, the uncertainty in the MC simulation of the topology of the hadronic final state produced, which introduces an uncertainty in the acceptance of the main detector. In contrast to the situation in DIS the acceptance varies strongly with the event topology in PHP. While the determination of the acceptance of the electron calorimeter is a technical aspect, the uncertainty in the modelling of the hadronic final state also reflects our limited knowledge of the underlying physics process. The investigation of these processes is an important field of study at HERA.

It should be stressed here that from an experimental point of view there is no major difference between DIS and PHP. In the following, events with the scattered electron in the main detector or the beam pipe calorimeter (ZEUS) are referred to as DIS. This corresponds to a lower limit in Q^2 of 0.1 GeV^2 while the W range reaches from 20 GeV to 270 GeV. For PHP events the scattered electron is measured in a calorimeter close to the beam pipe 35 m away from the interaction point for the ZEUS experiment and 33 m for the H1 experiment. This corresponds to a lower limit on Q^2 of the order of 10^{−8} GeV^2. The mean W is determined by the position of the electron calorimeter and the energy range of the scattered electrons which reaches from 15.2 GeV to 18.2 GeV for the ZEUS measurement and 8.3 GeV to 19.25 GeV for the H1 experiment. The total cross sections in PHP are determined for a single value of W.

4 Results from Deep Inelastic Scattering

The measurement of the proton structure function F_2 is one of the major achievements of HERA. Several measurements have been performed taking advantage of the increasing luminosity and improved detectors and reconstruction methods [5–9, 11–14]. The results shown here are preliminary results from the H1 collaboration. The low Q^2 data shown in Fig. 4 is from the running period 1996 [15], compared to previously published data. The high Q^2 data shown in Fig. 4 is from the running periods 1996 and 1997 [16]. A QCD fit has been performed to the low Q^2 data and then extrapolated to the high Q^2 regime. The very good agreement found is an impressive validation of pQCD in this kinematic range.

Figure 4: Preliminary results of the proton structure function F_2(x, Q^2) at low Q^2 . The line shows the result of a QCD fit to the data.

Figure 5: Preliminary results on the proton structure function F_2 at high Q^2. The line shows the QCD fit to the low Q^2 data, extrapolated to high Q^2.

As the focus is on the high-energy behavior of the total cross section it is instructive to inspect the slope of F_2 with respect to x for fixed Q^2. This is equivalent to investigating the total cross section as a function of W as explained in sect. 2. In Fig. 6 the slope λ_{eff} is shown which is derived by fitting the function

ln(F_2) = a + λ_{eff} ln ( 1 x ) x < 0.1 (11)

to the measured structure function data from various analyses [13–15]. F_2 ∝ x^{−λ} implies σ^{tot}_γ�_p ∝ W^{2λ}, hence the result from this fit can be compared with the value of α_P in Eq. 1.

Figure 6: The slope λ_{eff} of F_2 as a function of Q^2 .

Figure 7: Results on the proton structure function F_2(x, Q^2) at low Q^2.

As can be seen in Fig. 6 the slope of F_2 is found to rise with increasing Q^2. For decreasing Q^2 it approaches the value which is found in hadron-hadron scattering. The gap between the DIS measurements and the PHP measurements is covered by structure function measurements using the ZEUS beampipe calorimeter [9]. The results of this measurement are shown in Fig. 7. They are compared to recent models which aim to describe the transition from PHP to DIS. The Donnachie-Landshoff ansatz [2] which assumes a power behavior as shown in Eq. 1, the CKMT model [27] which introduces a Q^2 dependence of this power-law rise of the cross section with W. The Q^2 dependence is fitted using NMC data. The BK ansatz [28] which is based on the generalized vector meson dominance model, the ABY model [29] which combines NLO-QCD fits and a soft component and the F_2 calculated from the GRV94 parton densities [30] which are tuned in such a way that they reproduce the transition from a slow to a steep rise of the cross section. None of these approaches is able to describe the cross section in the transition region. It should be mentioned that the ABY model uses the BPC data to fix its parameters while the GRV94 parton densities were tuned even before the HERA94 DIS data was available. The fact that none of the models can reproduce the cross section in the transition region between DIS and PHP without explicitly using the measurements to constrain the parametrizations indicates that neither pQCD nor Regge-motivated models alone are able to describe the underlying physics.

5 Results from Photoproduction

Measurements of the total cross section in PHP have been performed by ZEUS [21] and by H1 [23]. At present only measurements for a single value of W for each experiment are available. The results are presented in Fig. 8, together with results at lower values of W [24]. Also shown are curves for the DL parametrization as in Eq. 1 for two values of α_P , 1.08 and 1.11, representing the uncertainty on this value from hadron-hadron data [2, 3].

Figure 8: Results on the total photoproduction cross section

In contrast to the situation in DIS, the systematic error in PHP is dominated by two contributions, the error arising from the uncertainty in the acceptance of the electron calorimeter and the uncertainty of the acceptance of the main detector as described in Sect. 3. The exact results and the contributions from the two major sources of systematic uncertainties are for the H1 experiment σ^{tot}_{γp} = 165.3 ± 2.3(stat.) ± 10.9(syst.) μb at W = 200 GeV. From the ±10.9μb systematic error

±8.5 μb are due to uncertainty on the electron calorimeter acceptance and ±5.1 μb are due to the model dependence of the main detector acceptance.

The cross section measured by the ZEUS experiment is σ^{tot}_{γp} = 143 ± 4(stat.) ± 17(syst.) μb at W = 180 GeV. From the ±17μb systematic error

±13 μb are due to uncertainty on the electron calorimeter acceptance and ±10 μb are due to the model dependence of the main detector acceptance.

The results are in agreement with the DL ansatz for hadron-hadron data, but the magnitude of the uncertainties do not allow a determination of α_P with an accuracy comparable to that from the hadronic cross sections.

6 Behavior of the Total Cross Section

The results on cross section measurements presented here cover the Q^2 range from 10^{−8} GeV^2 to 5000 GeV^2 and the W range from 20 GeV to 270 GeV. As neither QCD nor Regge models are able to describe the behavior of the total cross section over the complete phase space we use the most recent update of the ALLM [19, 20] parametrization to demonstrate some features of the measured cross section. The basic idea of this parametrization is to describe the total cross section with a Regge-type ansatz

F_2(x, Q^2) =

Q^2 Q^2 + m^2_0 ( F^P_2 (x, Q^2) + F^R_2 (x, Q^2) ) (12)

with two contributing terms, F^P_2 (x, Q^2) and F^R_2 (x, Q^2), which are assumed to have energy dependences similar to those of the pomeron and reggeon parts in the DL ansatz. A Q^2-dependence is introduced in such a way that the behavior is compatible with QCD expectations at high values of Q^2 and on the other hand reproduces the measured cross sections for PHP. This ansatz is able to describe the data in the whole kinematic region covered by the measurements (Fig. 9).

Figure 9: Measured cross sections compared to the ALLM97 fit. Also shown the cross sections calculated from a recent parton density set (MRSR1).

Figure 10: The fit at low Q^2.

Figure 11: The change of the value of α_P due to the inclusion of low Q^2 data.

A major difference of the recent update of the parametrization [20] compared to the initial one [19] is visible at low Q^2 (Fig. 10 and Fig. 11) and is the result of the inclusion of the new data [9, 14] in this region.

It is important to note that the intercept for the pomeron-like part F^P_2 is fixed at 1.08 for Q^2 = 0 GeV^2, the result of fits to hadron-hadron data, accounting for the fact that the errors on the total cross section measurements from HERA at Q^2 = 0 GeV^2 are not small enough to extract this value from HERA data alone.

This parametrization can be used to characterize the behavior of the total cross section. In Fig. 11 the Q^2-dependence of the parameter α_P is shown. This parameter α_P as calculated from the fit parameters can then be compared to λ_{eff} as derived in Sect. 4 from the data. The result is shown in Fig. 12. We see that there is good agreement between the methods. However, at the highest Q^2, the fit to the data yields somewhat higher values for λ_{eff} than what is calculated from the ALLM97 parameters. This points to systematic uncertainties in determining this quantity which is of particular interest because its behavior as a function of Q^2 can also be addressed theoretically by means of pQCD [31]. A second difference between the old and the new version of the parametrization is the value of α_P at high Q^2, which is significantly lower in the 97 version. In summary, it can be stated that the change in the behavior of the cross section as a function of Q^2 from flat to a steep rise is a gradual one which develops over a wide range in Q^2. Interpreting the steepness of the rise as an indication whether we are in the soft or in the hard regime we conclude that the transition between both takes place over a wide range in Q^2.

Figure 12: Comparison of λ as determined from the data [15] and the slope calculated from the ALLM97 parametrization.

7 Extrapolation of DIS results to Q^2 = 0 GeV2

As was shown in the previous sections the DIS results allow the determination of the dependence of the total cross section on W and Q^2 and its comparison to pQCD calculations. On the other hand the results on total cross section measurements in PHP allow comparisons with hadron-hadron data and Regge-based models. To gain more insight into this, an attempt was made to extrapolate the DIS data to Q^2 = 0 GeV^2 . It should be stressed that the errors on the F_2 values and hence the cross section values in single bins are not necessarily much smaller than the error on the total cross section in PHP. However, in DIS we benefit from the fact that the large W range covered by the experiments constrains the rise of the cross section while in PHP we have only two measurements at very similar values of W. As pQCD-calculations do not work at Q^2 = 0 GeV^2 we have to use an appropriate model to do this extrapolation. In the example shown here a generalized vector dominance model is used. The asymptotic behavior for Q^2 → 0 GeV^2 is

σ^{tot}_γ�_p =

M^2 Q^2 + M^2 σ^{tot}_{γp} . (13) The fit shown in Fig. 13 yields M = (0.73 ± 0.03) GeV [10].

Figure 13: Extrapolation of ZEUS BPC results to Q^2 = 0 GeV^2

Figure 14: Result of the extrapolation of BPC data to Q^2 = 0 GeV^2, compared to PHP measurements.

The result of the extrapolation is shown in Fig. 14. The error bars shown include the systematic and statistical uncertainties of the F_2 measurement and the contribution to the error due to the assumption about F_L. They do not include effects due to model dependences of the extrapolation of the cross section to Q^2 = 0 GeV^2. More details on this can be found in [18]. The result of the extrapolation is in agreement with the direct measurements. However, the error is not significantly smaller than for the direct measurement and model dependences are not yet included. Fitting a parametrization like Eq. 1 results in α_P = 1.107 if the low energy data is included and

α_P = 1.14 ± 0.04 with α_R set to 0 (14)

if the fit is applied to the extrapolated BPC data only. It should be stressed that the fit to the extrapolated data alone is feasible because they cover a wide range in W while the direct measurement of the total PHP cross section does not. Both values are in agreement with hadron-hadron data [2, 3].

8 Conclusions and Outlook

The total cross section in PHP shows a moderate rise with W compatible with the rise of the hadron-hadron cross section. In DIS this rise becomes steeper with increasing Q^2. A phenomenological fit yields a logarithmic slope of ≈ 1.1 at Q^2 = 1 GeV^2 which rises to ≈ 1.4 at Q^2 = 5000 GeV^2. The change of the slope takes place gradually over the entire Q^2 range. The behavior of the structure function F_2(x, Q^2) from which the total cross section is calculated in DIS is in good agreement with pQCD calculations for Q^2 ≥ 1 GeV^2. Extrapolations of DIS results to Q^2 = 0 GeV^2 are in agreement with direct measurements and with results from hadron-hadron data.

9 Acknowledgements

I would like to thank the organizers of lishep98 for a very interesting workshop. I am grateful to DESY for financial support. It is a particular pleasure for me to acknowledge the outstanding effort of many colleagues in the H1 and ZEUS collaborations who contributed to the results which are presented here. Finally I would like to thank J. Crittenden, E. Hilger, U. Katz, A. Doyle and A. Quadt for careful reading of the manuscript.

References

[1] A. Donnachie and P. V. Landshoff, Phys. Rev. Let. B296 (1992) 227,

[2] A. Donnachie and P. V. Landshoff, Z. Phys. C 61 (1994) 139-145,

[3] J. R. Cudell et al. , Brown-HET-1060 hep-ph/9701312 v3 14. Feb. 1997

[4] J. R. Cudell et al. , Brown-HET-1016 hep-ph/9601336 v2 24. Sep. 1996

[5] ZEUS Collaboration , M. Derrick et al. , Phys. Lett. B 316 (1993) 412

[6] ZEUS Collaboration , M. Derrick et al. , Z. Phys. C 65 (1995) 379

[7] ZEUS Collaboration , M. Derrick et al. , Z. Phys. C 69 (1996) 607 [8] ZEUS Collaboration , M. Derrick et al. , Z. Phys. C 72 (1996) 399 [9] ZEUS Collaboration , J. Breitweg et al. , Phys. Lett. B 407 (1997) 432 [10] ZEUS Collaboration , Recent ZEUS results on the Proton Structure Function F_2 at low x and low Q^2 Presented at the EPS conference, Jerusalem, August 1997 [11] H1 Collaboration , I. Abt et al. , Nucl. Phys. B 407 (1993) 515 [12] H1 Collaboration , I. Ahmed et al. , Nucl. Phys. B 439 (1995) 471 [13] H1 Collaboration , S. Aid et al. , Nucl. Phys. B 470 (1996) 3 [14] H1 Collaboration , C. Adloff et al. , Nucl. Phys. B 497 (1997) 3 [15] H1 Collaboration , A Measurement of the Inclusive Deep-Inelastic ep Scattering Cross Section at Low Q^2 at HERA Presented at the EPS conference, Jerusalem, August 1997 [16] H1 Collaboration , A Measurement of the Proton Stucture Function F_2(x, Q^2) at High Q^2 at HERA Presented at the EPS conference, Jerusalem, August 1997 [17] B. Burow, PHD Thesis DESY F35D-94-01 [18] B. Surrow, PHD Thesis DESY-THESIS-1998-004 (1998) p. 223 ff. [19] H. Abramowicz, E. M. Levin, A. Levy, U. Maor

Phys. Lett. B 269 (1991) 465 [20] H. Abramowicz and A. Levy DESY-97-251 hep-ph/9712415 [21] ZEUS Collaboration , M. Derrick et al. , Z. Phys. C 63 (1994) 391 [22] ZEUS Collaboration , M. Derrick et al. , Phys. Lett. B 293 (1992) 465 [23] H1 Collaboration , S. Aid et al. , Z. Phys. C 69 (1995) 27 [24] D. O. Caldwell et al. , Phys. Rev. Lett. 40 (1978) 1222 [25] C. F. v. Weizsäcker Z. Phys. 88 (1934) 612 [26] E. J. Williams Phys. Rev. 45 (1934) 729 [27] A. Capella et al. , Phys. Lett. B337 (1994) 358 [28] B. Badelek, J. Kwiecinski, A. Stasto , Z. Phys. C74 (1997) 297 [29] K. Adel, F. Barreiro, F.J. Yndurain , Nucl. Phys. B495 (1997) 221 [30] M. Glück, E. Reya, A. Vogt , Z.Phys. C67 (1995) 433 [31] V. S. Fadin and L.N. Lipatov , DESY-98-033 (1998) 9pp.