Chapter 1 Figure 1.1 : Two-body scattering process 1 + 2 → 3 + 4 Figure 1.2 : Physical regions for equal-mass scattering such as ππ → ππ Figure 1.3 : Paths of analytic continuation that pass round different sides of a branch point Figure 1.4 : Poles and cuts in the complex s-plane for equal mass scattering for a given, fixed t. Recall that u = 4m^2 − s − t. Figure 1.5 : Contour of integration in the complex s^′-plane Figure 1.6 : Contour of integration equivalent to that of figure 1.5 Figure 1.7 : Contours of integration in the z_s-plane

Chapter 2 Figure 2.1 : Total cross sections for K^−p → π^−Σ^+ (upper data) and K^−p → π^+Σ^− (lower data)[19] Figure 2.2 : Exchanges of different quantum numbers Figure 2.3 : p̄p total cross section Figure 2.4 : (a) Integration contour C in the complex l-plane surrounding the poles at integer values of l. A pole of A^±(l, t) is shown, and a branch point with its attached cut. (b) A deformed version of the contour C. The dashed curve is an infinite semicircle.

Figure 2.5 : Two closed contours that represent the difference between the contours of figures 2.4a and 2.4b Figure 2.6 : Result of moving the contour of figure 2.4b past the pole of A^±(l, t) Figure 2.7 : Moving the contour past a branch point Figure 2.8 : Four degenerate Regge trajectories: particle spins plotted against their squared masses t. The particles in square brackets are listed in the data tables[27], but there is some doubt about them. The straight line is α(t) = 0.5 + 0.9t. See also figure 2.13. Figure 2.9 : N and Δ trajectories Figure 2.10 : Right-hand sides of the t-channel unitarity equations (2.26), (2.28) and (2.29) Figure 2.11 : Exchange of two reggeons R_1 and R_2 Figure 2.12 : A diagram of the reggeon calculus Figure 2.13 : Four families of daughter Regge trajectories. Only confirmed states[27] are shown.

Figure 2.14 : Class of Feynman diagrams that give a fixed pole at l = 1

Chapter 3

Figure 3.1 : Total cross sections

Figure 3.2 : Total cross sections continued

Figure 3.3 : (a) Exchange of a ladder between two relatively-small hadrons, and (b) the same process viewed as the direct interaction of two larger hadrons

Figure 3.4 : pp elastic scattering data at √ s = 53 GeV from the CERN ISR[62,63] with (a) the fit that determines the value of α^′_{IP} and (b) the fit extended to larger values of |t|

Figure 3.5 : pp elastic scattering[64] at √ s = 53 GeV and[65] p̄p at √ s = 1800 GeV, together with the curves (3.15) corresponding to α^′_{IP} = 0.25 GeV^{−2}

Figure 3.6 : Data[68,69] for the pion elastic form factor, with the fit (3.22)

Figure 3.7 : πp elastic scattering data[70] at √ s = 19.4 GeV with the curve (3.21)

Figure 3.8 : Single and double pomeron exchange contributions to dσ/dt; the arrows indicate how they change as the energy increases

Figure 3.9 : Analytic continuation s → se^{iπ}

Figure 3.10 : pp elastic scattering data at large t (CHHAV collaboration[64]). The 62 GeV data are multiplied by 10.

Figure 3.11 : Elastic αα scattering[78] at √ s = 126 GeV

Figure 3.12 : Elastic scattering at √ s = 53 GeV of antiprotons (upper points) and protons (lower points) on protons[81]

Figure 3.13 : pp elastic scattering data[64,82] at the largest available t, at various energies indicated in the figure as √ s in GeV. The line is 0.09 t^{−8}.

Figure 3.14 : Energy dependence of pp elastic scattering data at two values of t

Figure 3.15 : Data[91] for the asymmetry A_N in polarised pp scattering; the curve is from the calculation of [92]

Figure 3.16 : Pomeron exchange in an inelastic diffractive event

Figure 3.17 : The squared amplitude of figure (3.16) summed over X, in the large-M^2 limit

Figure 3.18 : Diffraction dissociation data at √ s = 23 GeV (open points[101]) and 630 GeV (black points[102]) at t = −0.75 GeV^2. The lower curve is from a simple model and is for 23 GeV; the upper curve is the prediction for 630 GeV.

Figure 3.19 : pp → p + ΛϕK: (a) uncorrected data[104] for the angular distribution in the ΛϕK centre-of-mass frame; (b) quark-flow interpretation of the data

Figure 3.20 : (a) The inclusive process (3.40) for the case where both initial particles lose very little momentum. (b) The squared amplitude of (a) summed over X when the invariant mass of the system X is large.

Figure 3.21 : Mueller-Regge mechanism for inclusive central production

Figure 3.22 : Exclusive central production

Figure 3.23 : An explicit simple nonperturbative gluon-exchange model for the diffractive Higgs-production mechanism of figure 3.22: (a) first approximation, (b) corrections that turn the gluons into pomerons

Figure 3.24 : Screening correction to figure 3.22

Figure 3.25 : ϕ distributions for central η and η^′ production[120] in pp collisions at √ s = 29.1 GeV

Figure 3.26 : ϕ and t distributions for central production of f_1(1285) in pp collisions at √ s = 29.1 GeV. The data from the WA102 collaboration[120] are compared with the theoretical prediction[123] (histogram) for the case of the pomeron coupling like a non-conserved current.

Figure 3.27 : Ratios of number of events with k_T ≤ 0.2 GeV to the number with k_T ≥ 0.5 GeV for central production[120] of, from left to right, (a) f_0(1370), f_0(1500), f_0(1710) and (b) f_2(1270), f^′_2(1520), f_2(1910), f_2(1950) in pp collisions at √ s = 29.1 GeV.

Figure 3.28 : A 2^{++} glueball candidate[128], with the line α(t) = 1.08+0.25t

Figure 3.29 : Deck mechanism for the reaction π^−p → (π^−π^+π^−)p

Figure 3.30 : Deck mechanism followed by rescattering

Chapter 4

Figure 4.1 : Comparison of p_{Lab}(σ^{Tot}(π^−p) − σ^{Tot}(π^+p)) with the Regge fit to high energy data

Figure 4.2 : Comparison of the low-energy π^+p and π^−p total cross sections with the Regge fits to high energy data

Figure 4.3 : Differential cross section for π^−p → π^0n at, from top to bottom, p_{Lab} = 3.67, 5.85 and 13.3 GeV/c.

Figure 4.4 : Data for α_ρ(t) obtained at t < 0 from π^−p charge-exchange data and the physical states at t > 0. The line is α(t) = 0.5 + 0.9t as in the fit of figure 2.8.

Figure 4.5 : π^−p and π^+p differential cross sections, multiplied by e^{b|t|} with b = 7 GeV^{−2} to make the plots clearer, at √ s = 10.4 GeV

Figure 4.6 : π^−p and π^+p polarisation at p_{Lab} = 6 GeV/c (upper figure) and 10 GeV/c (lower figure)

Figure 4.7 : The moduli of the non-flip and flip helicity amplitudes in π^±p scattering at p_{Lab} = 6 GeV/c (upper figure) and 16 GeV/c (lower figure)

Chapter 5

Figure 5.1 : γp total cross section; the curve takes account of the exchange of the soft pomeron, f_2 and a_2

Figure 5.2 : γp total cross section at low energy with the high-energy fit of figure 5.1

Figure 5.3 : γγ total cross section[172,173] with the prediction obtained from factorisation

Figure 5.4 : Coupling of a photon to a hadronic reaction, via a vector meson V Figure 5.5 : The decay V → e^+e^−

Figure 5.6 : Forward differential cross section for exclusive ρ photoproduction. The curve is the result from naive vector-meson dominance scaled by a factor 0.84.

Figure 5.7 : Data[178] for γp → ρp at √ s = 6.86 GeV (upper figure) and 10.8 GeV (lower figure) with Regge curves. The data are events per 0.02 GeV^{−2}.

Figure 5.8 : ZEUS data[183] for γp → ρp with the standard Regge-model prediction. The lower t data are at √ s = 71.7 GeV and the higher-t data at 94 GeV.

Figure 5.9 : Total cross section for γp → ϕp with pomeron-exchange fit

Figure 5.10 : ρ density-matrix element Re ρ^0_{10} at √ s = 4.3 GeV for real photons (upper figure)[197] and at 45 GeV for ⟨Q^2⟩ = 0.41 GeV^2 (lower figure)[198]

Figure 5.11 : Photoproduction diffraction-dissociation cross section[200] at ⟨ √ s⟩ = 187 GeV (upper figure) and 231 GeV (lower figure). The lines, from the bottom upwards, are the reggeon-exchange contribution, its interference with pomeron exchange, pomeron exchange, and the total.

Figure 5.12 : π^0 photoproduction differential cross section[202] at, from top to bottom, E_γ = 6, 9, 12 and 16 GeV Figure 5.13 : Effective ω trajectory obtained from the π^0-photoproduction differential cross section. The line is α(t) = 0.44 + 0.92t as in figure 2.13. Figure 5.14 : Differential cross section[206] for γp → π^+n at, from top to bottom, E_γ = 5, 8, 11 and 16 GeV Figure 5.15 : Effective trajectory for γp → π^+n

Chapter 6

Figure 6.1 : Lowest-order diagram for the Drell-Yan reaction (6.21) in the QCD-improved parton model

Figure 6.2 : Pomeron-exchange corrections to figure 6.1: (a) produces no additional particles, but (b) does.

Figure 6.3 : Schematic behaviour of the vacuum energy density ϵ(B) as a function of a constant chromomagnetic field B according to (6.30)

Figure 6.4 : (a) QCD vacuum according to Ambjørn and Olesen[245]; (b) the ether according to Maxwell[246]

Figure 6.5 : Contributions to ⟨0|ψ̄(x)γ_μψ(x)|0⟩

Figure 6.6 : Graphical representation of (6.33). The lines ending in a cross represent operators, the vacuum expectation values of which have to be taken in order to arrive at (6.36).

Figure 6.7 : Lattice data[257] for D_‖ and D_⊥ defined in (6.49). The fits use the functions (6.50) for the nonperturbative part and a singular term 1/z^4 for the perturbative part. The solid line is the combined fit, and the dashed curve is the nonperturbative part alone.

Figure 6.8 : (a) Illustration of the non-Abelian Stokes theorem. (b) Magnification of the right hand side of (a).

Figure 6.9 : Contributions of the typically non-Abelian structure D (κ = 1) and of D_1 (κ = 0) to the nonperturbative part of the static quark-antiquark potential calculated from the stochastic-vacuum model

Figure 6.10 : Energy density in GeV fm^{−3} of a qq̄ pair. The unit in the horizontal directions is the correlation length. The separation of the qq̄ pair is 9 correlation lengths. (a) Colour-Coulomb contribution alone with α_s = 0.57 and (b) including the nonperturbative contribution.

Figure 6.11 : Integration path in the Borel plane for (6.74)

Figure 6.12 : Contributions to the renormalon in the Borel transform of the function D of (6.68)

Chapter 7 Figure 7.1 : Electron-proton scattering: the electron radiates a virtual photon q which strikes the proton p and breaks it up, forming a system X of hadrons Figure 7.2 : Forward virtual-Compton amplitude; see (7.3) Figure 7.3 : Parton-model description of figure 7.2. (b) is a part of (a), corresponding to the disconnected part of the lower amplitude. For large Q^2, the part (b) dominates.

Figure 7.4 : Data[290] for σ^{γ∗p}, defined by (7.6), at various values of Q^2, together with the real-photon data of figure 5.1 Figure 7.5 : The effective power λ(Q^2) of (7.11) extracted from H1 data[291] Figure 7.6 : Data[291] for the effective power of 1/x at Q^2 = 2.5, 15 and 60 GeV^2. The horizontal lines correspond to the values plotted in figure 7.5 and the solid lines to the two-pomeron fit described in section 7.4. Figure 7.7 : Examples of lowest-order contributions to quark and gluon evolution Figure 7.8 : Generalised gluon ladders summed by the BFKL equation Figure 7.9 : N-plane integration contour: (a) initially to the right of a pole; (b) moved past the pole; (c) moved past a branch point Figure 7.10 : The function K(M) of (7.23) Figure 7.11 : Fits to the coefficient functions f_0(Q^2) and f_1(Q^2) of (7.33) extracted from H1 and ZEUS data. The black points are for ϵ_0 = 0.36 and the white points are for ϵ_0 = 0.5.

Figure 7.12 : Regge fit to data for F_2(x, Q^2) for Q^2 between 0.045 and 5000 GeV^2. The parameters were fixed using only data for x < 0.001 and therefore Q^2 ≤ 35 GeV^2.

Figure 7.13 : Data for F^c_2 (x, Q^2) from Q^2 = 1.8 to 130 GeV^2. The curves are the hard-pomeron component of the fit to F_2(x, Q^2) shown in figure 7.12, normalised such that the hard pomeron is flavour-blind.

Figure 7.14 : Two-pomeron fit to F_2(x, Q^2) at various values of Q^2 (thick curves), with two-loop unresummed perturbative-QCD fit[317] (broken curves)

Figure 7.15 : Data for σ^{γp}. The upper curve is the extrapolation to Q^2 = 0 of the curves in figure 7.12; the lower curve omits the hard-pomeron term.

Figure 7.16 : Data for σ^{γγ} . The lower curve is the soft-pomeron/reggeon curve of figure 5.3; the upper curve has an additional hard-pomeron term. The data are explained at the end of section 5.1.

Figure 7.17 : (a) Next-to-leading-order evolution with Λ = 400 MeV of the hard-pomeron coefficient f_0(Q^2) (solid curve) and the fit (7.36) to the data (broken curve). (b) Evolution of the gluon structure function xg(x, Q^2) at x = 0.01.

Figure 7.18 : Gluon structure function xg(x, Q^2) at (a) Q^2 = 20 and (b) 200 GeV^2. In each case the thick line is the distribution as described in the text and the thin lines are the limits extracted by conventional nextto-leading-order analysis of HERA data[328,324].

Figure 7.19 : γ^∗γ^∗ scattering

Figure 7.20 : Quark-box contribution to σ^{γ∗γ∗}

Figure 7.21 : Data from OPAL[330–332] (black points), L3[333,334] (open points) and ALEPH[335] (crosses) for the photon structure function. The Q^2 values are approximately 2, 5, 10 and 18 GeV^2. The dotted lines are without the hard pomeron and the solid lines with a hard pomeron contribution included.

Figure 7.22 : γγ → charm: data from the L3 collaboration[336] with a fit using a hard pomeron and a reggeon component which are also shown separately

Figure 7.23 : σ^{γ∗γ∗} at Q^2_1 ≈ Q^2 ≈ 16 GeV^2 from L3 (black points[342]) and OPAL (open points[343]) with the calculation of the box diagram of figure 7.20

Figure 7.24 : γp → J/ψ p: H1 data[348] for (a) the total cross section and (b) the differential cross section. The fits are (7.66) with α_{IP0} (0) = 1.44 and α^′_{IP0} = 0.1 GeV^{−2}.

Figure 7.25 : γp → ρp: total cross section and differential cross section at √ s = 71.7 GeV (lower-t data[349]) and 94 GeV (higher-t data[350]). The lower curves correspond to soft-pomeron and f_2, a_2 exchange; the upper curves include also hard-pomeron exchange.

Figure 7.26 : γp → ϕp: total cross section[351] and differential cross section at √ s = 71.7 GeV (lower-t data[352]) and 94 GeV (higher-t data[350]). In each case the upper curve is the fit with hard and soft-pomeron terms and the lower curve is the soft-pomeron term.

Figure 7.27 : Cross section[353,348] for γ^∗p → ρp at (a), from top to bottom, Q^2 =2, 3, 5, 7, 11 and 20 GeV^2 and (b) at W = 75 GeV

Figure 7.28 : (a) Effective trajectory and (b) forward slope parameter for γ^∗p → ρp. Data from H1 (black points)[354,355,348] and ZEUS (crosses)[356, 353]

Figure 7.29 : Two-gluon exchange mechanism for γ^∗p → V p

Figure 7.30 : Data[363,364] for σ_L/σ_T in (a) γp → J/ψ p and (b) γp → ρ p

Figure 7.31 : Cross section[363] for γ^∗p → J/ψ p at Q^2 = 3.5 GeV^2 (upper points) and 10.1 GeV^2 (lower points)

Figure 7.32 : H1 and ZEUS data for σ(γ^∗p → V p) with factors 9:1:2:8 removed, plotted against Q^2 + M^2_V

Figure 7.33 : Data for Γ^V_{e+e−} with the factors 9:1:2:8:1 removed. Note the suppressed zero on the vertical scale.

Figure 7.34 : Data for J/ψ photoproduction; the solid curve corresponds to the two-pomeron fit (see figure 7.24a), and the thin curve to a calculation[368] of (7.71)

Figure 7.35 : Data for the r^5_{00} matrix element for γ^∗p → ρp from H1 (black points)[364] and ZEUS (open points)[373] Figure 7.1 : s-channel helicity-matrix elements in ρ^0 electroproduction[364, 373] showing that (7.77) is satisfied. The first ZEUS entry is from the low-Q^2 data, the second from the high-Q^2 data; see the text. Figure 7.36 : Theoretical curves[379] for large-t photoproduction of ρ (upper curve) , ϕ (dashed curve) and J/ψ (thick curve) Figure 7.37 : Diffractive electroproduction factorised as in (7.82) Figure 7.38 : H1 data[382] for the diffractive structure function F^{D(3)}_2 at β = 0.65 and Q^2 ranging from 7.5 to 45 GeV^2 Figure 7.39 : H1 data[381] for forward proton production (black points) and neutron production (crosses) at (x, Q^2) = (0.00010, 2.5), (0.00033, 4.4), (0.00104, 7.5) and (0.00329, 13.3) Figure 7.40 : pp collisions with a very fast proton in the final state: production of (a) a high-P_T jet pair and (b) W boson. Figure 7.41 : Diffractive dijet and trijet production Figure 7.43 : Diffractive dijet production[400]: Q^2, p_T , M_X , W, β and ξ distributions. The histograms are described in the text. Figure 7.44 : C = −1 exchange in γ^∗γ^∗ → η_c + η_c Figure 7.45 : Ladder diagrams contributing to the perturbative odderon

Chapter 8

Figure 8.1 : Exchange of two nonperturbative gluons between two quarks; (a) direct exchange and (b) crossed diagram.

Figure 8.2 : Two-gluon exchange in nucleon-nucleon scattering. Examples of diagrams with exchange of two gluons (a) between the same quarks and (b) where in one nucleon the gluons couple to separate quarks.

Figure 8.3 : (a) t-channel and (b) u-channel exchanges in quark-quark scattering

Figure 8.4 : Projection on to the (x^0, x^3) plane of the world lines of the quarks 1 and 2 moving at high velocity in positive and negative x^3 directions in Minkowski space

Figure 8.5 : Two lightlike lines on which the string operators V_± in (8.54) are evaluated. Their correlation function governs quark-quark scattering at high energies.

Figure 8.6 : Reaction (8.57) in the overall centre-of-mass system

Figure 8.7 : Figure 8.7 Wilson loops formed by the paths of quarks and antiquarks inside two mesons

Figure 8.8 : Wilson lines describing a baryon path in the three-body picture. The line from x_{(i)} to x^′_{(i)} represents the path for the quark labelled i. The line from x_h to x^′_h is the path for the central point of the baryon.

Figure 8.9 : Contribution of the non-Abelian correlator (κ = 1) and the Abelian correlator (κ = 0) to the total cross section of two quark-antiquark pairs, one with fixed radius 0.7 fm and one with radius R.

Figure 8.10 : The planar density ρ̃_γ (±1, 0, R) defined in (8.107) of a real photon (solid line), and the planar density of a meson (dashed line) corresponding to (8.108) with R_h = 0.68 fm multiplied by the factor 0.004

Figure 8.11 : Pomeron contribution at √ s = 20 GeV to the hadron-proton total cross section as a function of the hadron size. The curve is a prediction of the model with the parameter set (8.112).

Figure 8.12 : p p scattering at √ s = 23 GeV; the solid curve is obtained with parameter set (8.114). Experimental points are from [62].

Figure 8.1 : Values for the string tension σ_q and the vacuum parameters ⟨g^2F F ⟩, κ, a obtained with four methods. Underlined numbers are input. Errors on the other numbers are estimated to be about 10%.

Figure 8.13 : Differential cross section[436] for γ^∗ + p → ρ + p at Q^2 = 6 GeV^2 and √ s ≈ 20 GeV with data[449]

Figure 8.14 : Data[450,451] for e^+e^− → π^+π^− and[452] γ p → π^+π^− p as a function of the invariant mass of the two pions. The curve is from [436].

Figure 8.15 : (a) The function f(M) of (8.115). The dashed line is for the choice c_{ρ(770)} = 1, c_{ρ(1450)} = −0.1, c_{ρ(1700)} = +0.1 and the solid line for c_{ρ(770)} = 1, c_{ρ(1450)} = +0.1, c_{ρ(1700)} = −0.1. (b) In arbitrary units, the dipole-proton scattering amplitude (solid line) and products Rψ^∗_{2S} (R)ψ_γ (Q^2, 0.5, R) of a 2S wave function and the photon wave function for various values of the photon virtuality Q^2: long dash Q^2 = 0; short dash Q^2 = 1 GeV^2; dots Q^2 = 20 GeV^2.

Figure 8.16 : A next-to-leading-order contribution to the gluon ladder, the nonperturbative part of which gives rise to a soft-pomeron intercept larger than 1

Figure 8.17 : Forward-slope parameter b = b(s, 0) for p̄p elastic scattering. The solid curve is from the model of section 8.5, using the parameter set (8.112), and the dashed curve is from Regge theory with a linear pomeron trajectory (3.19). The experimental points are triangle[472], star[473], and box[52].

Chapter 9

Figure 9.1 : Interaction of a proton with a highly-energetic photon

Figure 9.2 : Dipole cross section[436] σ_{dip}(W^2, R, z) for various values of z, the longitudinal momentum fraction of the quark, at W ≈ 20 GeV. The solid curve is for z = 0.5, the dashed curve for z = 0.25 and the dotted curve for z = 0.

Figure 9.3 : The dimensionless quantity QR^2ρ̃_γ (λ, Q^2, R) for Q^2 = 1 GeV^2 (thick line), 10 GeV^2 (thin line), and 100 GeV^2 (dashed line). (a) u and d-quark contribution, transverse photon; (b) u and d-quark contribution, longitudinal photon; (c) charm-quark contribution, transverse photon; (d) charm-quark contribution, longitudinal photon.

Figure 9.4 : Combined u and d-quark contribution to the planar density ρ̃_γ (λ, Q^2, R) of a transverse photon (solid line) and a longitudinal photon with virtualities Q^2 = m^2_ρ (long dashed line), and the combined ρ and ω contribution to the right hand side of (9.22) at Q^2 = m^2_ρ (short dashed line).

Figure 9.5 : Dipole cross section σ_{dip}(W^2, R) (solid line) and the second Fourier coefficient σ_2(W^2, R) of (9.26) (dashed line) at W = 20 GeV

Figure 9.6 : Dipole cross section σ_{dip} and σ_{dip}/R^2 at x = 10^{−3} for different models; short dashes[497]; solid line[494]; long dashes[404]; dotted line[483]; dot-dashes[482]; dash-double-dots[495,496]

Figure 9.7 : Gluon density N̂(b, k_T ) as a function of k^2_T /Q^2_s for α_s = 0.2. Solid line: full expression (9.37); dashed line: asymptotic expansion valid for large values of k^2_T /Q^2_s, where Q^2_s is defined in (9.35).

Figure 9.8 : Scattering of a small dipole on a large nucleus with radius R_A at fixed impact parameter b

Figure 9.9 : Dipole cross section at R = 0.15 fm for the non-saturating model of [494] (solid line) and for the saturating model of [404] (dashed line)

Figure 9.10 : Contributions to structure functions at two values of x from the hard pomeron (solid lines) and the soft pomeron (dashed lines)

Figure 9.11 : The longitudinal proton structure function[328] F_L(x, Q^2) for Q^2 = 12, 15, 25 and 35 GeV^2. The solid line is the full result and the dashed line the hard-pomeron contribution.

Figure 9.12 : Integrated cross section for the reaction γ^∗ p → γ p. (a) at ⟨W ⟩ = 75 GeV; (b) at ⟨Q^2⟩ = 4.5 GeV^2. The data are from [507].