arXiv:hep-ph/0406224 v2 9 Nov 2004

IPPP/04/09 DCPT/04/18 9th November 2004

A QCD analysis of diffractive deep-inelastic scattering data

A.D. Martin^a, M.G. Ryskin^{a,b} and G. Watt^a

a Institute for Particle Physics Phenomenology, University of Durham, DH1 3LE, UK b Petersburg Nuclear Physics Institute, Gatchina, St. Petersburg, 188300, Russia

Abstract

We perform a novel type of analysis of diffractive deep-inelastic scattering data, in which the input parton distributions of the Pomeron are parameterised using the perturbative QCD expressions. In particular, we treat individually the components of the Pomeron of different size. We are able to describe simultaneously both the recent ZEUS and H1 diffractive data. In addition to the usual two-gluon model for the perturbative Pomeron, we allow for the possibility that it may be made from two sea quarks.

A notable feature of deep-inelastic scattering is the existence of diffractive events, γ^∗p → Xp, in which the slightly deflected proton and the cluster X of outgoing hadrons are well-separated in rapidity. The large rapidity gap is believed to be associated with Pomeron exchange. The diffractive events make up an appreciable fraction of all (inclusive) deep-inelastic events, γ^∗p → X. We will refer to the diffractive and inclusive processes as DDIS and DIS respectively.

Here we perform a perturbative QCD analysis of the new high precision DDIS data, recently obtained by the ZEUS [1, 2] and H1 [3] Collaborations at HERA. The analysis is novel in that it treats individually the components of the Pomeron of different transverse size. The description of the DDIS data is based on a purely perturbative QCD framework. We take input forms of the parton distributions of the Pomeron given by the calculation of the lowest-order QCD diagrams for γ^∗p → Xp [4]. In previous analyses, the Pomeron was treated as a hadron-like object of more or less fixed size. However, the microscopic structure of the Pomeron is different to that of a hadron. In perturbative QCD, it is known that the Pomeron singularity is not an isolated pole, but a branch cut, in the complex angular momentum plane [5]. The pole singularity corresponds to a single particle, whereas a branch cut may be regarded as a continuum series of poles. That is, the Pomeron wave function consists of a continuous number of components. Each component i has its own size, 1/μ_i . The QCD DGLAP evolution of a component should start from its own scale μ_i, provided that μ_i is large enough for the perturbative evolution to be valid. Therefore, the expression for the diffractive structure function F^D_2 contains an integral

(a) (b)

Figure 1: (a) Cut diagram illustrating the main idea contained in (1). For each component of the perturbative Pomeron of size 1/μ, represented by two t-channel gluons in a colour singlet, the Pomeron structure function F^{IP}_2 (β, Q^2; μ^2) is evaluated from the quark singlet, βΣ^{IP} (β, Q^2; μ^2), and gluon, βg^{IP} (β, Q^2; μ^2), distributions of the Pomeron. The perturbative Pomeron flux factor f_{IP} (x_{IP} ; μ^2) is given in terms of the gluon distribution of the proton, x_{IP} g(x_{IP} , μ^2). (b) Later, we also include contributions from diagrams in which the Pomeron is represented by sea quark– antiquark exchange (plus interference with the two-gluon Pomeron).

over the Pomeron size, or rather over the scale μ. So to obtain F^D_2 we evolve the input parton distributions of each component of the Pomeron from their own starting scale μ up to the final scale Q. The extra integral over μ reflects the fact that the partonic structure of the Pomeron is more complicated than that of a normal hadron.

Recall that in the usual analyses (for example, by H1 [3]) Regge factorisation [6] is assumed, such that the diffractive structure function F^{D(4)}_2 (x_{IP} , β, Q^2, t)^1 is written as a product of the Pomeron flux factor f_{IP} (x_{IP} , t) and the structure function F^{IP}_2 (β, Q^2) which describes the interaction of the Pomeron with the virtual photon probe. The input Pomeron parton distributions are taken to be arbitrary polynomials. The Pomeron flux factor is taken from Regge phenomenology with some effective Pomeron intercept α_{IP} (0). However, the value of α_{IP} (0) = 1.17 [3] needed to fit DDIS data is significantly higher than the value of 1.08 obtained from soft hadron data [7]. Instead, in the present analysis, we have μ-factorisation, such that the t-integrated observable is

F^{D(3)}_{2,P} (x_{IP} , β, Q^2) =

∫_Q2

Q^2_0

dμ^2 f_{IP} (x_{IP} ; μ^2) F^{IP}_2 (β, Q^2; μ^2); (1)

see Fig. 1. Here, the subscript P on F^{D(3)}_{2,P} is to indicate that this is the perturbative contribution with μ > Q_0 ∼ 1 GeV. We will introduce the full form which we take for F^{D(3)}_2 in a moment.

The Pomeron structure function, F^{IP}_2 (β, Q^2; μ^2), is obtained by NLO DGLAP evolution up to Q^2 from input Pomeron parton distributions parameterised at a starting scale μ^2. The

1Here, x_{IP} is the fraction of the proton’s momentum transferred through the rapidity gap by the Pomeron, β ≡ x_B /x_{IP} is the fraction of the Pomeron’s momentum carried by the struck quark, x_B is the Bjorken x variable, Q^2 is the photon virtuality, and t is the squared 4-momentum transfer.

(a) (b)

Figure 2: (a) Quark dipole and (b) effective gluon dipole interacting with the proton via a perturbative Pomeron composed of two t-channel gluons. Here, l_⊥ is a space-like 4-vector such that l^2_⊥ = −l^2_t , and f_g(x_{IP} , l^2_t , μ^2) is the unintegrated gluon distribution of the proton.

β dependence of these input distributions is obtained from lowest-order perturbative QCD diagrams. The perturbative Pomeron is represented by two t-channel gluons in a colour singlet; we will indicate this using the notation IP = G. The relevant lowest-order diagrams are shown in Fig. 2. We regard the virtual photon as dissociating into either a quark–antiquark dipole (Fig. 2(a)) or an effective gluon dipole, made up of a gluon and a compact qq̄ pair (Fig. 2(b)). In each case the four permutations of the couplings of the two t-channel gluons to the two components of the dipole are implied. Evaluating these diagrams using light-cone wave functions of the photon, in the limit of strongly-ordered transverse momenta (l_t ≪ k_t ≪ Q), leads to the input quark singlet and gluon distributions of the form [4]

βΣ^{IP =G}(β, μ^2; μ^2) = c_{q/G} β^3 (1 − β), (2) β^′g^{IP =G}(β^′, μ^2; μ^2) = c_{g/G} (1 + 2β^′)^2 (1 − β^′)^2, (3)

where β^′ is the Pomeron’s momentum fraction carried by the gluon with momentum k in Fig. 2(b). The parameters c_{q/G} and c_{g/G} implicitly include all the numerical factors arising from the lowest-order calculations. We will let these normalisations go free in fits to the DDIS data to account for higher-order QCD corrections (effective K-factors). The quark singlet distribution is Σ^{IP} ≡ u + d + s + ū + d̄ + s̄, with u = d = s = ū = d̄ = s̄, so that the non-singlet distributions are all zero. The contributions of the charm and bottom quarks to F^{IP}_2 (β, Q^2; μ^2) are calculated in the heavy quark fixed-flavour number scheme.

Moreover, for the perturbative contribution, the Pomeron flux factor f_{IP} (x_{IP} ; μ^2) is given in terms of the integrated gluon distribution of the proton. Consider the lowest-order diagram, Fig. 2(a), in which the virtual photon dissociates into a forward-going quark–antiquark pair, that is, γ^∗ → qq̄ as t → 0 [4, 8]. After summation over the four amplitudes, the integral of the unintegrated gluon distribution f_g(x_{IP} , l^2_t , μ^2) over the gluon loop transverse momentum l^2_t up to the quark virtuality μ^2 = k^2_t /(1 − β) gives the integrated gluon distribution x_{IP} g(x_{IP} , μ^2). Thus the Pomeron flux factor is

f_{IP =G}(x_{IP} ; μ^2) = 1 x_{IP} [ α_S (μ^2) μ^2 x_{IP} g(x_{IP} , μ^2) ]_2

. (4)

Here, a factor 1/B_D from the t-integration, where B_D ≃ 6 GeV^{−2} is the diffractive slope parameter, has been absorbed into the parameters c_{q/G} and c_{g/G} of (2) and (3). Strictly speaking, the Pomeron flux factor (4) should be written in terms of the skewed gluon distribution. At small x_{IP} this gives rise to an overall constant factor [9], R^2_g, which again we absorb into the parameters c_{q/G} and c_{g/G}.

In addition to the leading-twist contribution arising from Fig. 2(a) with a transversely polarised photon, there is an analogous twist-four contribution to F^{D(3)}_2 arising from Fig. 2(a) with a longitudinally polarised photon,

F^{D(3)}_{L,P} (x_{IP} , β, Q^2) = (∫_{Q2} Q^2_0

dμ^2 μ^2 Q^2 f_{IP} (x_{IP} ; μ^2) ) F^{IP}_L (β). (5)

The β dependence is again obtained from lowest-order perturbative QCD calculations [4]:

F^{IP =G}_L (β) = c_{L/G} β^3 (2β − 1)^2, (6)

where, as before, c_{L/G} is taken to be a free parameter. The twist-four nature of this longitudinal contribution is evident from the μ^2/Q^2 factor in (5).

We also include a non-perturbative (NP) Pomeron contribution (from scales μ < Q_0) and a secondary Reggeon (IR) contribution to F^{D(3)}_2 (x_{IP} , β, Q^2), so that

F^{D(3)}_2 = F^{D(3)}_{2,P} + F^{D(3)}_{2,NP} + F^{D(3)}_{L,P} + F^{D(3)}_{2,IR} , (7)

with F^{D(3)}_{2,NP} (x_{IP} , β, Q^2) = f_{IP =NP}(x_{IP} ) F^{IP =NP}_2 (β, Q^2; Q^2_0), (8)

F^{D(3)}_{2,IR} (x_{IP} , β, Q^2) = c_{IR} f_{IR}(x_{IP} ) F^{IR}_2 (β, Q^2), (9)

where c_{IR} is taken to be a free parameter. Here, the non-perturbative Pomeron and Reggeon flux factors are^2

f_i(x_{IP} ) =

∫_{tmin}

t_{cut} dt e^{Bi t} x^{2αi(t)−1} IP = x^{1−2αi(0)} IP ( 1 − e^{Bi tcut} x^{−2α′i tcut} IP ) B_i + 2α^′_i ln(1/x_{IP} )

, (10)

with i = IP and IR respectively, and α_i(t) = α_i(0) + α^′_i t. The integration limits are taken to be t_{cut} = −1 GeV^2 and t_{min} ≈ 0 GeV^2. For the non-perturbative Pomeron, we fix α_{IP} (0) = 1.08 [7], α^′_{IP} = 0.26 GeV^{−2}, and B_{IP} = 4.6 GeV^{−2} [10], whereas for the secondary Reggeon we take α_{IR}(0) = 0.50 [11], α^′_{IR} = 0.90 GeV^{−2} [12], and B_{IR} = 2.0 GeV^{−2} [13]. Apart from α_{IP} (0),

2The couplings of the Pomeron or secondary Reggeon to the proton are absorbed into the parameters c_{a/NP} (a = q, g) and c_{IR}.

these are the same values used in the preliminary H1 analysis [3]. The secondary Reggeon structure function, F^{IR}_2 (β, Q^2), is calculated at NLO from the GRV pionic parton distributions [14]. For the non-perturbative Pomeron, the input quark singlet and gluon distributions, βΣ^{IP =NP}(β, Q^2_0; Q^2_0) and β^′g^{IP =NP}(β^′, Q^2_0; Q^2_0), are taken to have the same β dependence as for the two-quark Pomeron introduced later on (see (14) and (15)), with different normalisations c_{q/NP} and c_{g/NP}. (Taking the same β dependence as for the two-gluon Pomeron, (2) and (3), gives a much worse description of the data.)

We fit to the preliminary ZEUS [1, 2] and H1 [3] DDIS data using (7), and varying the free parameters until an optimum description of the data is obtained. We impose a cut M_X > 2 GeV on the fitted data to exclude large contributions from vector meson production and other higher-twist effects, and a cut y < 0.45 so that we can assume that the measured reduced diffractive cross section σ^{D(3)}r is approximately equal to F^{D(3)}_2 . The statistical and systematic experimental errors are added in quadrature. We use the qcdnum program [15] to perform the NLO DGLAP evolution and the minuit program [16] to find the optimal parameters. The values of α_S (M^2_Z ) and the charm and bottom quark masses are taken to be the same as in the MRST2001 NLO parton set [17]. Two sets of preliminary ZEUS data are fitted: those obtained using the leading proton spectrometer (LPS) [1], and those obtained using the so-called M_X method [2] which is based on the fact that diffractive and non-diffractive events have very different ln M^2_X distributions. For the latter data set, in addition to elastic proton scattering, proton dissociation up to mass M_Y = 2.3 GeV is included. Clearly the cross section will be larger in this case, so we allow for the overall normalisation of these data by multiplying (7) by a factor N_Z . An analogous normalisation, N_H , is applied for the preliminary H1 data [3], where diffractive events are selected on the basis of a large rapidity gap, and where proton dissociation up to mass M_Y = 1.6 GeV is included. The ZEUS M_X data [2] do not include secondary Reggeon contributions, therefore we omit the fourth term of (7) when fitting to these data. We fit to each data set separately, and then we perform fits to the three data sets combined.

For our first study, we parameterise the perturbative Pomeron flux factor (4) using a simplified form for the gluon distribution of the proton,

x_{IP} g(x_{IP} , μ^2) = x^{−λ}_{IP} , (11)

where λ is independent of μ^2 and is determined by the fit to data.^3 The normalisation of (11) has been absorbed into the free parameters c_{q/G}, c_{g/G}, and c_{L/G}.

Varying the Q_0 parameter, we find that the best fit to the combined ZEUS and H1 data sets is obtained with Q^2_0 = 0.8 GeV^2, which gives a χ^2/d.o.f. = 1.05 with c_{g/NP} going to zero. Later on, we will use the MRST2001 NLO [17] parton distributions of the proton instead of the simplified form (11), where the minimum possible scale is 1 GeV. Using the form (11) with

3Strictly speaking, λ should depend on ln μ^2. We investigated this effect by taking λ(μ^2) = 0.08 + c_λ ln(μ^2/(0.45 GeV^2)) with Q_0 = 1 GeV and c_{g/NP} = 0. The combined fit to ZEUS and H1 DDIS data gave a χ^2/d.o.f. = 1.12 with c_λ = 0.054 ± 0.006. This is consistent with the value found by H1 in a fit to inclusive F_2 data [18] of c_λ = 0.0481 ± 0.0013(stat.) ± 0.0037(syst.). Since the χ^2/d.o.f. was not improved compared to the corresponding fit which took λ to be independent of μ^2 (χ^2/d.o.f. = 1.07), we used the form (11) for simplicity.

Data sets fitted ZEUS LPS ZEUS M_X H1 ZEUS + H1 Number of points 69 121 214 404 χ^2/d.o.f. 0.67 0.78 1.08 1.08

c_{q/G} (GeV^2) 0.71 ± 0.39 0.48 ± 0.12 2.2 ± 0.4 1.13 ± 0.15 c_{g/G} (GeV^2) 0.11 ± 0.05 0.10 ± 0.02 0.26 ± 0.05 0.17 ± 0.02 c_{L/G} (GeV^2) 0 0.20 ± 0.08 0.54 ± 0.17 0.36 ± 0.08 c_{q/NP} (GeV^{−2}) 0.87 ± 0.13 1.22 ± 0.04 0.91 ± 0.05 1.09 ± 0.05 c_{IR} (GeV^{−2}) 6.7 ± 0.8 — 7.5 ± 2.0 6.2 ± 0.6 λ 0.23 ± 0.04 0.21 ± 0.02 0.13 ± 0.01 0.17 ± 0.01 N_Z — 1.56 (fixed) — 1.56 ± 0.06 N_H — — 1.26 (fixed) 1.26 ± 0.05

R(6.5 GeV^2), R(90 GeV^2) 0.60, 0.60 0.56, 0.57 0.54, 0.55 0.55, 0.56

Table 1: The values of the free parameters obtained in the fits to preliminary ZEUS [1, 2] and H1 [3] F^{D(3)}_2 data with a gluon distribution of the proton proportional to x^{−λ}_{IP} (11). The last row R(Q^2), defined in (21), gives the fraction of the Pomeron’s (plus Reggeon’s) momentum carried by gluons at x_{IP} = 0.003.

Q^2_0 = 1 GeV^2 gives only a slightly worse χ^2/d.o.f. = 1.07. Furthermore, fixing c_{g/NP} = 0 makes little difference to the quality of the fit. Therefore, in all fits presented here, we take Q^2_0 = 1 GeV^2 and fix c_{g/NP} = 0.

We find that each data set can be well described by this simple, perturbatively-motivated, approach. However, different values of λ and the other parameters are obtained from the ZEUS and H1 data, as can be seen from Table 1. In particular, the H1 data seem to have a flatter x_{IP} dependence than the ZEUS data. This should be regarded as some inconsistency between the data sets, but not as a contradiction, since it is possible to obtain an adequate description of the combined data sets, as shown in Fig. 3 and by the results in the last column of Table 1.

These fits to the DDIS data imply that the growth of F^{D(3)}_2 with decreasing x_{IP} comes from a gluon distribution which grows as x^{−λ}_{IP} with λ ≃ 0.17. On the other hand, at low scales μ ∼ Q_0 ∼ 1 GeV, which are dominant due to the 1/μ^4 factor in the Pomeron flux factor (4), the gluon distribution of the proton obtained from global analyses of DIS and related data is valence-like, or even negative, at small x, while the sea quark distribution grows as a negative power of x with decreasing x. Therefore, in order to describe the DDIS data we are forced to introduce a Pomeron comprised of two t-channel sea quarks, illustrated in Fig. 1(b). In analogy to the flux factor (4) for the two-gluon component, we therefore define a perturbative Pomeron

Figure 3: Fit to combined preliminary ZEUS [1, 2] and H1 [3] F^{D(3)}_2 data with a gluon distribution of the proton proportional to x^{−λ}_{IP} (11). The curves show the four contributions to the total, as defined in (7). Only data points included in the fit are plotted.

(a) (b)

Figure 4: (a) Quark dipole and (b) effective gluon dipole interacting with the proton via a perturbative Pomeron composed of two t-channel sea quarks. Here, f_S (x_{IP} , l^2_t , μ^2) is the unintegrated sea quark distribution of the proton.

flux factor for this two-quark component (IP = S) and for the interference term (IP = GS):

f_{IP =S} (x_{IP} ; μ^2) = 1 x_{IP} [ α_S (μ^2) μ^2 x_{IP} S(x_{IP} , μ^2) ]_2 , (12)

f_{IP =GS} (x_{IP} ; μ^2) = 1 x_{IP} [ α_S (μ^2) μ^2

]_2

2 x_{IP} g(x_{IP} , μ^2) x_{IP} S(x_{IP} , μ^2), (13)

where S(x_{IP} , μ^2) ≡ 2[ū(x_{IP} , μ^2) + d̄(x_{IP} , μ^2) + s̄(x_{IP} , μ^2)] is the integrated sea quark distribution of the proton. Just as for the starting distributions of the two-gluon Pomeron, (2) and (3), we calculate the β dependence of the input Pomeron parton distributions for the two-quark Pomeron (and the interference contribution) from the diagrams in Fig. 4 using lowest-order perturbative QCD. Unlike for the two-gluon Pomeron, there are only two permutations of the couplings of the two t-channel sea quarks to the two components of the dipole. We find^4 βΣ^{IP =S} (β, μ^2; μ^2) = c_{q/S} β (1 − β), (14) β^′g^{IP =S} (β^′, μ^2; μ^2) = c_{g/S} (1 − β^′)^2, (15) βΣ^{IP =GS} (β, μ^2; μ^2) = c_{q/GS} β^2 (1 − β), (16) β^′g^{IP =GS} (β^′, μ^2; μ^2) = c_{g/GS} (1 + 2β^′) (1 − β^′)^2. (17)

The β dependent factors of the twist-four contribution arising from Fig. 4(a) with a longitudinally polarised photon (and the interference contribution), analogous to (6), are found to be F^{IP =S}_L (β) = c_{L/S} β^3, (18) F^{IP =GS} L (β) = c_{L/GS} β^3 (2β − 1). (19)

4Note that βΣ^{IP =S} (β, μ^2; μ^2) has the same β dependence as the F^T_{qq̄} term in the BEKW model [19].

Data sets fitted ZEUS LPS ZEUS M_X H1 ZEUS + H1 Number of points 69 121 214 404 χ^2/d.o.f. 0.79 0.96 0.71 1.14

c_{q/G} (GeV^2) 0.001 ± 0.053 0.018 ± 0.023 0.36 ± 0.06 0.18 ± 0.04 c_{g/G} (GeV^2) 0 0 0.37 ± 0.02 0 c_{L/G} (GeV^2) 0.21 ± 1.48 0.050 ± 0.033 0.14 ± 0.03 0.064 ± 0.024 c_{q/S} (GeV^2) 0.97 ± 0.40 0.49 ± 0.10 1.06 ± 0.13 0.58 ± 0.07 c_{g/S} (GeV^2) 1.23 ± 0.21 1.23 ± 0.07 0 1.31 ± 0.07 c_{L/S} (GeV^2) 0.41 ± 0.28 0.21 ± 0.09 0 0.11 ± 0.05 c_{q/NP} (GeV^{−2}) 0.79 ± 0.22 1.16 ± 0.08 0.09 ± 0.11 0.92 ± 0.07 c_{IR} (GeV^{−2}) 6.6 ± 0.7 — 8.4 ± 1.8 6.4 ± 0.5 N_Z — 1.54 (fixed) — 1.54 ± 0.06 N_H — — 1.24 (fixed) 1.24 ± 0.04

R(6.5 GeV^2), R(90 GeV^2) 0.57, 0.58 0.57, 0.59 0.60, 0.66 0.57, 0.57

Table 2: The values of the free parameters obtained in the fits to ZEUS [1, 2] and H1 [3] F^{D(3)}_2 data with MRST2001 NLO [17] gluon and sea quark distributions of the proton. The last row R(Q^2), defined in (21), gives the fraction of the Pomeron’s (plus Reggeon’s) momentum carried by gluons at x_{IP} = 0.003.

The normalisation of the interference terms between the two-gluon and the two-quark Pomerons is fixed by c_{i/GS} = √c_{i/G} c_{i/S} , where i = q, g, L; that is, the K-factor is fixed for the amplitude rather than for the cross section.

The results of fits with this extended model, using the MRST2001 NLO [17] gluon and sea quark distributions of the proton, are shown in Table 2. We set x_{IP} g(x_{IP} , μ^2) = 0 if it is negative. Again, good fits are obtained whether fitting ZEUS and H1 data separately or all together. However, the fit with only H1 data is dramatically different from the other three fits in Table 2, with a much larger two-gluon Pomeron contribution compared to the other three, which are dominated by the two-quark Pomeron. This difference can be traced to the flatter x_{IP} dependence of the H1 data compared to the ZEUS data (see Table 1). Note that some parameters in Table 2 are consistent with zero, indicating some redundancy in this extended model.

From these fits to F^{D(3)}_2 , we can extract diffractive parton distributions, a^D(x_{IP} , β, Q^2) = βΣ^D(x_{IP} , β, Q^2) or βg^D(x_{IP} , β, Q^2), from the three leading-twist contributions to (7):

a^D(x_{IP} , β, Q^2) = ∑ IP =G,S,GS (∫_{Q2} Q^2_0

dμ^2 f_{IP} (x_{IP} ; μ^2) a^{IP} (β, Q^2; μ^2) )

+ f_{IP =NP}(x_{IP} ) a^{IP =NP}(β, Q^2; Q^2_0) + c_{IR} f_{IR}(x_{IP} ) a^{IR}(β, Q^2). (20)

The diffractive parton distributions calculated using (20) are plotted for the fits to the combined ZEUS and H1 data sets of Tables 1 (‘λ’) and 2 (‘MRST’) in Fig. 5(a) for x_{IP} = 0.003 and Q^2 = 6.5, 90 GeV^2. We also show the Pomeron parton distributions from the preliminary H1 analysis [3] multiplied by f_{IP} (x_{IP} ) (given by (10) with α_{IP} (0) = 1.173) and normalised to the ZEUS LPS data by dividing by a factor 1.26 (from Table 1). The eight different fits of Tables 1 and 2 are found to give similar diffractive parton distributions, especially at the higher Q^2 value, with the possible exception of the ‘MRST’ fit to only H1 data. In Fig. 5(b) we show the breakdown of the five separate components of (20) for the ‘MRST’ fit to the combined data sets. Note the large contribution from the two-quark component of the Pomeron.

From Fig. 5, the diffractive quark singlet distribution obtained by H1 [3] has a slightly steeper Q^2 dependence than the fits presented here, and hence H1 obtain a larger diffractive gluon distribution. In addition, the smaller value of α_S (M^2_Z ) used by H1 also enlarges their gluon density.^5 In our analysis, all the input Pomeron parton distributions vanish as either (1 − β) or (1 − β)^2 as β → 1. As β → 1, the only non-zero contribution to F^{D(3)}_2 comes from a twist-four component arising from longitudinally polarised photons. This contribution was not included in the H1 analysis [3], and hence rather large diffractive parton distributions were obtained by H1 for β close to 1, with an unphysical ‘bump’ in the diffractive gluon distribution (see Fig. 5).

We define the fraction of the Pomeron’s (plus Reggeon’s) momentum carried by gluons at x_{IP} = 0.003 as

R(Q^2) ≡

∫_1 0.01dβ βg D(x_{IP} = 0.003, β, Q^2) ∫_1

0.01dβ [βΣ

D(x_{IP} = 0.003, β, Q^2) + βg^D(x_{IP} = 0.003, β, Q^2)]

, (21)

which is given for Q^2 values of 6.5 and 90 GeV^2 in the last rows of Tables 1 and 2. The gluon momentum fraction, R(Q^2), is consistently 55–60% and is almost independent of Q^2. Taking the same α_S (M^2_Z ) as in the preliminary H1 analysis would increase this value to ≈ 65%, compared to the value found by H1 of 75 ± 15% [3].

Note, from Fig. 3, that the perturbative Pomeron contribution to F^{D(3)}_2 (from scales μ > Q_0 = 1 GeV) is not small; as a rule it is more than half the total contribution. The perturbative contribution is even stronger for the ‘MRST’ fits presented in Table 2. The comparison of the separate fits to the ZEUS and H1 data presented in Table 2 demonstrates that there is a strong correlation between the pairs of parameters c_{i/G} and c_{i/S} , where i = q, g, L. That is, with the present accuracy of the data, it is hard to distinguish between partons which originate from the two-gluon and two-quark components of the Pomeron.^6 Nevertheless, the final diffractive parton distributions are similar for the different fits. This stability increases confidence in these distributions, so that they can be used in the description of other diffractive processes at HERA

5In the preliminary H1 analysis [3], Λ_{QCD} = 0.2 GeV for 4 flavours, corresponding to α_S (M^2_Z ) = 0.1085, whereas we take α_S (M^2_Z ) = 0.1190 from the MRST2001 NLO parton set [17]; cf. the world average, α_S (M^2_Z ) = 0.1187(20), from the PDG [20].

6The combined analysis of DDIS data with a more exclusive diffractive process, such as diffractive J/ψ production at HERA, which is sensitive to the two-gluon component of the Pomeron, may help to resolve this problem.

(a)

(b)

Figure 5: (a) The curves labelled ‘λ’ and ‘MRST’ show the diffractive parton distributions extracted from the fits in Tables 1 and 2 to the combined preliminary ZEUS [1, 2] and H1 [3] data (compared to those obtained by H1 [3]). (b) The breakdown of the five separate components of (20) for the ‘MRST’ fit to the combined data sets.

and the Tevatron. Of course, we must include the probability that the rapidity gap survives the soft rescattering of the colliding hadrons or ‘hadron-like’ states [21].

An advantage of describing the diffractive DIS data using an approach with an explicit integral over the Pomeron scale μ is the possibility to use the results to evaluate the absorptive corrections, ΔF^{abs}_2 (x_B , Q^2; μ^2), to the inclusive structure function F_2(x_B , Q^2). These corrections arise during the DGLAP ln q^2 evolution at each point q^2 = μ^2. With this approach the AGK cutting rules [22] give ΔF^{abs}_2 (x_B , Q^2; μ^2) ≃ −F^D_2 (x_B , Q^2; μ^2), (22)

where F^D_2 (x_B , Q^2; μ^2) is the contribution to the diffractive structure function F^{D(3)}_2 (integrated over x_{IP} ) which originates from a perturbative component of the Pomeron of size 1/μ. In a separate paper [23], we use this property to incorporate the absorptive corrections in a parton analysis of inclusive DIS data.

Acknowledgements

We thank Michele Arneodo and Günter Wolf for useful discussions. ADM thanks the Leverhulme Trust for an Emeritus Fellowship. This work was supported by the UK Particle Physics and Astronomy Research Council, by the Federal Program of the Russian Ministry of Industry, Science and Technology (grant SS-1124.2003.2), by the Russian Fund for Fundamental Research (grant 04-02-16073), and by a Royal Society Joint Project Grant with the former Soviet Union.

References

[1] ZEUS Collaboration, “Dissociation of virtual photons in events with a leading proton at HERA,” paper 540 submitted to EPS 2003, Aachen.

[2] ZEUS Collaboration, “Deep-inelastic diffractive scattering with the ZEUS forward plug calorimeter using 1998–1999 data,” paper 538 submitted to EPS 2003, Aachen.

[3] H1 Collaboration, “Measurement and NLO DGLAP QCD interpretation of diffractive deep-inelastic scattering at HERA,” paper 089 submitted to EPS 2003, Aachen.

[4] M. Wüsthoff, Phys. Rev. D 56 (1997) 4311 [arXiv:hep-ph/9702201].

[5] L. N. Lipatov, Sov. Phys. JETP 63 (1986) 904 [Zh. Eksp. Teor. Fiz. 90 (1986) 1536].

[6] G. Ingelman and P. E. Schlein, Phys. Lett. B 152 (1985) 256.

[7] A. Donnachie and P. V. Landshoff, Phys. Lett. B 296 (1992) 227 [arXiv:hep-ph/9209205].

[8] N. N. Nikolaev and B. G. Zakharov, Z. Phys. C 49 (1991) 607.

[9] A. G. Shuvaev, K. J. Golec-Biernat, A. D. Martin and M. G. Ryskin, Phys. Rev. D 60 (1999) 014015 [arXiv:hep-ph/9902410].

[10] F. Abe et al. [CDF Collaboration], Phys. Rev. D 50 (1994) 5518. [11] C. Adloff et al. [H1 Collaboration], Z. Phys. C 76 (1997) 613 [arXiv:hep-ex/9708016]. [12] W. D. Apel et al. [Serpukhov-CERN Collaboration], Nucl. Phys. B 154 (1979) 189 [Yad.

Fiz. 30 (1979) 373].

[13] A. B. Kaidalov, Phys. Rept. 50 (1979) 157. [14] M. Gluck, E. Reya and A. Vogt, Z. Phys. C 53 (1992) 651.

[15] M. Botje, qcdnum version 16.13.02, ZEUS Note 97-066 (unpublished), available from

http://www.nikhef.nl/∼h24/qcdcode/.

[16] F. James and M. Roos, minuit version 94.1, Comput. Phys. Commun. 10 (1975) 343. [17] A. D. Martin, R. G. Roberts, W. J. Stirling and R. S. Thorne, Eur. Phys. J. C 23 (2002) 73 [arXiv:hep-ph/0110215].

[18] C. Adloff et al. [H1 Collaboration], Phys. Lett. B 520 (2001) 183 [arXiv:hep-ex/0108035]. [19] J. Bartels, J. R. Ellis, H. Kowalski and M. Wüsthoff, Eur. Phys. J. C 7 (1999) 443 [arXiv:hep-ph/9803497].

[20] S. Eidelman et al. [Particle Data Group Collaboration], Phys. Lett. B 592 (2004) 1. [21] V. A. Khoze, A. D. Martin and M. G. Ryskin, Eur. Phys. J. C 18 (2000) 167 [arXiv:hep-ph/0007359];

A. B. Kaidalov, V. A. Khoze, A. D. Martin and M. G. Ryskin, Eur. Phys. J. C 21 (2001) 521 [arXiv:hep-ph/0105145];

M. Klasen and G. Kramer, arXiv:hep-ph/0401202.

[22] V. A. Abramovsky, V. N. Gribov and O. V. Kancheli, Yad. Fiz. 18 (1973) 595 [Sov. J.

Nucl. Phys. 18 (1974) 308];

J. Bartels and M. G. Ryskin, Z. Phys. C 76 (1997) 241 [arXiv:hep-ph/9612226]. [23] A. D. Martin, M. G. Ryskin and G. Watt, Phys. Rev. D 70 (2004) 091502 [arXiv:hep-ph/0406225].