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Plan of lectures:
1.  Introduction.

S-matrix. Cross sections. Kinematics.
Crossing. Mandelstam variables.
Unitarity and optical theorem.
Partial wave expansion.
Analyticity and dispersion relations.
Gribov-Froissart representation.
Froissart theorem.
Pomeranchuk theorem.



Plan of lectures
2. Regge poles.

The reggeon concept.
Complex angular momentum method.
Properties of reggeons.
Pomeron.
Regge poles in QCD. 1/N-expansion.
Pomeron in QCD and glueballs.



Plan of lectures
3. Reggeon calculus and multi-particle 

production.
s-channel picture of reggeons.
Regge cuts and their properties.
AGK-cutting rules.
Multi-particle production and topological 
expansion.
Quark Gluon Strings Model.
Comparison with experiment.



Plan of lectures
4. Hadronic physics at LHC.

Small-x physics and “saturation” of partons.
Interactions of pomerons.
Diffractive processes and exclusive Higgs 
production.
Predictions for LHC.
Conclusions.
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R.J.Eden, P.V.Landshoff, D.I.Polkinghorne. The 
analytic S-matrix. 1966.
P.D.B.Collins. An introduction to Regge theory and 
high energy physics, 1977.
A.B.Kaidalov. Regge poles in QCD. At Frontiers of 
Particle Physics.vol.1, 609.
A.B.Kaidalov. Pomeranchuk singularity and high-
energy hadronic interactions, Usp. Fiz. Nauk, 46, 
1153 , 2003.



S-matrix formalism.



Cross sections.







Lorentz invariance.



Crossing.



Mandelstam plane.





Unitarity of S-matrix.



Partial wave amplitudes.



Unitarity for partial waves.



Analyticity.







Dispersion relations.









Gribov-Froissart representation.







Froissart theorem.







Pomeranchuk theorem.

( ) ( )(Re ( ,0)/ln( )Im ( ,0) 0)T s s T s− − →









There are no experimental indications on 
possible violations of the Pomeranchuk
theorem at present



Lecture 2
Regge poles



The reggeon concept.









Complex angular momentum method.



















Properties of reggeons.







Bosonic and fermionic Regge poles.





Spectrum of mesons.



Linearity of the effective ρ-trajectory 
up to t ≈ -2 GeV² from π-p π0n . 



Spectrum of mesons



Spectrum of strange mesons.



Spectrum of baryons.



Spectrum of hadrons

Linear Regge trajectories with daughters shifted 
by integers.   

Isospin and exchange degeneracy.
Parity doublets on daughter trajectories.
These properties of spectrum naturally appear 
in the string picture of hadrons.

( ) (0)t tα α α′= +



Pomeranchuk pole (pomeron).
In Regge pole model

and poles discussed above  with αi(0) < 1 give 
decreasing contributions to total cross 
sections. Experimentally

total cross sections increase as energy 
increases. To describe this behavior a

Special Regge pole – pomeron was introduced.
For αP(0) =1 ηP(0)=i,   i.e. P-contribution to
amplitude is purely imaginary.



Pomeron.
Pomeron has vacuum quantum numbers I=0, 
C=+, P=+, σ=+ and sometimes is called 
“vacuum” pole.

It automatically satisfies Pomeranchuk
theorem.

For αP(0) =1                         as
Both experiment and theory indicate that 
pomeron is “supercritical” : αP(0) >1. 
Problems with unitarity are solved by Regge
cuts (see below).

s→∞( )tot Constσ →



Regge poles in QCD.

Large distance phenomenon. 
Nonperturbative methods should be used.

▪ 1/N – expansion in QCD.      H.t`Hooft,
G.Veneziano

Expansion of amplitudes in terms of the 
small parameter 1/N, where N=Nc≈Nf.

Diagrams are classified according to their 
topology.

The first term – planar diagrams.



Planar diagrams.
Exchange by valence 
quarks in the t-channel.
At large energies they
correspond to ρ,ω,f,.. 

exchanges.
Contributions to total 
cross sections decrease 
as ( (0) 1) 1/Rs sα − ≈



Many consequences of planarity for reggeons.
In particular isospin and exchange degeneracy
Example of ππ-scattering. No planar diagrams
For π+π+ interaction and 

From this follows an equality of intercepts

Using Kπ, KK-scattering and nonzero t prove:

( ) ( ) Im( ( ,0) ( ,0)) 0pl
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2
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These results agree with experiment



All vertices are expressed in terms of a 
single function g(t). From planarity of 
diagrams for reggeons and space-time
picture of interaction: annihilation of 
valence quarks of colliding hadrons, 
formation and breaking of a color tube, it is 
possible to obtain many predictions for 
differences of total cross sections, masses 
of hadrons and widths of resonances in a 
good agreement with experiment.

1/N-expansion works well.



Calculation of Regge trajectories in QCD.
Difficult nonperturbative problem.
The method of Wilson loop path integral was 

used for calculation of         and gg-states.
A.Yu.Dubin, A.K., Yu.A.Simonov

The main assumption is the minimal area low 
for Wilson loop at large distances

where σ is the string tension, σ=σf for quarks 
and σ=σadj=9/4 σf  for gluons.

qq

minexp( )W Z Sσ< >= −



Effective Hamiltonian



μ - effective quark (gluon) energy
ν – energy density of the string.

The mass spectrum of H0 with a good 
accuracy is described by a very simple 
formula

Linear Regge trajectories with “daughters”
like in string models

2 2 ( 2 )rM L n Cπσ= + + ; 1.55C ≈

1 / 2α πσ′ =



With account of spin 
effects, perturbative
interactions and quark 
loops spectrum of 
hadrons is well 
described.



Pomeron in QCD
There are reasons to believe that Pomeron

in QCD is related to gluonic exchanges in 
the t-channel.

The simplest 2-gluons exchange leads to 

In QCD perturbation theory
The ladder-type diagrams are
Important – BFKL Pomeron.

reggeized gluons

2 1 1P gSα = − =



In LO 

Leads to too fast increase of cross sections.
Large NLO corrections

÷0.3
The leading pole is sensitive
to soft physics.

What is the role of nonperturbative effects?
Are there glueballs on the Pomeron trajectory?

( ln )n
s sα

12ln2(0) 1P sα α
π

Δ≡ − = 0.5≈

0.15Δ =



Pomeron and glueballs.
The spectrum of glueballs (gg-states) was 

calculated in the Wilson loop approach.



Pomeron trajectory and mixing with 
reggeons.

The leading glueball trajectory
due to spin of gluons

Confining forces decrease intercept of gg
singularity from the born value α=1.

In the small t region bare gg and          -
trajectories cross and mixing is important.

Mixing between 3 bare Regge trajectories
with vacuum quantum numbers: P,f and f’.

( )( ) 2np
P Pt C tα α ′=− + + ←

( ) (0) 0.5np
Pα ≈

qq





After account of mixing and small distance 
perturbative dynamics

1.15÷1.25
Note that physical pomeron contains both 

soft and hard effects.
Very rich physics of the Pomeron:
Confinement and glueballs, quark-gluon 

mixing, semihard interactions.

(0)Pα =



Pomeron in 1/N-expansion.
In 1/N-expansion the Pomeron corresponds 

to the cylinder-type diagrams.

nb - number of boundaries,
nh – number of holes 

1 /plT N∼ 21 /cylT N∼

2
,
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Lecture 3
Reggeon calculus and 
multiparticle production



Impact parameter picture of Regge-
exchange





s-channel picture of reggeons.



























Diffractive production of hadrons in Regge
theory.



Kinematics.









Regge cuts and their properties.







Gribov`s method of evaluation of 
moving cuts contributions.













The diagrams with elastic rescatterings only

can be written in the closed form in the 
impact parameter space



Eikonal approximation.
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Account of low-mass diffraction.

For resonances in intermediate states  δP 

is a matrix in the space of diffractive 
states: multi-channel eikonal.
“Quasieikonal” approximation:

corresponds to maximum inelastic 
diffraction consistent with unitarity.



AGK-cutting rules.
What are multiparticle configurations in the 

s-channel, which correspond to moving 
cuts contributions?

All possible “cuttings” should give ImT

















Multiparticle production and 
topological expansion.

Cuttings of many pomerons in 1/N- expansion
correspond to multi-chain configurations

Extra chains due to sea-quarks or gluons in 
colliding hadrons



Quark-Gluon Strings Model.
Models of multi-particle production, based 

on reggeon calculus, 1/N-expansion and 
string dynamics:
Dual Parton Model (DPM) – Orsay,

Quark-Gluon Strings Model (QGSM) – ITEP
AGK-cutting rules determine the weights of 
2k-chains configurations.

Rapidity and multiplicity distributions of final 
hadrons in chains can be determined 
theoretically.















Constraints due to energy-momentum, S, B, 
Q,.. conservation allow one to fix 
parameters in many cases.
No free parameters!
The model has correct double (x 0) and 
triple (x 1) Regge limits.
Multiplicity distribution for a single cut 
Pomeron is of Poisson-type. Summary 
distribution is much broader.



Comparison with experiment.
Parameters of the model are 

determined from the data 
on                and ( ) ( )tot sσ ( ) /eld dtσ

∆=0.12÷014

















QGSM gives a unified description of:
,                      ,                      

for                                                  
, correlations,…

Substantial deviations from predictions of 
the model at superhigh energies would 
indicate to a new physics.    

( ) ( )tot
hp sσ

3

3

dE
d p

σ( )e ld
d t
σ

0 0, , ( ), , , , ,..K K K p pπ± ± Λ Λ
( )n sσ



Lecture 3
Hadronic physics at 

LHC



Small x-physics and “saturation”
problem.

Fast increase of the 
structure function F2 

in deepinelastic scattering 
as x 0 (                 ).

This fast increase should 
be stopped by unitarity
effects.



“Saturation” problem.
From DIS data distributions of quarks
and gluons are extracted.



“Saturation” problem.
It is reasonable to assume that at very small x
the increase of parton densities will be 

stopped and “saturation” will be achieved.
It is important to
determine the border
of the saturation 
region Qs(x).
“Color glass condensate”
in PQCD. 

L.Mc Lerran et.al.



“Saturation” problem.
Saturation is achieved earlier for nuclei, 

where densities of partons are higher
(by           at fixed impact parameter).

This phenomenon is very general and in 
reggeon theory is due to multi-pomeron
contributions. In the reggeon calculus 
approach it is possible to describe F2 in a 
broad region of Q² starting from Q²=0.
CFKS

1 / 3A





Interactions of pomerons.
Shadowing effects for partons as x 0 are 

especially important at superhigh energies 
(LHC, cosmic rays) as                      .

This problem is closely related to existence 
of large-mass diffraction and to interactions 
between pomerons (“enhanced diagrams”).

2

1 2
Mx x
s

=



Large mass diffraction and 
“enhanced” diagrams.

For large masses M²» 1 GeV²

Triple-pomeron and n 2 pomeron vertices. In 
general there are n m P vertices         .
In eikonal approximation

This is natural from point of view of t-channel 
unitarity.

n
mg

n n m
mg Cg +=



Relation of diffraction to pomeron interactions

In 1/N-expansion correspond to the diagrams



Different approaches to the theory of 
interacting pomerons.

Theory of supercritical pomeron with
triple-pomeron interactions is studied
since 70-ies          D.Amati et al (1976)

It is not clear that such theory is consistent with s 
and t-channel unitarity.
Partonic interpretation indicates that 4P-
interaction is necessary for consistency. 

K.Boreskov (2001)
S.Bondarenko et al (2006)



Different approaches to the theory of 
interacting pomerons.

Summation of all enhanced diagrams
with                    has been performed by 

A.K., K.Ter-Martirosyan, L.Ponomarev (KT-MP) (1986).
Good description of pp

total cross section, elastic scattering
and σsD with ∆=0.2. Correct predictions of 

single diffraction dissociation cross section
for Tevatron.

n n m
mg Cg +=



Diffractive processes and exclusive 
Higgs production.

Note a substantial
increase of ∆ compared
to ∆eff. Triple-pomeron
coupling is about 3
times larger than the
effective one.

Important role of 
limitations on rapidity
gaps  δy > y0.



Description of large mass diffractive
production.

Detailed description of large mass diffractive 
production with account of multi-pomeron
exchanges in a simplified model    

M.Poghosyan et al (2007)
Single diffraction              Double diffraction

P, R-exchanges are taken into account



Description of data on single DD



Description of data on double 
diffraction production.



Hard diffraction.
Regge pole approximation for hard 

diffraction



Unitarity effects for hard diffractive 
processes.

Both Regge and QCD factorizations of the lowest 
order diagrams are strongly broken due to 
multipomeron exchanges (unitarity effects).



Same effects  for double gap configurations.



DPE Higgs production.
Central exclusive production of a Higgs 
boson at very high energies.





Higgs production at LHC



Survival probability.
A value of suppression of cross section of 
diffractive production process compared to 
the “born” (Regge pole exchange) 
approximation is often called “survival 
probability” - S².
In the eikonal approximation:

-probability  
not to produce particles
(to fill the gap)

( ) 4 ( , )Pb i s bδΩ ≡ −



Consequences of unitarity effects.
Generalization to several channels is
straightforward.
Strong suppression of inelastic diffraction 
in the region of small b,

where Ω»1. Inelastic diffraction occur
at the periphery of interaction region,
where nonperturbative effects are essential.



Suppression in diffractive Higgs 
production.

From V.Khoze, A.Martin,
M.Ryskin (KMR) (2007)
Double pomeron
Higgs production
at LHC is effective
for b > 1fm.
Suppression  for 
different processes is 
not universal.



Suppression of diffractive dijets at 
Tevatron.

Suppression in hadronic
interactions is due to 
multipomeron exchanges. 
V.Khoze et al ( KKMR)

describe CDF data in multi-
channel eikonal model.
Important for Higgs 
production at LHC.



Role of diagrams with interactions of 
Pomerons. 

How large are extra 
shadowing effects due to 
pomeron interactions?

a) Small for H due to
threshold effects.
KKMR (2001)

b) Can be substantial.
PQCD estimate by
J.Bartels et al (2006)



Recent calculations of rapidity gap 
survival.

Durham group KMR (2007) approach
Multi-P vertices

Different approach by Tel-Aviv group
E.Gotsman, E.Levin,U.Maor,J.S.Miller (2008)(GLM)
Motivated by PQCD pomeron, only diagrams
with triple-pomeron interaction 
are considered (besides 2-channel
eikonal).
For pp σtot, dσel/dt, σSD, σDD 
are described.     ∆=0.33

n n m
mg Cnmg +=



Role of enhanced diagrams.

Recent calculation of
S²enh by KMR (2008).
Threshold effects play 
an important role.
S²enh can be essential 
for soft processes.



Bounds on S²enh from experiment.
From analysis of CDF data on diffractive dijets one 
can conclude that effects due to enhanced 
diagrams do not exceed 50%.
Same conclusion follows from analysis of HERA 
data on spectra of leading neutrons.

KKMR (2006)



Bounds on S²enh from experiment.

Most direct test of
the role of enhanced
diagrams in DPE
exchange is provided
by the data on central, 
exclusive diffractive 
double jet production at 
Tevatron



Predictions for LHC.
Qualitative predictions:



Qualitative predictions.



Predictions for LHC.



Predictions for LHC.



Charged particles multiplicity (QGSM calc. by M.Poghosyan)



Meson production (QGSM calc. by M.Poghosyan)

−+ ππ &

−+ ππ & −+ KK &



Problems and new developments.
It is necessary to formulate Monte Carlo for 

multiparticle production, which includes all 
essential diagrams with interactions of 
pomerons and gives description of x 0 
region in DIS.

Existing Monte Carlo:
DPM jet, Phojet J.Ranft, R.Engel
QGSM ( with string fusion)      N.Amelin et al.
Nexsus K.Werner et al.
QGSjet S.Ostapchenko



Conclusions
Notion of Regge pole is “one of the stable 
truth” in particle physics.
Striking linearity of Regge-trajectories is 
related to the confinement in QCD and is a 
basis of string models of hadrons.
1/N-expansion in QCD is a very useful tool.
Reggeon formalism is a universal approach 
to investigation of high-energy interactions 
of hadrons and nuclei.



Conclusions.
The pomeron is the main building block of 
the reggeon approach. It has a rich 
dynamical structure in QCD.
Many-pomeron exchanges are important for 
understanding high-energy interactions.
Models based on reggeon calculus and 1/N 
–expansion in QCD give a good description 
of experimental data on interactions of 
hadrons, nuclei and small-x DIS.



Conclusions.
Study of diffractive processes gives an 
important information on dynamics.
Central exclusive Higgs production at LHC 
is a useful tool for studying Higgs 
properties.
Many predictions for pp-interactions at 
LHC are formulated and will be soon 
tested experimentally.
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