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Despite the enormous successes of Quantum Chromodynamics, there remain a number of 
deep questions to be answered in the domain of strong interaction physics. These concern first 

of all small momentum transfer processes which are generically called soft interactions.

Welcome to the world of difficult physics

Paul Hoer,
Francesco Giovanni Celiberto
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Ways to estimate the probability that rapidity gaps, which occur in ‘hard’ diffractive events, survive rescattering effects,

Why it is important to study   soft and diffractive processes

soft interactions  give an underlying component to rare ‘hard’ events, from which we hope to extract signals for New Physics

an understanding of diffractive processes is very important for the evaluation of pile-up backgrounds in high-luminosity pp collisions, 
which have a direct impact on various experimental measurements 

studies of diffractive processes should help in the understanding of the structure of high-energy cosmic ray cascades, which 
requires detailed knowledge of the spectra of particles carrying a large fraction x of the incoming momentum in proton-air and 
nucleus-air interactions
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The  cross-sections are (normally) large, and we do not need high luminosity.
Special ( high        )  optics is required.

Pile-up at high instantaneous    luminosity. 

Tanguy Pierog
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At high collision energies soft interactions play a dominant role.

Unfortunately, soft interactions cannot be described in terms of PT QCD.

These are non-perturbative phenomena related to confinement which are 
generally considered in terms of S –matrix based on first principles, such as

analyticity, crossing symmetry and unitarity of partial waves.

The most self-consistent way is the Regge approach.

It is based on singularities of scattering amplitudes in the complex angular momentum j-plane.

This could be matched with PT QCD calculations at larger momentum transfer.

Within perturbative QCD there is a Pomeron: an even-signature singularity in the j-plane with vacuum 

quantum numbers.

Grigorios Chachamis
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Theoretically, high-energy diffraction may be studied from 
either the s-channel or the t-channel viewpoint.

Review of Particle Physics, Particle Data Group,

20. High Energy Soft QCD and Diffraction
V.A. Khoze , M.G. Ryskin and M. Taševský 

PTEP 2022 (2022) 083C01

Diffractive events have properties similar to those of the well-known from optics pattern of diffraction of a 
beam of light on an obstacle. By analogy, in high-energy physics, the corresponding processes are usually 

called diffractive. 
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Fundamental interest. 

Hopes  to distinguish
between the different theoretical asymptotic scenarios for HE interactions.

Practical interest. 

(currently  available data are still  not decisive)

Underlying events, triggers, calibration, number of interactions per bunch crossing..
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Studies of  Soft Diffraction at the LHC

Rich testing ground for the dynamics of Soft Interactions
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(pre-LHC)
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(2011)

10

in the first LHC runs 
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Tanguy Pierog
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Paul Newman

matter of 
convention
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Experimental signature - presence of:

intact leading protons

Large Rapidity Gaps

(also EW exchanges)

The large interval of rapidity is   devoid of any hadronic activity-LRG

(pseudorapidity)

rapidity

All these events have properties similar to those of the well-known from optics pattern of diffraction of a 
beam of light on an obstacle. By analogy, in high-energy physics, the corresponding processes are usually 

called diffractive. 

DIFFRACTIVE PP scattering PROCESSES
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Intact leading protons 

Typically at the LHC the integrated cross sections of diffractive dissociation, σSD, σDD, are 
of the order of 5–10 mb depending on the gap size.
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Regge poles,cuts

DD, DPE

Current  theoretical models for soft hadron
interactions are still  incomplete, and their 
parameters are not fixed, in particular, due to lack of HE 
data on Low-Mass diffraction.  

Recent  (RFT-based)  models allow   reasonable 
description of the data in the
ISR-LHC range:

The differences between the results of other
existing models wildly fluctuate.

P P P

Reggeon Field Theory, Gribov- 1986

Diffraction through the    

theorist’s eyes.
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ALFA

104.2 mb at 13 TeV  

TOTEM σtot = (110.5±2.4)mb

Good description of the low-t region

In agreement with the recent LRK-24 paper.

2017

2023

charge-parity C-even amplitude
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Unitarity plays a central role in diffractive processes.
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denotes a cut in s-channel between incoming and 
outgoing particles

s-channel unitarity of the S-matrix
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eikonal

so-called survival factor, which enables us to calculate the probability that the LRG survives soft rescattering.

fixed b corresponds to a particular 
partial wave l,   l=

the complete dominance of elastic scattering

the s-channel unitarity relation is diagonal in the b-basis
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At high energies, the s-channel unitarity relation is diagonal in the b-basis

disc T denotes a cut in the s-channel between incoming and outgoing particles as visualized by crosses 
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Diffraction dissociation - a quantum mechanical process caused by the fact that different components of the 
incoming hadron wave function have different probabilities for interaction with a target 
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The lifetimes of each Fock component 

are large

p
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Diffractive  events are just the elastic scattering of ‘Good-Walker’ eigenstates  

orthogonal matrix  a

the individual components of the incoming proton wave function interact differently with the target

Each hadronic constituent can undergo a scattering with its own probability and thus 

destroys the coherence of the fluctuations. As a result, the outgoing superposition of 

states will be different from the incident particle, and will most likely contain multiparticle 

states, so we will have inelastic, as well as elastic scattering.

M. L. Good and W. D. Walker,(1960).
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Here the average is taken over the components k of the incoming proton which dissociates
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the average is taken over the components k of the incoming proton which dissociates. 

If the averages are taken over the components of both of the incoming particles, then we arrive at the sum 

of   the cross sections for SD and DD

Under the assumption that amplitudes F k at high energies cannot exceed the black disk limit, Im F k < 1 

(the Pumplin bound) 

(Strictly speaking, the proof of the Pumplin bound is justified only for low mass dissociation, with no overlap of GW states )

∎
∎
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above Tevatron energies, the secondary Reggeon contributions (which all have intercepts                             are highly 
suppressed, which enables us to study the properties of the Pomeron only.
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Simplest  singularities-
isolated poles at 

29



30

Reggeons-the same quantum 
numbers as resonances
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The pole with the largest intercept
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the opacity corresponding to the exchange of one Pomeron is at HE     the opacity has a Gaussian form in the b-space:

Grigorios Chachamis
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HE behaviour in the eikonal model

P

Single pomeron shrinkage of dif. cone

Change in Reggeon contribution when s -s
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effective Pomeron trajectory 

increasingly deficient at higher energies due to unitarity we have to take into account not only Regge poles but also multiple exchanges of Regge poles in the t-channel
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A powerful technique to evaluate Reggeon diagrams- Gribov (1968) Reggeon Field Theory (RFT)

The eikonal unitarization reduces the power growth of the one-Pomeron exchange cross-section

even at the LHC we are very far from true high-energy asymptotics

))))

Regge cuts
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Grigorios Chachamis
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NNL BFKL Pomeron
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(KKPT-1973- LKMR-2009 )

grossly oversimplified

(intermediate energy range)
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Screening is very important.- absorption …
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due to unitarity we have to take into account not only Regge poles, but also the cuts in the j-plane, 

which correspond to the multiple exchanges of Regge poles in the t-channel,

t is the momentum squared transferred through the LRG
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=1-x

Semi-enhanced diagram
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Black disc with a sharp edge:
dissociation is completely screened (
only elastic and inelastic channels
dif. dissociation comes from the edge of the disc

Survival effects
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Absorption due to eikonal  multi-
pomeron exchanges

the sum of all the enhanced diagrams
QGSJET Monte Carlo

other approaches: analytical KMR, GLM…
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S 2

Central Diffractive processes

“beetle-gram”
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Because the QCD Pomeron is built mainly from gluons, it is natural to search for glueballs in double Pomeron exchange processes, particularly in CEP.
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The t-slope and dip in the elastic cross-section

At small one- Pomeron amplitude the two-Pomeron contribution     

each Pomeron carries about a momentum qt/2.

in terms of the impact parameter,  b, the domain of a smaller radius.

an exchange of n Pomerons will rapidly decrease with n increasing.
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for illustration purposes -assuming pure exponential behaviour of P-exchange amplitude

=13TeV



(possibility of proton rescattering on the different nucleons in the nucleus)
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How Large is Large ?
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care must be taken in extracting the Pomeron contribution from LRG events.
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KKMRZ,  arXiv:1005.4839
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The gap probability decreases moderately with increasing beam energy (Fig. 5), since the 
multiplicity and mean gap probability decreases moderately with increasing beam energy (Fig. 
5), since the multiplicity and mean  

This translates directly into a lower probability of large gaps caused by fluctuations.
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with p⊥cut = 0.5 GeV the probability to have a gap δη > 5 is between 0.01 
(string hadronisation) and 0.1 (cluster hadronisation). With the inelastic 
cross sec- tion σinel ∼ 50 mb this leads to 0.5 − 5 mb of LRG caused by 
fluctuations

Conclusion of KKMRZ-2010
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, …    …  could not be calculated from the  first principles based on QCD-
intimately related to the confinement of quarks and gluons
(some attempts within N=4 SYM).

Basic  fundamental model-independent relations in the context of S-matrix:
unitarity, crossing, analyticity, dispersion relations.
The Froissart-Lukaszuk-Martin bound boundboundboun
Important testable constraints on the cross sections.

Phenomenological models- fit the data in the wide energy range and extrapolate
to the higher energies. 

Well-developed approaches based on Reggeon Field Theory with multi-Pomeron
exchanges+ Good –Walker formalism to treat low mass diffractive dissociation:
KMR-Durham, GLM- Tel-Aviv, Ostapchenko.
Differences/Devil – in details

optical theorem:
Im ( , 0) totT s t s= =

most models 
asympt.  ~

but not a Must
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bound
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Long way to the asymptotics
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There still is a freedom in the asymptotic behaviour

Different scenarios at  

1. Weak coupling of the Pomerons 

2. Strong coupling of the Pomerons;

3. Asymptotically decreasing cross sections. 
(P.Grassberger, K.Sundermeyer-1978; K.Boreskov-2001)

All depends on the behaviour of the  triple -(multi)-Pomeron vertices.

Current data are usually  described by scenario 2 with             (Froissart-
Martin limit), but the weak coupling scenario is not excluded (LKMR-10)

To reach asymptotics we formally would need UH energies, when  

(V.N. Gribov,A.A.Migdal, -1969).

in the slope of elastic amplitude

Measurements of                                  at the LHC could allow to ‘probe’ the asymptotics  
(LKMR-2010).

How long is the way to asymptotics?
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even at the LHC we are very far from true high-energy asymptotics

W. Heisenberg, Z. Phys. 133, 65 (1952)

KMR-2018
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The Odderon

Christophe Royon
Kenneth Osterberg

dominantly
dominantly

63

1958

Paul Hoyer



Odderon does not contribute to  p-scattering.

Odderon exchange in NN scattering comes from smaller distances than Pomeron.
At  acts as a single colour state 
Only for gluons with    the Odderon contribution survives

For a two-gluon Pomeron q  ~ 1/R had

The Odderon –is a  firm prediction of PT QCD, but the amplitude
is expected to be small compared to the Pomeron 
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(M. Ryskin (1987)



Pomeron

Odderon exchange amplitude has the opposite sign for  pp and pp¯ scatterings.
mainly real and is about 100 times smaller than the imaginary part of the Pomeron exchange amplitude

When calculating the elastic amplitude we have to replace the opacity Ω(b) by the sum Ω = Ωeven + Ωodd, where 
Ωeven is mainly real and Ωodd is imaginary

To get a clear confirmation of the Odderon effects it would be very instructive to have the dσel/dt data for both pp and pp¯ 
reactions at the same high energy       1  TeV (ideally in the same apparatus) and, in the ideal case, to study the energy 
dependence. At the moment we can only compare the pp cross section measured by TOTEM at √s = 2.76 TeV   (TOTEM data)

in the TeV energy range the ω, ρ and ωP, ρP exchange contributions, which may be responsible for the difference between the pp and pp¯ cross sections in are practically negligible. 

Another way to search for the Odderon is to measure the real part of the elastic pp scattering amplitude via interference with the pure QED one-photon exchange. Since the one-photon 
exchange amplitude contribution is sizeable only at very small |t|, this way we can study the Odderon at or near to t = 0. 

Note that the Odderon contribution is strongly screened by the multi-1Pomeron diagrams, which facilitate the falling-off of ρ with energy increasing

The existence of the C-odd singularity with intercept αodd(0) ≅ 1 is a firm prediction of QCD.

Extraction of the odderon coupling from the dip region- different t-range

65



Feynman’s rules

TOTEM 

not bound by the positivity requirements. (σ (b) positivity in b-space) 
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LO PT-QCD (FK-1979)



Feynman’s rules

TOTEM 

LO PT-QCD (FK-1979)

not bound by the positivity requirements.
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TOTEM (ALFA)

TOTEM extrapolation 2.76TeV->1.96 TeV

(5 )      KL     regeneration caused by the Odderon

(6) Energy dependence of C-even meson photoproduction  EIC 
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Conclusion

We firmly believe that a rich LHC diffractive programme  
will allow to impose strong ‘restriction order’  on the models
of diffraction and provide a vital information on the dynamics of 
soft hadron interaction.

A very promising start-up of diffractive studies at the LHC.
More data & excitement to come soon.

LET THE DATA TALK !

6969



70





10 times opacity increase

absorption is crucial at small b
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In terms of the opacity 

Fourier-Bessel transform from the experimental data

C-even amplitude

a major contribution comes from s' ~ s.

not set in stone
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