Reggeon exchange from AdS/CFT

Robi Peschanski SPhT, CEA Saclay

ICHEP Conference Amsterdam 24-31 July 2002 Amsterdam, 24-31 July 2002

In collaboration with Romuald Janik, UJ Krakow and NBI Copenhagen

Contents

• Introduction: A 35-years-old Puzzle • AdS/CFT Correspondence: Gauge

Fields/String Duality • Supergravity Duals of Scattering Amplitudes Elastic and Inelastic • Some Dual Calculations: Reggeization and Geometry • Conclusion and Outlook

A 35-years-old Puzzle A String Theory for Strong Interactions ? Strings ⇒ Gauge Fields ⇒ Strings 1968 ⇒ 1974 ⇒ 1998

A 35-years-old Puzzle

Scattering Amplitudes: are they 4-D String Amplitudes?

Problems before 1974 ... • Conformal anomaly: D=26,10 • Gauge, Gravitation in the spectrum: α_R = 1 , α_P = 2 • Zero mass asymptotic states • Strong Interaction Phenomenology: not quantitatively described ...And after 1974 • Where is QCD_4 in String Theory? • Can we elaborate a String Theory out of Gauge Fields: Cf. Polyakov

AdS/CFT Correspondence

• 1^{rst}Step : Duality Property for Conformal theories:

(Super)String / SU(N) Gauge Theory AdS Backg. / CFT (⇒ N_{SUSY} = 4) Weak coupling / Strong Coupling

• 2^{nd} Step: Duality extended to Confining Theories (Super)String / Confinement scale AdS Black Hole / N_{SUSY} = 2, 1, 0 Weak coupling / Strong Coupling

AdS_5 / CFT_4

More on AdS_5

• D_3-brane Solution of Super Gravity:

≡ low energy IIB SuperString ds^2 = f^{−1/2}(−dt^2+ ∑ 1−3 dx^2_i )+f^{1/2}(dr^2+r^2dΩ_5) “On-Branes×Out-Branes” f = 1 +

R^4 r^4

; R = 4πg^2_{Y M} α^{′2}N

• “Maldacena limit”:

α^′(→ 0) r(→ 0) → z , R fixed ⇒ g^2_{Y M} N → ∞ Strong coupling limit

ds^2 = 1 z^2

(−dt^2 + ∑ 1−3 dx^2_i + dz^2) + R^2dΩ_5 Background Structure: AdS_5 × S_5

Writing the Correspondence: Exemple of ⟨W ilson Lines⟩

⟨e^{iP} ∫ C ⃗A·⃗dl ⟩ = ∫ Σ e^{− Area(Σ)}α^′ ≈ e^{− Min.Area}α^′ × F luct. • Conformal case : AdS_5 ⟨W ilson Lines⟩ = e^{V (L)} ∼ e^{1/L} • Confining case : AdS − BlackHole ⟨W ilson Lines⟩ = e^{V (L)} ∼ e^L Conclusion: AdS/CF T a tool for Strong Coupling Gauge Theories

Supergravity Dual of Scattering Amplitudes • q − q( or q̄)scattering A(s, q^2) = 2is ∫ d⃗l e^{i⃗q·⃗l} ⟨W_1W_2⟩^{χ=log s/m2} L=|⃗l|

• Analytic Continuation: χ → iθ ; t → −it_{Eucl.} Conclusion: Helicoidal Geometry in Euclidean AdS Spaces

Elastic Amplitude • Dipole-Dipole scattering

A_P (s, q^2) = −2is ∫ d⃗l e^{i⃗q·⃗l} ⟨ W_1W_2 ⟨W_1⟩ ⟨W_2⟩ − 1 ⟩

• Minimal Area and Supergravity limit

Conclusion: Geometrical Transition Small vs. Large Impact Parameter

Inelastic Amplitude

• Exchanged quarks: τ-trajectory on “helicoid” ∫ Dτ ⟨W (1→3^′ →4^′ →2^′ →1^′)⟩_A [τ] e^{−2mLength[τ]}

• Inserting AdS/CFT: Summing over A, Gauge d.o.f.

⟨W (1→3^′ →4^′ →2^′ →1^′)⟩_A = e^{− 1}2πα^{′ Area[τ]}

⇒Helicoidal Geometry with boundary

Dual Calculations:

• Confining vs. non-Confining Geometry:

• Confining Geometry: ≈ Classical Helicoid t = τ cos θσ/L y = τ sin θσ/L x = σ

(11^′) + (22^′) −→ (33^′) + (44^′)

A_R(s, L^2) ∝ ⟨<out|S_F (3^′, 4^′)S_F (1, 3)S_F (4, 2)S_F (2^′, 1^′)|in>⟩_A • 1^{rst} order Path Integral S_F (X, Y ) = ∫_∞ 0 dT e^{−mT} ∫ DX^μ(τ)δ(Ẋ^2−1) I[X^μ(τ)] W_AẊ^μdτ • Fermionic Spin Factor I[X^μ(τ)] = P ∏ 1 + Ẋμγ_μ 2 = lim_{N→∞}

1 + Ẋ^μ(T )γ_μ 2 ... ... 1 + Ẋ^μ(^2_N T )γ_μ 2 1 + Ẋ^μ(^1_N T )γ_μ 2

More on Inelastic (2) Technics • Fermionic Spin Factor: τ(σ) ⊂ 3D I[Ẋ] → 1+Ẋ^μ(T )γ^μ 2 1+Ẋ^μ(0)γ^μ 2 · ( 1+Ẋ(T ) · Ẋ(0) 2 )_{−1} ⇒ 1 s • Minimization: Euler-Lagrange

A_R(s, L^2) = lim_{α′→0} ∫ Dτ e^{− 1}2πα^{′ Area[τ]} e^{−2mLength[τ]} ∂(Area−2mLength) ∂τ = 0 ⇒ √ 1 + ( θτ L )_2 = ∂τ(σ) ∂σ = 0 τ(σ)_{min} ≡ T = ±iL/θ • Minimal Area: Analytically Continued e^− 1 2πα′ eff Area[−iL/θ] = e^− iL2 4α′ eff θ −→ e^− L2 4α′ eff χ • Reggeon Amplitude: Classical Approx. A_R(s, q^2) ∝ s^{−α′eff q2} Linear Regge trajectory: α^′_{eff} → potential q-q;

‘classical’ 0 intercept

• Origin of Reggeization

Area^{AdS}_{min} = lim_{χ→∞} L/(L/χ) Area^{BH}_{min} = lim L × (L/χ)

Maths : Minimal Surfaces in AdS, AdS/BH, ...?

Beyond Classical AdS/CFT Fluctuations

• Fluctuations: “universal” prefactor e^− 1 2πα′ eff {Area+[L]^0α^′_{eff} +[L]^{−2}α^{′2}_{eff} ...} = A_{class.}(s, L^2)×e^{−[L]0} ×... • Exemple: Lüscher term ⟨W (T )⟩_A = e^{T V (L)} ∼ e^− T L 2πα′ eff · e^{πn⊥24 TL} ; n_⊥ ≡ #(0−modes_⊥) • Critical String : flat metric on helicoid {σ, τ ⇒ σ, ρ = L θ log θτ L + √ 1+ ( θτ L )_2 ∈ (±L/2, ±ρ(T ))

Results • Bosonic 0-modes : Polyakov action (det Δ)^{− D−22} = (det Δ)^{− n⊥2} ; Δ ≡ Laplacian • Fluctuation Factors: Inelastic case F luct.(ρ(T ) = −iπ/2) = e^{n⊥24 iθ} →_{(iθ→χ)} s^{n⊥24} Elastic case F luct.(ρ(T ) = −2iπ) = e^{n⊥96 iθ} →_{(iθ→χ)} s^{n⊥96} • Amplitudes Inelastic case ⇒ A_R(s, q^2) ∝ s^{n⊥24 −α′eff q2} Elastic case ⇒ A_P (s, L^2) ∼ s^{1+ n⊥96 −} α′ eff 4 q^2

• AdS-BH/CFT

n_⊥ = 7, 8 ⇒ α_R(0) ∼ .3 ; α_P (0) ∼ .08

Conclusions The 35-years-old Puzzle • String dimensionality: D → 4 + 1 + 5 • Gravitation : Decoupled • Phenomenology: α_R =0+^{n⊥}_{24} , α_P =1+^{n⊥}_{96} Some Problems ahead • Flavor/Spin dependence • Prefactors • Unitarity Deep Problems ahead • Dual of QCD? • Horizon ←→ Λ_{QCD}?

• Strings in AdS backgrounds • Proof of Duality Conjecture:

Some references...

——AdS/CFT———————-

• J. Maldacena, The Large N Limit of Superconformal Field Theories and Supergravity, Adv. Theor. Math. Phys. 2 (1998) 231;

S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge Theory Correlators from Non-Critical String Theory, Phys. Lett. B428 (1998) 105;

E. Witten, Anti De Sitter Space And Holography, Adv. Theor. Math. Phys. 2 (1998) 253; , Anti-de Sitter space, thermal phase transition, and confinement in gauge theories, Adv. Theor. Math. Phys. 2 (1998) 505.

• O. Aharony, S.S. Gubser, J. Maldacena, H. Ooguri and Y. Oz, Large N field theories, String Theory and Gravity, Phys.Rept. 323 (2000)183.

———Wilson Loops————— • J. Maldacena, Wilson loops in large N field theories, Phys. Rev. Lett. 80 (1998) 4859; BlueS.-J. Rey and J. Yee, Macroscopic strings as heavy quarks in large N gauge theory and anti-de Sitter supergravity, hep-th/9803001;

JJ. Sonnenschein and A. Loewy, On the Supergravity Evaluation of Wilson Loop Correlators in Confining Theories, JHEP 0001 (2000) 042.

• Y. Kinar, E. Schreiber, J. Sonnenschein and N. Weiss, Quantum fluctuations of Wilson loops from string models, Nucl. Phys. B583 (2000) 76.

———-HER and AdS/CFT————— • R.A. Janik and R. Peschanski, Minimal surfaces and Reggeization in the AdS/CFT correspondence, Nucl. Phys. B586 (2000) 163 , High energy scattering and the AdS/CFT correspondence, Nucl. Phys. B565

(2000) 193 , Reggeon Exchange from Ads/CFT, Nucl. Phys. B565 (2000) 193;

• M. Rho, S.-J. Sin and I. Zahed, Elastic Parton-Parton Scattering from AdS/CFT, Phys. Lett. B466 (1999) 199.

• R.A. Janik, String Fluctuations, AdS/CFT and the Soft Pomeron Intercept, Phys. Lett. B500 (2001) 118 ———-HER and QCD———-

• O. Nachtmann, High Energy Collisions and Nonperturbative QCD, hep-ph/9609365.

• E. Meggiolaro, The high–energy

quark–quark scattering: from Minkowskian to Euclidean theory, Z. Phys. C76 (1997) 523 ——————World-lines—————–

• , R.P. Feynman Mathematical

Formulation Of The Quantum Theory Of Electromagnetic Interaction, Phys. Rev. 80(1950) 440

• A. M. Polyakov, Fermi-Bose

Transmutations Induced By Gauge Fields, Mod. Phys. Lett. A3 (1988) 325.

• G. P. Korchemsky, Quantum geometry of Dirac fermions, Int. J. Mod. Phys. A7 (1992) 339; , Quantum Geometry Of The Dirac Fermions, Phys. Lett. B232 (1989) 334.

—-QCD and Potential—————-

• M. Lüscher, K. Symanzik and P. Weisz, Anomalies Of The Free Loop Wave Equation In The Wkb Approximation, Nucl.Phys. B173 (1980) 365.

O. Alvarez, The Static Potential In String Models, Phys.Rev. D24 (1981) 440.