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ITEMS:
• Why is forward physics important (however difficult and expensive!);

• Road map (in s, t and Q2 ); NN and ep; 

• Basic ingredients, tools, measurables; 

• General recipe for the construction of a scattering amplitude: input + unitarity;

• Elastic NN is a “building block”, however elastic low-|t| scattering is not rewarding (no black 
holes, no supersym., no QGP, no dark matter, no sc. fiction); 

• How many pomerons; “hard” vs “soft”, QCD vs. “DL”, extremism (Landau);

• History with the “hard” pomeron intercept;

• The odderon: bar pp-pp;

• Local qft, QCD, analytic S-matrix theory, res.-Regge duality; Regge trajectory;

• How many resonances (infinite or finite: melting and boiling?);

• Inelastic (SD, DD and central diffraction);

• “Reggeometry”; balancing between “soft” (NN) and “hard” (VMP);

• Theory and phenomenology (history of the A-bomb).
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• Total cross section at LHC 

s(pp → anything) ~ 0.1 barn

• So a 1 pb Higgs cross section 

corresponds to one being produced

every 1011 interactions! 

(further reduced by BR  efficiency)

• Experiments have to be designed so 

that they can separate such a rare 

signal process from the background

• Rate = L  s

where luminosity L (units cm-2s-1) is a 

measure of how intense the beams are

LHC design luminosity = 1034 cm-2s-1
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Factorization (nearly perfect at the LHC!)  



DUALITY:
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q = beam scattering angle     
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CNI region: |fC| ~ |fN| @ LHC: -t ~ 6.5 10-4 GeV2;  qmin~3.4 mrad

(qmin~120 mrad @ SPS)  
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NB: The S-matrix theory (including Regge pole) is applicable to asymptotically 

free states only (not to quarks and gluons)! 
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1. On-shell (hadronic) reactions (s,t, Q^2=m^2);

t  b transformation dictionary:





Dipole model 

𝛼𝑓 𝑡 = 0.703 + 0.84𝑡

𝛼𝑃 ≡ 𝛼𝑃 𝑡 = 1 + 𝛿𝑃 + 𝛼1𝑃𝑡 − 𝛼2𝑃 4𝑚𝜋
2 − 𝑡 − 2𝑚𝜋

𝐴𝑃 𝑠, 𝑡 = 𝑖
𝑎𝑃𝑠

𝑏𝑃𝑠0𝑃
[𝑟1

2 𝑠 𝑒𝑟1
2 𝑠 α𝑃−1 − ε𝑃𝑟2

2 𝑠 𝑒𝑟2
2 𝑠 α𝑃−1 ] 𝐴𝑓 𝑠, 𝑡 = 𝑎𝑓𝑒

𝑏𝑓𝑡𝑒−
𝑖𝜋𝛼𝑓 𝑡

2 (𝑠/𝑠0)
𝛼𝑓 𝑡
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arXiv:1206.5837

𝛼ω 𝑡 = 0.435 + 0.93𝑡

𝑟1
2 𝑠 = 𝑏𝑃 + 𝐿 − 𝑖𝜋/2

𝑟2
2 𝑠 = 𝐿 − 𝑖𝜋/2

𝐿 ≡ ln(𝑠/𝑠0𝑃)

• Scattering amplitude:  

𝐴(𝑠, 𝑡)𝑝𝑝
ҧ𝑝𝑝
= 𝐴𝑃 𝑠, 𝑡 + 𝐴𝑓 𝑠, 𝑡 ± 𝐴ω 𝑠, 𝑡

Reggeon trajectories:

Reggeon terms:

Pomeron trajectory:

Pomeron term:

where
𝐴ω 𝑠, 𝑡 = 𝑖𝑎ω𝑒

𝑏ω𝑡𝑒−
𝑖𝜋𝛼ω 𝑡

2 (𝑠/𝑠0)
𝛼ω 𝑡
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“break”

R(t) calculated for low-|t| 8 TeV data.

𝑅 𝑡 =
𝑑𝜎(𝑡)/𝑑𝑡 − 𝑟𝑒𝑓

𝑟𝑒𝑓

𝑟𝑒𝑓 = 𝐴𝑒𝐵𝑡

Local slopes B(t) calculated for low-|t| ISR 

data.
𝐵 𝑠, 𝑡 =

𝑑

𝑑𝑡
𝑙𝑛
𝑑𝜎(𝑠, 𝑡)

𝑑𝑡

arXiv:1410.4106
arXiv:1503.08111G. Barbiellini et al., Phys. Lett. B 39 (1972) 663
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Elastic, inelastic and total cross sections

Fitted 𝑝𝑝 and 𝑝 ҧ𝑝 total cross sections and calculated elastic 
and inelastic cross sections.

𝑑𝜎

𝑑𝑡
(𝑠, 𝑡) =

𝜋

𝑠2
𝐴 𝑠, 𝑡 2

𝜎𝑒𝑙 𝑠 = න

𝑡𝑚𝑖𝑛

𝑡𝑚𝑎𝑥
𝑑𝜎 𝑠, 𝑡

𝑑𝑡
𝑑𝑡

𝜎𝑖𝑛 𝑠 = 𝜎𝑡𝑜𝑡 𝑠 − 𝜎𝑒𝑙 𝑠

𝜎𝑡𝑜𝑡(𝑠) =
4𝜋

𝑠
𝐼𝑚𝐴 𝑠, 𝑡 = 0

𝑎𝑃 307.15 𝑎𝑓 −17.0151

𝑏𝑃 8.9767 𝑏𝑓 4.54423

𝛿𝑃 0.04489 𝑎ω 9.78393

𝛼1𝑃 0.42955 𝑏ω 8.21191

𝛼2𝑃 0.0063817 𝑠0 1 (𝑓𝑖𝑥𝑒𝑑)

ε𝑃 0 (𝑓𝑖𝑥𝑒𝑑) 𝑠0𝑃 100 (𝑓𝑖𝑥𝑒𝑑)

Values of  fitted parameters.
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Ratios of 𝜎𝑒𝑙/ 𝜎𝑡𝑜𝑡, 𝜎𝑖𝑛/ 𝜎𝑡𝑜𝑡 and 𝜎𝑒𝑙/ 𝜎𝑖𝑛

Calculated 𝜎𝑒𝑙/ 𝜎𝑡𝑜𝑡 and 𝜎𝑖𝑛/ 𝜎𝑡𝑜𝑡
ratios to  𝑝𝑝 and 𝑝 ҧ𝑝 scattering.

Calculated 𝜎𝑒𝑙/ 𝜎𝑖𝑛 ratio 

to  𝑝𝑝 and 𝑝 ҧ𝑝 scattering.
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𝜌-paramater

Fitted 𝑝𝑝 and 𝑝 ҧ𝑝 𝜌-paramater 

ρ(𝑠) =
𝑅𝑒𝐴(𝑠, 𝑡 = 0)

𝐼𝑚𝐴(𝑠, 𝑡 = 0)



Fitted 𝑝𝑝 and 𝑝 ҧ𝑝 elastic slope.

26 September, 2017
I. Szanyi: The CNI region and forward physics of pp scattering at 

high energies
37

New elastic slope measurements

TOTEM preliminary
2.76 TeV

The elastic slope data with preliminary 

TOTEM results.

𝐵 𝑠 =
𝑑

𝑑𝑡
อ𝑙𝑛

𝑑𝜎

𝑑𝑡
(𝑠, 𝑡)

𝑡=0

𝐵 𝑠 ~ln s → 𝑙𝑛2(𝑠)

M. Deile: Elastic and Total Cross-Section Measurements by TOTEM. EDS Blois 2017 ( Prague, 2017).















• Unitarized scattering amplitude:

• The unitarized formulas for the forward measurables:
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Unitarization

𝑇 𝑠, 𝑡 = 𝑞2න

0

∞
𝑢 𝜌, 𝑠

1 − 𝑖𝑢 𝜌, 𝑠
𝐽0 𝜌 −𝑡 𝑑𝜌2𝑇 𝜌, 𝑠 =

𝑢 𝜌, 𝑠

1 − 𝑖𝑢 𝜌, 𝑠

𝜎𝑡𝑜𝑡 =
4𝜋𝛼1𝑃
λ

ln 1 + 𝑔 (1 + λ𝐿) 𝜎𝑒𝑙 =
4𝜋𝛼1𝑃
λ

𝑔

1 + 𝑔
(1 + λ𝐿) 𝜎𝑡𝑜𝑡 =

4𝜋𝛼1
λ

ln 1 + 𝑔 −
𝑔

1 + 𝑔
(1 + λ𝐿)

𝜎𝑒𝑙
𝜎𝑡𝑜𝑡

= 1 −
𝑔

1 + 𝑔 ln(1 + 𝑔)

λ = (1 − 𝜖𝑃)/𝑏𝑃 𝐿 = ln(𝑠/𝑠0𝑃)

𝜌 =
𝑅𝑒𝑇(𝑠, 0)

𝐼𝑚𝑇(𝑠, 0)
=

𝜋λ

2(1 + λ𝐿)

Σ = න

0

∞
𝑔𝑒−𝑥𝑥𝑑𝑥

1 + 𝑔𝑒−𝑥

𝐵 =
2𝛼1𝑃
λ

Σ

ln(1 + 𝑔)
(1 + λ𝐿)

𝑔 𝑠 = 𝑔01(𝑠/𝑠01)
𝜀1+𝑔02(𝑠/𝑠02)

𝜀2

A.N. Wall, L.L. Jenkovszky, B.V. Struminsky, Sov. J. Particles and Nuclei, 19 (1988)

(𝜌 – impact parameter; 𝑞 – momentum in center-of-mass frame)
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Application of the unitarized slope

Description for the elastic slope data using 

unitarization procedure.
𝐵/ln(𝑠) ratio.





The optical (generalised optical (Müller) theorem
and triple-Regge limit (for high M only!)
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SD and DD cross sections



“Reggeized (dual) Breit-Wigner” formula:



SDD cross sections vs. energy.

*Normalization to ~14 mb at 7 TeV.



Approximation of background to reference 

points (t=-0.05)



DDD cross sections vs. energy.



Integrated DD cross sections

(left)   Single differential SD cross sections as a functions of t integrated in different M1:M2 
regions.
(right) Double differential SD cross sections as a function M2 integrated in region [0.0: 1.0] of t. 
value.



t = - 0.1 t = - 0.2

t = - 0.3

Triple differential DD cross sections



NN & ep

Basic ideas
Reggeometry=Regge+geometry (play on words, or pun)
How to combine s, t and Q^2 dependencies in a binary reaction?





Table 1. Fitting results

Table 2. α(0),  α’



rho0(1)



phi (1)



J/psi (1)
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Deeply Virtual Compton Scattering

GPD

GPD

p p

γγ*

VM (ρ, ω, φ, J/ψ, Υ) DVCS (γ)

Q2Q2 + M2Scale:

DVCS properties:
• Similar to VM production, but γ instead of VM in the final state

• No VM wave-function involved

• Important to determine Generalized Parton Distributions 

sensible to the correlations in the proton 

• GPDs are an ingredient for estimating diffractive cross sections 

at the LHC

IP

p p

Vγ*



Diffraction: soft -> hard

IP

‘soft’

 

s(W)W 

‘hard’

gg

 

ds

dt
 eb |t |

 increases from soft (~0.2, “soft Pomeron”) to hard 
(~0.8, “hard Pomeron”) 

b decreases from soft (~10 GeV-2) to hard (~4-5 
GeV-2)

Vector Meson 

production   J  

2-gluon exchange

(pQCD)

Cross section proportional to probability 
of finding 2 gluons in the proton

Gluon density in the proton

 

s  [x g(x, m2 )]2

 

m2  (Q2+MV

2 )

 

Q2+MV

2
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Regge-type DVCS amplitude

Applications for the model can be:

• Study of various regimes of the 

scattering amplitude vs Q2, W, t   

(perturbative –> unperturbative QCD) 

• Study of GPDs

the t dependence at the vertex pIPp is introduced by:

the vertex γ*IPγ is introduced by the trajectory:

indicating with:                           the DVCS amplitude can be written as:

 

V2 =e
b t 

 

V1= e
b z (z)

A new variable is 

introduced:  z = t - Q2

DVCS amplitude:

 

A s,t,Q2 
*pp

= A0e
b t eb z  is /s0 

 t 
= A0e

b+L  t +b z 

 

A s,t,Q2 
*pp

= A0V1 t,Q
2 V2 t  is /s0 

 t 

 

L= ln is /s0   

 t = 0 1ln 1 2t 

 

 z =  0  1ln 1 2z 

M. Capua, S. F., R. Fiore, L. L. Jenkovszky, and F Paccanoni

Published in: Physics Letters B645 (Feb. 2007) 161-166 



Basic ideas of the Kiev-Calabria-Padova Collab.: M. Capua, R. Fiore, L. J., F. 
Paccanoni, A.Papa “A DVCS Amplitude’”, Phys. Lett. B645 (2007) 161-166; hep-
ph/0605319; S. Fazio, R. Fiore et al.,  “Unifying “soft” and “hard…”,  PR 
D90(2014)016007, arXiv 1312.5683.  
Reggeometry=Regge+geometry (play on words =  pun)
How to combine s, t and Q^2 dependencies in a binary reaction?



b(Q2+M2) - VM

cbrformulaMagic  2:
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Pomeron Trajectory

Linear Pomeron trajectory

Regge-type:

 

 t = 0 +' t t
Soft Pomeron values

(0) ≈ 1.09
' ≈ 0.25

(0) and ' are foundamental parameters to 

represent the basic features of strong interactions

(0): determines the energy dependence of the diff. Cross section

First measured in h-h 

scattering

 

ds

dt
 exp b0t W 4 t 4 =W 4 0 4  exp bt ;

 

b=b0 +4' ln W 

': determines the energy dependence of the transverse extention system

 

ds

dt
W = exp b0t W

2 2
IP
t +2 



Unique Pomeron with two (“soft” and “hard”) components
R. Fiore et al. Phys. Rev. PR D90(2014)016007, arXiv 1312.5683







Table 1. Fitting results

Table 2. α(0),  α’



rho0(1)



phi (1)



J/psi (1)



DVCS (1)



04.09.14



04.09.14



04.09.14



04.09.14

Summary and prospects for ep collisions:
I. Problems: 

1) unifying DVCS and VMP (the photon “mass”);
2) balancing between “soft” and “hard”, QCD?
3) extension to low energies (non-diffractive component, 

secondary Reggeons) ;
4) saturation effects, unitarity (gap survival);
5) Is BFKL Regge behaved?
Prospects: application to the new ZEUS data.

II.   Moving from HERA to the LHC: ultraperipheral pp, pA and AA 
collisions: R. Fiore, L. J., V. Libov, and M. Machado, 
arXiv, 2014, to be publ. in: Teor. and Math. Physics.
Predecessors: Joakim Nystrand, A. Szczurek et al, L. Motyka, G. Watt; 
Brazilian group…). Contrary to ep, no Q^2 or t dependence here. 



Thank you !



Two ways of relating SF to hadronic total cross sections:

1) Through sum rules in Q^2 (see also: Jan Kwieciński,  Phys. Letters, 

120B (1983) 418;  L.L. Jenkovszky and B.V. Struminsky, Yad. Fizika, 38 (1983) 
1568);

2) Using the additive quark model, the number of active 
quark-partons being determined by SFs (preliminary results 

presented by F. Celiberto, L. J. and V. Myronenko at the Quarks2016 (St. 
Petersburg) and Low-x (Gyöngyös) conferences). 



Sum rules in Q^2:  Jan Kwieciński,  Phys. Letters, 120B (1983) 418; 
L.L. Jenkovszky and B.V. Struminsky, Yad. Fizika, 38 (1983) 1568.







Sum rules in Q^2:  Jan Kwieciński,  Phys. Letters, 120B (1983) 418; 
L.L. Jenkovszky and B.V. Struminsky, Yad. Fizika, 38 (1983) 1568.



Direct, s-channel point of view: additive quark model, 
single and multiple scattering of partons (Glauber).

Additive quark model relations (Levin-Frankfurt, 70-ies):





Interpolating between “soft” (VMD, Pomeron, Δ~0.1) and hard (DGLAP, Δ~0.4) regimes:
1) DGLAP evolution, x fixed, Q^2infty; 2) Gauge inv.: x fixed, Q^20; 3) x0, Q fixed (Regge) 

with “effective power”

P. Desgrolard, L. Jenkovszky and F. Paccanoni: EPJ C 7 (1999) 263; hep-ph/9803286













“Saturation” and slopes









pQCD

non-perturbative region

QCD-factorized form of a DVCS scatterigg amplitude  






 

1

1
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~),,(






ix

txGPD
dxtA

,~ mAtot s
2

~ A
dt

ds

We need clues from

phenomenological models -

Regge behaviour, t-

factorization etc.

GPDs cannot be measured directly,

instead they appear as convolution integrals,

difficult to be inverted !

“Handbag”


