arXiv:hep-ph/0102018 2 Feb 2001

INTRODUCTION TO LOW x PHYSICS AND DIFFRACTION^a

J. Kwieciński Department of Theoretical Physics, H. Niewodniczański Institute of Nuclear Physics, Kraków, Poland E-mail: jkwiecin@solaris.ifj.edu.pl

The basic concepts relevant for the theoretical description of deep inelastic scattering within the QCD improved parton model are introduced. Recent developments in low x DIS and in deep inelastic diffraction are briefly summarised. This includes discussion of the BFKL dynamics including the subleading effects and of the saturation model. The dedicated measurements, which probe the QCD pomeron are also discussed.

The aim of this talk is to discuss the following issues:

1. Low x physics in QCD.

(a) BFKL equation. (b) Saturation model.

2. Deep inelastic diffraction.

We shall discuss the low x physics in QCD on the example of deep inelastic ep scattering, i.e. the process:

e(p_e) + p(p) → e(p^′_e) + X . (1)

The conventional kinematical variables for the description of this process are s = (p_e + p)^2, q = p_e − p^′_e, Q^2 = −q^2, W^2 = (q + p)^2 (2)

y = pq p_ep , x = Q^2 2pq . (3)

The ep inelastic scattering is controlled by the virtual photon exchange mechanism and the total γ^∗p cross-section is closely related to the structure function F_2 σ_γ�_p =

4π^2α_{em}

Q^2

F_2 .

aIntroductory talk presented at the 30th International Symposium on Multiparticle Dynamics (ISMD 2000), 9-15 Oct 2000, Tihany, Lake Balaton, Hungary.

It should be observed that the small x behaviour of F_2 is related to the large W^2, i.e. Regge limit of σ_γ�_p.

The ep DIS is conventionally described within the QCD improved parton model. In this model, the structure function F_2 is directly related to the quark and antiquark distributions in the nucleon:

F_2(x, Q^2) = x ∑ f e^2_f [q_f (x, Q^2) + q̄_f (x, Q^2)] + O(α_s) . (4)

The parton (i.e. quark and gluon) distributions satisfy the DGLAP equations, which in LO have the following structure:

Q^2 dq_i(x, Q^2) dQ^2 = α_s(Q^2) 2π (P^{(0)}_{qq} ⊗ q_i + P^{(0)}_{qg} ⊗ g)

Q^2 dg(x, Q^2)

dQ^2 = α_s(Q^2) 2π [P^{(0)}_{gq} ⊗ ∑ i (q_i + q̄_i) + P_{gg} ⊗ g] . (5)

Beyond LO (i.e. at NLO + ...) we have:

α_s(Q^2) 2π P^{(0)}_{ij} →

α_s(Q^2) 2π P^{(0)}_{ij} + ( α_s(Q^2) 2π )_2

P^{(1)}_{ij} + .... (6)

At low x, the dominant role is played by the gluons. That follows from the singular behaviour of the splitting function P_{gg}(z) for z → 0,

P^{(0)}_{gg} (z) ∼ 2N_c z . The small x behaviour of the parton distributions depends upon the structure of their small x behaviour at the reference scale Q^2_0, i.e. xp_i(x, Q^2_0) ∼ x^{−λ} → xp_i(x, Q^2) ∼ x^{−λ} λ > 0 (7) xp_i(x, Q^2_0) ∼ const → xp_i(x, Q^2) ∼ exp[2 √ ξ(Q^2) ln(1/x)] , (8) where

ξ(Q^2) =

∫_Q2 Q20 dq^2 q^2

N_cα_sq^2 π .

In both cases, xg, x(q + q̄), F_2... etc. are found to increase in the limit x → 0. The LO and NLO, the DGLAP formalism which sums the leading and next-to-leading powers of ln(Q^2/Q^2_0) is incomplete at low x. In this region one has to resum (leading and subleading) powers of ln(1/x). Small-x resummation of leading (+subleading) powers of ln(1/x) generates the QCD pomeron.

Diagramatically, the QCD Pomeron corresponds to gluon ladder exchange. The basic dynamical quantity in this case is the unintegrated gluon distribution f(x, k̂^2) where k̂^2 denotes the square of the transverse momentum of the gluon. The unintegrated gluon distribution satisfies the Balitsky-Fadin- Kuraev-Lipatov (BFKL) equation, which, in the leading ln(1/x) approximation, has the following form:^{1,2}

f(x, k̂^2) = f^0(x, k̂^2) + 3α_s π K ⊗ f , (9) where K ⊗ f = ∫_1 x dz z ∫ d^2q̂ πq̂^2 [f(z, (k̂ + q̂)^2) − Θ(k̂^2 − q̂^2)f(z, k̂)] . (10)

The conventional (integrated) gluon ditribution is given by: xg(x, Q^2) = ∫_Q2 dk̂^2 k̂2 f(x, k̂^2) . (11)

The following properties of the BFKL dynamics should be mentioned:

1. Diffusion of transverse momentum along the chain which should reflect itself in the hadronic final state.

2. Characteristic rise with decreasing x.

In LO f ∼ x^{−λ}, λ = 4 ln(2)3α_s/π

3. Large subleading effects. Their major part is understood and is under control.

4. The BFKL equation embodies (part of the) LO DGLAP evolution.

One of the most important recent theoretical developments in the low x physics has been the completion of the calculation of the NLO ln(1/x) effects.^{3,4} Those effects were found to be very important and in particular they were found to reduce significantly the QCD pomeron intercept, which in the NLO approximation is given by

λ = 4 ln(2)ᾱ_s(1 − 6.3ᾱ_s) , (12)

where

ᾱ_s = 3α_s π . It is, therefore, obvious that resummation of subleading ln(1/x) beyond NLO is needed. It has been found, however, that the dominant part of the subleading corrections is generated by the phase-space limitations. They can be taken into account exactly, i.e. beyond NLO.^{4,5,6}

The observable quantities, as the structure function F_2 are obtained from the unintegrated gluon distributions through the k_t factorisation:^7

F_2 ∼ F^{γg} ⊗ f , (13)

where ’⊗’ denotes in this case convolution in transverse and longitidinal momenta. At leading twist, the k_t factorisation theorem can be recast into conventional collinear factorisation form:

Q^2 ∂F_2 ∂Q^2 ∼ α_s 2π P^{resummed} qg (α_s) ⊗ xg^{BFKL} , (14)

where the leading (and possibly also subleading) ln(1/x) effects are included to all orders in xg^{BFKL} and in the splitting function P^{resummed}_{qg} . They include in particular (part of) conventional DGLAP NNLO effects. Small-x resummation in P^{resummed} qg has important implications for the extraction of xg from the scaling violations.^8 The recent NNLO analysis of the DGLAP equations which embodies those effects shows that the gluon distributions in NNLO approximation are significantly smaller at small x than those obtained within the NLO framework.^9

It is possible to obtain a very economical description of the F_2 HERA data within the BFKL - k_t factorisation framework.^6 One can, however, get an equally good description of the data staying within the conventional NLO DGLAP formalism. The measurement of the structure function alone is, therefore, not a sensitive discriminator of the underlying dynamics. In order to probe the details of the QCD pomeron, it is particularily useful to study the high energy processes characterised by two comparable scales Q^2_1 and Q^2 at the ’ends’ of the gluon ladder which corresponds to the QCD pomeron. In this kinematical configuration, the conventional LO DGLAP evolution from the scale Q^2_1 to Q^2 is suppressed and the corresponding cross-sections are sensitive to the diffusion of the transverse momenta along the chain, which is a chacteristic feature of the BFKL dynamics. The following dedicated measurements are particularily useful for this purpose:

• Two-jet production in high energy hadronic collisions with k^2_{T1} ∼ k^2_{T2}.^{10}

• Forward jet (k^2_{jT} ∼ Q^2) (or forward π^0) production in ep DIS.^{11}

• Doubly tagged e^+e^− events which are related to the γ^∗(Q^2_1)γ^∗(Q^2) total cross-section.^{12,13,14}

Indefinite increase of parton distributions xp(x, Q^2) with decreasing x cannot hold forever. The QCD improved parton model based upon linear evolution equations has to break down when xp(x, Q^2) Q^2 ∼ πR^2 , where R denotes the (transverse) radius describing the size of the region within which the partons are concentrated. In the small x region, the linear evolution equations have to be modified by the non-linear screening corrections which eventually lead to parton saturation.^{2,15} A semi-phenomenological approach to saturation has recently been developed within the colour dipole model by K. Golec-Biernat and M. Wüsthoff.^{16,17} This formulation, that has proved to be phenomenologically very successful, utilises the picture in which the high energy γ^∗p total cross-section is driven by the interaction of the qq̄ colour dipole into which the virtual photon fluctuates,^{15} i.e.

σ_γ�_p(Q^2, x) ∼ ∫ dzdr^2|Ψ(r, Q, z)|^2σ_{qq̄}(r, x) . (15)

In equ. (15), Ψ(r, Q, z) denotes the wave function of the virtual photon, σ_{qq̄}(r, x) is the total cross-section describing the interaction of the qq̄ dipole with the proton target, r is the transverse size of the dipole and z is the momentum fraction of the virtual photon carried by a quark (antiquark). In the leading ln(1/x) approximation, the dipole picture corresponds to the k_t factorisation formula (partially) transformed into the coordinate representation.^{18} In the formulation of the model discussed in ref.^{16}, we have

σ_{qq̄}(r, x) = σ_0[1 − exp(−r^2/R^2_0(x))] ,

where the saturation radius R_0(x) is a decreasing function of the parameter x and is parametrised in the following form:

R^2_0(x) ∼ x^λ . (16)

The parameter σ_0 denotes the magnitude of the dipole cross-section in the large r limit. The behaviour of the γ^∗p cross-section (15) in the region of large (small) values of Q^2 is linked with the properties of the dipole cross-section σ_{qq̄}(r, x) for small (large) values of the dipole size r. To be precise, we have:^{16}

r^2 ≪ R^2_0(x) ↔ Q^2 ≫ 1/R^2_0(x) ,

where σ_{qq̄}(r, x) ∼ r^2/R^2_0(x) , (17) that gives σ_γ�_p(Q^2, x) ∼ 1 Q^2R^2_0(x)

(18) and r^2 > R^2_0(x) ↔ Q^2 < 1/R^2_0(x) , where σ_{qq̄}(r, x) ∼ σ_0 , (19) that gives σ_γ�_p(Q^2, x) ∼ ln[Q^2R^2_0(x)] . (20) The latter behaviour corresponds to the saturation of the cross-section. The remarkable property of the saturation model is geometric scaling of σ_γ�_p(Q^2, x),^{19} which means that at low values of x this cross-section becomes the function of only one dimensionless variable, i.e.

σ_γ�_p(Q^2, x) → Φ(τ ) , (21)

where τ = Q^2R^2_0(x) . (22) The geometric scaling (21) is very well supported by experimental data.^{19}

Deep inelastic diffraction in ep inelastic scattering is a process:

e(p_e) + p(p) → e^′(p^′_e) + X + p^′(p^′) , (23)

where there is a large rapidity gap between the recoil proton (or excited proton) and the hadronic system X.^{20,21} To be precise, process (23) reflects the diffractive disssociation of the virtual photon. Diffractive dissociation is described by the following kinematical variables: β = Q^2 2(p − p^′)q (24)

x_P = x β (25)

t = (p − p^′)^2. (26)

Assuming that diffraction dissociation is dominated by the pomeron exchange and that the pomeron is described by a Regge pole, one gets the following factorizable expression for the diffractive structure function:^{22}

∂F^{diff}_2 ∂x_P∂t = f(x_P, t)F^P_2 (β, Q^2, t) (27)

where the ”flux factor” f(x_P, t) is given by the following formula :

f(x_P, t) = N

B^2(t) 16π x^{1−2αP(t)} P , (28)

with B(t) describing the pomeron coupling to a proton and N being the normalisation factor. The function F^P_2 (β, Q^2, t) is the pomeron structure function, which, in the (QCD improved) parton model, is related in a standard way to the quark and antiquark distribution functions in a pomeron:

F^P_2 (β, Q^2, t) = β ∑ e^2_i [q^P_i (β, Q^2, t) + q̄^P_i (β, Q^2, t)] , (29)

with q^P_i (β, Q^2, t) = q̄^P_i (β, Q^2, t). The variable β, which is the Bjorken scaling variable appropriate for deep inelastic lepton-pomeron ”scattering”, has the meaning of the momentum fraction of the pomeron carried by the probed quark (antiquark). The quark and gluon distributions in a pomeron are assummed to obey the standard Altarelli-Parisi evolution equations: The deep inelastic diffraction may therefore probe the quark-gluon content of the Pomeron.

The deep inelastic diffraction is sensitive to the interplay between the soft and hard pomerons.^{23} It turns out that the effective pomeron intercept extracted from the diffractive data is higher than that of the soft pomeron , i.e. (effective) α^{eff}_P (0) ∼ 1.2. This implies an important contribution of the hard pomeron exchange. One also finds important higher twist contribution to the diffractive structure functions.

Important diffractive processes which can probe the hard pomeron are the following ones:^{21}

• γ^∗ + p → V + p

• (γ, γ^∗) + p → J/Ψ + p

• diffractive jet production .

One of the still open problems of the theory of hard diffraction processes is the violation of the QCD (collinear) factorisation in hadronic collisions.^{24} Finally, let us point out that within the saturation model the total diffractive cross-section is given by:

σ^{diff}_γ�_p(Q^2, x) ∼ ∫ dzdr^2|Ψ(r, Q, z)|^2σ^2_{qq̄}(r, x) . (30)

The fact that σ^{diff}_γ�_p(Q^2, x) is given in terms of σ^2_{qq̄}(r, x) implies that it is sensitive to the contribution from the large r region.

To sum up, we have introduced in this talk the basic concepts of low x physics and of hard diffraction. We have also summarised some of the most recent developments including NLO BFKL, the saturation model, etc. Theoretical QCD predictions for low x phenomena have been intensively studied both at HERA and Tevatron^{25} as well as at LEP.^{13,14} Most of those predictions are also extremely relevant for the measurements at future colliders, which will open up hitherto unexplored regime(s).

Acknowledgments

I thank Albert De Roeck and Dino Goulianos for their kind invitation to Tihany and I congratulate Thomas Csörgő and Wolfram Kittel for organising an excellent meeting. This research has been partially supported by the EU Framework TMR programme, contract FMRX-CT98-0194.

References

1. E.A. Kuraev, L.N. Lipatov and V.S. Fadin, Zh. Eksp. Teor. Fiz. 72, 373 (1977) (Sov. Phys. JETP 45, 199 (1977)); Ya.Ya. Balitzkij and L.N. Lipatov, Yad. Fiz. 28, 1597 (1978) (Sov. J. Nucl. Phys. 28, 822 (1978)); J.B. Bronzan and R.L. Sugar, Phys. Rev. D17, 585 (1978); T. Jaroszewicz, Acta. Phys. Polon. B 11, 965 (1980); L.N. Lipatov, in Perturbative QCD, ed. A.H. Mueller (World Scientific, Singapore, 1989) p.441.

2. L.N. Gribov, E.M. Levin and M.G. Ryskin, Phys. Rep. 100, 1 (1983). 3. V.S. Fadin, L.N. Lipatov, Nucl. Phys. B 477, 767 (1996); Phys. Lett.

B 429, 127 (1998); M. Ciafaloni, G. Camici, Phys. Lett. B 386, 341 (1996); ibid. B412, 396 (1997); Erratum – ibid. B 417, 390 (1998); Phys. Lett. B 430, 349 (1998); G.P. Salam, Acta Phys. Polon. B 30, 3679 (1999) and references therein.

4. M. Ciafaloni, D. Colferai, G.P. Salam, Phys. Rev. D 60, 114036 (1999);

JHEP 9910, 017 (1999).

5. B. Andersson, G. Gustafson, H. Kharraziha, J. Samuelsson, Z. Phys.

C 71, 613 (1996); Phys. Rev. D 57, 5543 (1998); J. Kwieciński, A.D. Martin, P.J. Sutton, Z. Phys. C 71, 585 (1996).

6. J. Kwieciński, A.D. Martin and A.M. Staśto, Phys. Rev. D 56, 3991 (1997).

7. S. Catani, M. Ciafaloni and F. Hautmann, Phys. Lett. B 242, 97 (1990);

Nucl. Phys. 366, 657 (1991); J.C. Collins and R.K. Ellis, Nucl. Phys. B 360, 3 (1991); S. Catani and F. Hautmann, Nucl. Phys. B 427, 475 (1994).

8. R.K. Ellis, Z. Kunszt, E.M. Levin, Nucl. Phys. B 420, 517 (1994);

Erratum - ibid. B 433, 498 (1995); R.K. Ellis, F. Hautmann, B.R. Webber, Phys. Lett. B 348, 582 (1995); S. Catani, Z. Phys. C 70, 263 (1996); Z. Phys. C 75, 665 (1997); hep-ph/9712442; R.S. Thorne, Nucl. Phys. B 512, 323 (1998); J. Blümlein, A. Vogt, Phys. Rev. D 58, 014020 (1998); R.D. Ball, S. Forte, Phys. Lett. B 465, 271 (1999); G. Altarelli, R.D. Ball, S. Forte, Nucl. Phys. B 575, 313 (2000); hep-ph/0011270.

9. A.D. Martin, R.G. Roberts, W.J. Stirling, W.J. Thorne, Eur. Phys. J.

C 18, 117 (2000).

10. A.H. Mueller, H. Navelet, Nucl. Phys. B 282, 727 (1987); J. Andersen et al, hep-ph 0101180 and references therein.

11. A.H. Mueller, Nucl. Phys. B (Proc. Suppl.) 18C, 125 (1990); J. Phys.

G 17, 1443 (1991); J. Bartels, A. De Roeck, M. Loewe, Z. Phys. C 54, 635 (1992); J. Kwieciński, A.D. Martin, P.J. Sutton, Phys. Rev. D 46,

921 (1992); W.K. Tang, Phys. Lett. B 278, 363 (1992); J. Bartels et al, Phys. Lett. B 384, 300 (1996); P. Mirkes, D. Zeppenfeld, Phys. Rev. Lett. B 78, 428 (1997); J. Kwieciński, A.D. Martin, J.J. Outhwaite, Eur. Phys. J. C 9, 611 (1999).

12. S.J. Brodsky, F. Hautmann, D.A. Soper, Phys. Rev. D 56, 6957 (1997);

Phys. Rev. Lett. 78, 803 (1997) 803 (Erratum-ibid. 79, 3544 (1997)); J. Bartels, A. De Roeck, H. Lotter, Phys. Lett. B 389, 742 (1996); J. Kwieciński and L. Motyka, Eur. Phys. J. C 18, 343 (2000) and references therein.

13. The L3 Collaboration, (M. Acciari et al), Phys. Lett. B 453, 94 (1999);

P. Achard for the L3 Collaboration, Nucl. Phys. (Proc. Suppl.) 82, 61 (2000); L3 Note 2568 (2000), presented at the XXXth ICHEP, Osaka, Japan, July 2000.

14. M. Przybycień for the OPAL Collaboration, talk at the Photon 2000 conference, Ambleside, England, August 2000.

15. A.H. Mueller, hep-ph/9911289 and references therein. 16. K. Golec-Biernat, M. Wüsthoff, Phys. Rev. D 59, 014017 (1999). 17. K. Golec-Biernat, M. Wüsthoff, Phys. Rev. D 60, 114023 (1999). 18. A. Białas, H. Navelet and R. Peschanski, hep-ph/0009248. 19. A.M. Staśto, K. Golec-Biernat, J. Kwieciński, Phys. Rev. Lett. 86, 596 (2001).

20. K. Golec-Biernat, Acta. Phys. Polon B 27, 1341 (1996); K. Golec- Biernat, J.P. Phillips, J. Phys. G 22, 921 (1996); A. Hebecker, Acta. Phys. Polon. B 30, 3777 (1999); Phys. Rep. 331, 1 (2000).

21. A.D. Martin, M. Wüsthoff, J. Phys. G 25, R309 (1999) and references therein.

22. G. Ingelman, P.E. Schlein, Phys. Lett. B 152, 256 (1985); A. Donnachie and P.V. Landshoff, Nucl. Phys. B 244, 322 (1984); B 267, 690 (1986); J.C. Collins et al, Phys. Rev. D 51, 3182 (1995).

23. J. Bartels, J. Ellis, H. Kowalski, M. Wüsthoff, Eur. Phys. J. C 7, 443 (1999); Ch. Royon et al, hep-ph/0010015.

24. J.C. Collins, Phys. Rev. D 57, 3051 (1998); L. Alvero, J.C. Collins, J.

Terron, J. Whitmore, Phys. Rev. D 59, 074022 (1999); B.E. Cox, K. Goulianos, L. Lonnblad, J. J. Whitmore, J. Phys. G 26, 667 (2000); V.A. Khoze, A.D. Martin, M.G. Ryskin, hep-ph/0007083.

25. A.M. Cooper-Sarkar, these proceedings; S. Levonian, these proceedings;

M. Albrow, these proceedings.