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High Energy Near-Forward Scattering:!

Regge Behavior 

5 

Total Cross Sections  

•  Exchanging C=+1 color-
singlet “state” with  

•  Exchanging C=-1 color-singlet 
“state” with (??) 

•  Weak-coupling: BFKL, etc. 

•  Non-Perturbative QCD?   
Answer: AdS/CFT, or 
Gauge/String Duality. 

 Experiments Suggest: 
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The QCD Pomeron 
In gauge theories with string-theoretical dual 
descriptions, the Pomeron emerges 
unambiguously. 

Pomeron can be associated with a Reggeized 
Massive Graviton. 

Both the IR (soft) Pomeron and the UV (BFKL) 
Pomeron are dealt in a unified single step. 


   R. Brower, J. Polchinski, M. Strassler, and C-I Tan, 
“The Pomeron and Gauge/String Duality”, (hep-th/0603115.) 



•   New Questions: Unitarity, 
Saturation, Confinement, 
Froissart, etc.? 

•  C=+1: Pomeron   <=> Graviton: 

•  C=-1: Odderon <=> Kalb-Ramond 

Gauge/String Duality: 
QCD at Strong Coupling 



•  Saturation? (equality) If so, can C be calculated? 

•  Events and/phase space responsible for                        ? 

•  Does AdS/CFT provide a generic mechanism for                      ? 

Froissart bound:


Questions:




Outline

•  Gauge/String Duality


•  Pomeron/Odderon as “Fluctuations” in AdS space


•  Graviton/Odderon in AdS becomes a fixed Regge Cut: ( Conformal 
Invariance )


•  Pomeron/Odderon as a Reggeized Massive Graviton/Kalb-Ramond 
fields: (Confinement ) 


•  Aspects of Analyticity, Unitarity and Confinement


•        Conformal Invariance and Transverse Space,


•        Phase of Eikonal, Saturation, Confinement. 




II: Gauge/String Duality 
QCD Pomeron as “metric fluctuations” in AdS 


   Strong <==> Weak duality 


   Geometry of AdS/CFT and Scale Invariance  


   High Energy Scattering 


   Confinement and Glueball Spectrum  


   Pomeron as Reggeized Massive Graviton 



IIa: Degrees of Freedom 
Weak Coupling:!

Gluons and Quarks:!
Gauge Invariant Operators:!

Strong Coupling:!
Metric tensor:!
Anti-symmetric tensor (Kalb-Ramond fields):!

Other differential forms:!
Dilaton, Axion, etc.!



10 

Bulk Degrees of Freedom from 
type-IIB Supergravity on AdS5: 

IIb: 

Supergravity limit 


  Strong coupling 

  Conformal 

  Pomeron as Graviton in AdS 



One Graviton Exchange at High Energy 

•  Draw all “Witten-Feynman” 
Diagrams in AdS5, 


•  High Energy Dominated by Spin-2 
Exchanges:


•  Strong Coupling Pomeron has 

•  Need to consider         finite. 
•  For QCD, needs confinement to introduce a scale. 



IIc: Geometry of AdS/CFT and Scale Invariance 

Add Confining IR wall! 

Cutoff AdS5 

Large Sizes 

z=1/r, 



II-d: Pomeron Propagator at Finite Coupling    : 

due to Diffusion in AdS (next section) 

•  Pomeron becomes cut at 

•  Conformal: No scale and No Regge 
trajectory 



II-e: Confinement Deformation: Glueball Spectrum 



Approx. Scale Invariance and the 5th dimension 

r  ! 1
r 
rmin 

r-Δ


r-Δ


rΔ -4 

Hadron Glueball Massive Onium Current Φ(r) 

IR WALL 

==> Hard Scattering (Polchinski-Strassler) 



QCD Pomeron <===> Graviton (metric) in AdS 
Flat-space String 
 Confinement


Conformal Invariance
 Pomeron in AdS Geometry

Fixed cut in J-plane:


Weak coupling:

(BFKL)


Strong coupling:Te




III: Pomeron as 
Diffusion in AdS !



⇐    Diffusion in Impact Space


Flat Space  String Scattering -- Regge Behavior
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Diffusion in AdS


AdS, C=+1: 

with


Effective Schrodinger Equation:


Fixed cut in J-plane:


Weak coupling:

(BFKL)


Strong coupling:Te
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Hardwall Regge Spectrum and Cut 



Pomeron in QCD 
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Emergence of 5-dim AdS-Space 
Let    z=1/r,           0 < z <  z0,    where     z0 ~ 1/Λqcd        



Summary: Pomeron in QCD 
Glueball 

Text 



The QCD Pomeron 

In gauge theories with string-theoretical dual 
descriptions, the Pomeron emerges 
unambiguously. 

Pomeron can be associated with a Reggeized 
Massive Graviton. 

Both the IR (soft) Pomeron and the UV (BFKL) 
Pomeron are dealt in a unified single step. 
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Unification 
•  Soft Pomeron: Diffusion in Impact space, 
Hard Pomeron: Diffusion in Virtuality, 

•  Heterotic Pomeron -- G. M. Levin and CIT  
(ISMD--1993) 

•  After nearly15 years, Unification through 
AdS/CFT Correspondence via AdS5 
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•   Pomeron is the Graviton in Curved Space (AdS) 



IV: Odderon in AdS 

 Massless modes of a closed string theory:  
metric tensor,  

Kolb-Ramond anti-sym. tensor,  
dilaton, etc. 
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flat-space expectation


Massless Modes at t=0
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Massless Modes in Flat-Space String Theory
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Diffusion in AdS


AdS5, C=+1: 

AdS5, C=-1: 

Flat Space: 
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Gauge/String Duality: Conformal Limit 

•  C=+1: Pomeron   <===> Graviton 

•  C=-1: Odderon <===> Kalb-Ramond Field 



V. Gauge/String Duality Beyond 
Pomeron!


   Sum over all Pomeron graph (string 
perturbative, 1/N2)!


   Eikonal summation in AdS3 !


   Constraints from Conformal Invariance, 
Unitarity, Analyticity, Confinement, etc.!


   “non-perturbative” (e.g., blackhole 
production)!



•   Eikonal Sum: derived both via Cheng-Wu or by Shock-wave method


•  Saturation:


•  Universality:


transverse AdS3 space !!




r  ! 1
r 
rmin 

r-Δ


r-Δ


rΔ -4 

Hadron Glueball Massive Onium Current Φ(r) 

IR WALL 

By choosing wave functions,    ,  can treat

DIS, Onium-Onium, Proton-Proton, etc., on equal footing. 


•  Universality:
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•  Phase space:  

•  Conformal Invariance:  

Saturation:




Unitarity:

• Local Scattering in AdS3 of  “String Bits” or “Partons”


•  “Parton-Hadron Duality”: Equiv to Multi-Channel eikonal 
for hadrons in 2-dim Impact Space


•  For eikonal real, quasi-elastic scattering only, and no 
scattering into “long-string” states, (i.e., no soft 
multiperipheral jets.)




• Generalized Cutting Rules


• Real World:   j0 ~ 1.5  and λ ~ O(1)


• Inelastic Production


• With J ~ 2, eikonal predominantly real:




Analyticity:

•   Amplitude is crossing even.


•  With λ large, Amplitude has a Large Real Part.  Purely 
real at λ →∞.


•   Need to know both Re [K] and Im [K] for all s>0. 


•  Im [K] can be found more easily.   Re [K] can be found 
by Derivative Dispersion Relation.




•  Im [K] can be evaluated analytically, exhibiting 
Diffusion in AdS3, with diffusion time,  τ ~ log s .


•  With λ large, derivative dispersion relation simplifies,


•  Re [K] can again be expressed simply as




Use the condition:


Scattering in Conformal Limit: 

No Froissart


Elastic Ring:


Inner Absorptive Disc:


Inner Core:  “black hole” production ?




With Confinement: 

Unitarity, Confinement and Froissart Bound


discrete spectrum 

Mass of the lightest tensor 
Glueball provides scale


Elastic Ring:


Absorptive Disc:


Inner Core:




Saturation of Froissart Bound 
•  The Confinement 

deformation gives an 
exponential cutoff for 
b > bmax ~c log (s/s0), 


•  Coefficient c ~ 1/m0,  
m0 being the mass of 
lightest tensor glueball.


•  There is a shell of  
“conformal region” of 
width 


Froissart is respected and 
saturated.


Disk picture


bmax


bmax determined by confinement. 
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VI. Summary and Outlook 


   Provide meaning for Pomeron non-perturbatively 
from first principles. 


   Realization of conformal invariance beyond 
perturbative QCD 


   New starting point for unitarization, saturation, etc. 


   Phenomenological consequences, Diffractive Higgs 
production at LHC (in progress). 
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Pomeron and Odderon


AdS/CFT Dictionary
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Remarks on AdS3 Propagator: 

•   Large λ  ⇒  j ~ 2. 

•  λ infinite, s large and fixed  ⇒  j=2, and Graviton exchange 

•   λ and s infinite,                           ⇒     Pomeron exchange, in        
order to resolve “fine structure”, with   

•  Conformal Invariance, a function of a single AdS3 invariant. 



Strong Coupling Pomeron Propagator--
Conformal Limit!

•  AdS-3 propagator:!

•  BFKL kernel:!



Spin-Dimension Curve!

λ = 0 Anomalous Dim=0 λ = 0, BFKL 

(4,2) and (0,2) have zero anomalous dimension 

inversion symmetry:  Δ  4 - Δ  
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J vs DGLAPP Curves 


