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Outline

§ “soft” diffractive scattering of hadrons
§ basic processes
§ relation to optical diffraction
§ Regge theory and “soft” pomeron

§ structures in elastic scattering of protons
§ non-exponential behavior (“break”) at small squared momentum transfer (t)
§ minimum-maximum structure
§ dipole pomeron + odderon model

§ structures in single diffractive scattering of protons
§ low-mass resonances
§ duality motivated model of low-mass resonances
§ a possible minimum-maximum structure in the squared-four momentum
transfer (t) distribution
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Diffractive processes

§ diffractive (hadronic) processes: dominant
pomeron exchange as strong interaction mediator

§ pomeron carries vacuum quantum numbers
Ñ wide region devoid of particle activity in the
final state: large (pseudo)rapidity gap, ∆η

§ no large rapidity gap in non-diffractive inelastic
processes

§ basic diffractive processes:

§ elastic scattering
§ single diffraction, SD

(single diffractive dissociation)
§ double diffraction, DD

(double diffractive dissociation)
§ central diffraction, CD

(diffractive central production)
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Diffractive scattering and optical diffraction

§ s-channel approach: diffractive scattering
is related to particle formation in the
direct channel

§ the incident hadronic wave gets absorbed
due to nondiffractive inelastic interactions

§ the many open inelastic channels at
high energies builds up a “shadow” that
leads to “diffraction”

Good & Walker; Feinberg & Pomeranchuk

§ diffracted waves add up coherently in
the forward direction Ñ sharp forward
peak: diffractive cone

§ hadronic diffraction shows similarities to the
optical Fraunhofer diffraction
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Regge theory: “soft” pomeron

§ singularities in the complex angular momentum (j)
plane Ñ high-energy behavior of the scattering
amplitude

Mps, tq “ ´ 16π
2i

ş

C
p2j ` 1q f pj , tqPℓp´ztq

sinπj dj

§ simple pole singularity Ñ Regge trajectory, αptq
(reggeon) exchange: exchange of a virtual particle
with continuously varying spin and virtuality

f pj , tq „
jÑαptq

βptq

j´αptq

§ pomeron trajectory, αPptq: a whole family of
particles with vacuum quantum numbers

§ higher-order pole (multiple pole) and cut
singularities are also possible and important

§ “hard” (BFKL) pomeron in pQCD: colorless
compound of two interacting gluons Ñ the pomeron
trajectory is interpreted as a glueball trajectory
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particles with vacuum quantum numbers

§ higher-order pole (multiple pole) and cut
singularities are also possible and important

§ “hard” (BFKL) pomeron in pQCD: colorless
compound of two interacting gluons Ñ the pomeron
trajectory is interpreted as a glueball trajectory

αPptq » 1 ` δP ` α1
P t

δP » 0.08, α1
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Structures in elastic pp scattering

§ measurements at CERN’s ISR in the 1970s
revealed the characteristic structures of the
high energy elastic pp differential cross section

G. Barbiellini et al. Phys. Lett. B 39 (1972) 663
U. Amaldi et al. Phys. Lett. B 66 (1977) 390
L. Baksay et al. Nucl. Phys. B 141 (1978) 1
E. Nagy et al. Nucl. Phys. B 150 (1979) 221
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Minimum–maximum structure in elastic pp scattering
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the position of the dip and the bump moves to
lower ´t values as the c.m. energy increases

no secondary dip–bump structures observed in
the ´t range measured up to now

E. Nagy et al. Nucl. Phys. B 150 (1979) 221
W. Faissler et al. Phys. Rev. D 23 (1981) 33

TOTEM Collaboration EPL 95 (2011) 41001
TOTEM Collaboration Eur. Phys. J. C 79 (2019) 861
TOTEM Collaboration Eur. Phys. J. C 80 (2020) 91
TOTEM Collaboration Eur. Phys. J. C 82 (2022) 263

TOTEM & D0 Collaborations Phys. Rev. Lett. 127 (2021) 062003
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Non-exponential low-|t| pp dσel{dt at the LHC
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measurement at
?
s “ 8 TeV by the CERN LHC TOTEM Experiment excluded a purely

exponential low-|t| pp elastic differential cross-section in the four-momentum transfer
squared range 0.027 GeV2

À |t| À 0.2 GeV2 with a significance greater than 7σ

TOTEM Collab., Nucl. Phys. B, 899, 527 (2015)
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Connection between the t and b distributions
dσel

dt
ps, tq “

π

s2
|Ael ps, tq|

2
Ø hps, bq “

1

s

ż 8

0

Aelps, tqJ0pb
?

´tq
?

´td
?

´t

L. Jenkovszky Fortsch. Phys. 34 (1986) 791 L. Jenkovszky, I. Szanyi Mod. Phys. Lett. A 32 (2017) 22, 1750116

L. Jenkovszky, I. Szanyi, C.-I Tan Eur. Phys. J. A 54 (2018) 7, 116

d
σ Ğ

ů(t
) /
d
t

|t| (GeV2)0

non-exponential
behavior at low-|t|

dip

exponential
(Gaussian in b)

0.1 1.0

absorption corrections
result in a dip in t

Gaussian
(exponential in t)

Im
h

(b
)

b  (fm)1.0

tail at high-b results 
in a non-exponential 
behavior at low-|t|

Connection between the t and b distributions of elastic scattering in the range of dominant nuclear
interactions.
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Pion exchange contribution

L. Jenkovszky, I. Szanyi, C.-I Tan Eur. Phys. J. A 54 (2018) 7, 116

the non-exponential behavior of the low-|t| dσel{dt can come form both the
non-linear pomeron trajecotry and the non-linear pomeron-proton vertex coupling

effect for the pomeron trajectory (propagator):

αPptq “ αP0 ` α1
Pt Ñ αPptq “ αP0 ` α1

Pt ´ α1P

´

a

4m2
π ´ t ´ 2mπ

¯

effect for the pomeron-proton vertex coupling:

expbP t Ñ expbP t`βPp
?

4m2
π´t´2mπq
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Description to the low-|t| non-exponential data

ISR+LHC8 fit

ISR+LHC13 fit
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The dipole pomeron
basic assumptions:

§ the high energy behavior of the amplitude is determined
by an isolated j-plane pole of the second order (dipole)

§ the residue at the pole is independent of t, t-dependence
enters only through the Regge trajectory

based on these assumptions the dipole
pomeron scattering amplitude is obtained
as a derivative of a simple pole pomeron

scattering amplitude

L. L. Jenkovszky A. N. Wall Czech. J. Phys. B26 (1976) 447

L. L. Jenkovszky Fortsch. Phys.34 (1986) 791

ADP
P ps, tq “

d

dαP
ASP
P “ e´iπαP{2´

s{s0P
¯αP

“

G 1pαPq ` pLP ´ iπ{2qG pαPq
‰

αP ” αPptq “ 1 ` δP ` α1
Pt, LP ” LPpsq “ ln ps{s0q

G pαPq “ ´aP

´

ebP rαP´α0P s{bP ´ γP

¯

, G 1pαPq “ ´aPe
bP rαP´α0P s, αP0 ” αPp0q

§ by introducing the parameter ϵP “ γPbP and passing into impact parameter space, the dipole
pomeron is given in terms of two Gaussians

hps, bq “
i

s

aP
bP

1

2α1
P

„

e
´ b2

4r2
1
α1
P ´ ϵPe

´ b2

4r2
2
α1
P

ȷ

absorption corrections that generates a dip are regulated by the ϵ (or γ) parameter
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Model for elastic pp and pp̄ scattering amplitude

App
pp̄ps, tq “ APps, tq ¯ AOps, tq

§ the dipole pomeron amplitude is

APps, tq “ e´iπαPptq{2
´

s{s0P

¯αPptq

ˆ

ˆ
“

G 1pαPq ` pLP ´ iπ{2qG pαPq
‰

αPptq “ 1 ` δP ` α1
Pt, LP “ ln ps{s0Pq

G pαPq “ ´aP

´

ebP rαP´α0P s{bP ´ γP

¯

G 1pαPq “ ´aPe
bP rαP´α0P s, αP0 “ αPp0q

§ the dipole odderon amplitude is

AO “ ´iAPÑOps, tq

(with free parameters labeled by “O”)

the inclusion of the dipole odderon is

important to describe the data around

the dip-bump and at higher |t| values
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Pomeron and odderon contributions

to proton-proton differential cross section
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Dipole P`O Regge model for elastic scattering

qualitative description to the data

in a wide kinematic ps, tq range:

0 À ´t ď 2.5 GeV2

0.5 TeV À ´t ď 13 TeV

Pomeron Odderon
δP 0.02865 δO 0.2042

α
1
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s 0.4284 α

1

O rGeV´2
s 0.1494

aP ´45.63 aO 0.01934
bP 4.873 bO 2.160
γP 0.06085 γO 0.4866

s0P rGeV2
s 11.26 s0O rGeV2

s 1.026
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Dip and bump position in the dipole model

§ in the dipole Regge model the position of the
dip and the bump of dσel{dt depends on the
slope parmeter b of the model

´tdip “
1

α1b
ln

pb ` Lq

γbL

´tbump “
1

α1b
ln

“

4pb ` Lq2 ` π2
‰

γbp4L2 ` π2q

Bpsq ”
d

dt
ln

dσelps, tq

dt

ˇ

ˇ

ˇ

ˇ

tÑ0

9 b

§ the position of the dip and of the bump
goes to smaller –t values as slope param-
eter rises

s = 8 TeV

α' = 0.4 GeV-2

γ = 0.1

s0 = 1 GeV2

dip

bump
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um
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Resonance structures in single diffraction at low M

see the review paper K. A. Goulianos Phys. Rept. 101 (1983) 169 and references therein
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Duality
§ duality principle: resonances in the direct channel determine the asymptotic behavior

§ a dual amplitude is either a sum of s-channel resonances or t-channel exchanges while having
Regge asymptotic behavior

§ dual amplitude with Mandelstam analyticity (DAMA) Ñ broad resonances, and
non-linear, complex Regge trajectories

Dps, tq “
ş1

0
dxx´αps,xq´1p1 ´ xq´αpt,1´xq´1

Aps, t, uq “ c rDps, tq ` Dpu, tqs

§ direct-channel pole series expansion of DAMA Ñ resonance production amplitude
(“reggeized Breit-Wigner” term)

ImApM2, t̃q „
ř

j
rf pt̃qs

2pj´jmin`1qImαpM2
q

rj´ReαpM2qs2`rImαpM2qs2

Res. j
Σ=

j

α
Σ

(t)Res.= =

Bugrij, Jenkovszky, Kobylinsky Lett.Nuovo Cim. 1 (1971) 923
Jenkovszky et al. Eur.Phys.J.A 12 (2001) 361

Fiore, Flachi, Jenkovszky et al. Eur.Phys.J.A 15 (2002) 505
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Modeling resonances in SD based on duality

Jenkovszky et al. Phys. Rev. D 83 (2011) 056014
Jenkovszky, Schicker, Szanyi Entropy 24 (2022) 7, 1001

2
Pp(MX,t)

p

p

p

α(t)

β2(t)

MX
2W~

(s/M2
X)2α(t)-2

2¨
d2σSD

dtdM2
X

“ ASDβ
2ptqW̃ Pp

2 pM2
X , tq

ˆ

s

M2
X

˙2αPptq´2

W̃2
Pp

pM2
X , tq „ ImAPp

pM2, t̃ “ 0q

resonance behavior at low-MX based on duality

t = -0.05 GeV2
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Dip-bump structures in single diffractive dissociation?

§ measurements of pp single diffractive dis-
sociation at ISR do not show a dip-bump
structure at |t| values where such a struc-
ture is observed in elastic pp scattering

M. G. Albrow et al. Nucl. Phys. B 72 (1974) 376

§ it can be explained in a framework of a dipole
Regge model in which the dip-bump structure
moves to higher |t| values as the value of the
slope parameter decreases

§ a dipole pomeron`odderon Regge approach
can be used to predict dip-bump structures
in pp single diffractive dissociation at LHC
energies
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20.3 GeV±, B = 4.42 = 2 GeV2SD M

20.4 GeV±, B = 4.32 = 68 GeV2SD M

20.2 GeV±, B = 3.52 = 146 GeV2SD M

pp elastic scattering and single diffractive
dissociation differential cross section data
at

?
s “ 31 GeV as a function of ´t.
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Triple-reggeon approach for single diffraction (SD)

P. D. B. Collins Cambridge University Press (1977)
ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ÿ

i

Ri

p

p

X

p
ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

2

“
ÿ

ijk

p

p

p p p

p

gRipp(t)

gRkpp(0)

gRjpp(t)

gRiRjRk(t) Ñ
d2σSD

dtdM2
“

ÿ

ijk

d2σ
RiRjRk

SD

dtdM2

Ri ,Rj ,Rk P tP,O, f2,ω, ρ, a2u with respecting the conservation laws

K. A. Goulianos et al. Phys. Rev. D 59 (1999) 114017

d2σ
RiRjRk

SD

dtdM2
“

1

16π2

1

M2

s0
s2

gRippptqgRjppptq
`

s{M2
˘αRi

ptq`αRj
ptq

ˆ

ˆ gRiRjRk
ptqgRkppp0q

`

M2{s0
˘αRk

p0q
cos

´π

2

`

αRi ´ αRj

˘

¯
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Dipole Regge approach for single diffraction (SD)

§ the double differential cross section for the SD process resulting from the dipole pomeron PPP
amplitude is:

d2σPPP
SD

dtdM2
“

1

M2

ˆ

G 12
P pαPq ` 2LSDGPpαPqG 1

PpαPq ` G 2
PpαPq

ˆ

L2SD `
π2

4

˙˙

ˆ

ˆ
`

s{M2
˘2αPptq´2

σPppM2q

where
αP ” αPptq “ 1 ` δP ` α1

Pt, σPppM2q “ gPPPgPppp0q
`

M2
˘αp0q´1

G pαPq “ aP

´

ebP rαP´α0P s{bP ´ γP

¯

, G 1pαPq “ aPe
bP rαP´α0P s, α0P “ αPp0q

§ the dipole odderon contribution is considered in the form of an odderon-odderon-pomeron
OOP vertex and written as:

d2σOOP
SD

dtdM2
“

1

M2

ˆ

G 12
O pαOq ` 2LSDGOpαOqG 1

OpαOq ` G 2
OpαOq

ˆ

L2SD `
π2

4

˙˙

ˆ

ˆ
`

s{M2
˘2αOptq´2

σPppM2q
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RRP and pion contribution in SD

§ RRP contribution:
d2σRRP

SD

dtdM2
“

1

M2
G 2
RpαRq

`

s{M2
˘2αRptq´2

σPppM2q

αRptq “ 1 ` δR ` α1Rt, GRpαRq “ aRe
bRαRptq

§ pion exchange contribution:

d2σπ
SD

dtdM2
“

1

M2

1

4π

g2
πpp

4π

|t|

pt ´ m2
πq

2G
2
πptq

`

s{M2
˘2απptq´2

σπppM2q

g2
πpp

4π
“ 13.3, Gπptq “

2.3 ´ m2
π

2.3 ´ t
, απptq “ 0.93pt ´ m2

πq

σπppM2q “ 13.63
`

M2
˘0.08

` 31.79
`

M2
˘´0.45

§ the full (in the present consideration) double SD differential cross section is:
d2σSD

dtdM2
“

d2σPPP
SD

dtdM2
`

d2σOOP
SD

dtdM2
`

d2σRRP
SD

dtdM2
`

d2σπ
SD

dtdM2
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Dipole Regge model description of the SD data

PPP OOP RRP
δP 0 δO 0 δR ´0.4500

α
1

P rGeV´2
s 0.4284 α

1

O rGeV´2
s 0.1494 α

1

R rGeV´2
s 0.9300

aP 45.63 aO 0.01934 aR 2.500
bP 4.873 bO 2.160 bR 0
γP 0.06085 γO 0.4866 ´ ´

qualitative description to the data in a wide kinematic ps, t,M2q range which includes
SPS, Tevatron and LHC energies
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Dipole Regge model description of the SD data

●●●●●●●●●●●●●

●

●
●

●
●

●
●

●
● ●

■
■

■ ■
■

■
■

■ ■
■ ■

■

ξ ≤ 0.05

model@ s = 546 GeV

model@ s = 630 GeV

● SPS UA4 s = 546 GeV

■ SPS UA8 s = 630 GeV

0.0 0.5 1.0 1.5 2.0

0.01

0.10

1

10

-t [GeV2]

dσ
S
D
/d
t[
m
b/
G
eV

2
]

´t dependence at SPS energies

for ξ À 0.05

     


◦ ◦ ◦ ◦ ◦ ◦ ◦

■ ■ ■ ■ ■ ■ ■

◻ ◻ ◻
◻ ◻ ◻ ◻

▲ ▲ ▲ ▲ ▲ ▲
▲

△ △ △ △ △ △
△

◆ ◆ ◆ ◆ ◆ ◆
◆

 ξ=0.03

◦ ξ=0.04 (× 101)

■ ξ=0.05 (× 102)

◻ ξ=0.06 (× 103)

▲ ξ=0.07 (× 104)

△ ξ=0.08 (× 105)

◆ ξ=0.09 (× 106)

models = 630 GeV, SPS UA8 data

0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.1

10

1000

105

107

109

-t [GeV2]

dσ
S
D
/d
td
ξ
[m
b/
G
eV

2
]

´t dependence at SPS

for several ξ values

●
●

●
● ●

●

●

●

●

●

s = 8 TeV
-4.0 ≤ Log10ξ ≤ -1.6

model

● LHC ATLAS

0.0 0.1 0.2 0.3 0.4

1

2

5

10

-t [GeV2]

dσ
S
D
/d
t[
m
b/
G
eV

2
]

´t dependence at LHC

for ´4.0 ď log10 ξ ď ´1.6

24 / 28



Dip-bump in SD at SPS and LHC energies
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the dip and bump structure is predicted in SD at SPS and LHC energies in the
squared four-momentum transfer range 3 GeV2

À ´t À 7 GeV2

the position of the dip and bump in ´t in the SD process changes slowly
with M2 (or ξ “ M2{s) and determined by the OOP triple contribution

tSDdip “
1

α1b
ln

γbLSD
b ` L

tSDbump “
1

α1b
ln

γbp4L2SD ` π2q

4pb ` LSDq2 ` π2
LSD ” ln

`

M2{s
˘
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Dip-bump: M2 and
?
s dependence
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with increasing energy at a fixed M2 value or with decreasing M2 at a fixed energy the
position of the dip-bump structure slowly goes to smaller ´t values

tSDdip “
1

α1b
ln

γbLSD
b ` L

tSDbump “
1

α1b
ln

γbp4L2SD ` π2q

4pb ` LSDq2 ` π2
LSD ” ln

`

M2{s
˘

at
?
s “ 14 TeV and M2 À 1000 GeV2 the dip and bump structure is predicted in SD
in the squared four-momentum transfer range 3 GeV2

À ´t À 5 GeV2
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Summary

§ structures of elastic scattering include:
§ the low-|t| non-exponential behavior described by non-linear trajectories
(pion-exchange contribution)

§ diffractive and minimum-maximum behavior treated by dipole reggeon
exchanges (absorptions)

§ based on duality, nuclear resonances are predicted in the MX distribution of single
diffraction at LHC energies

§ a Regge phenomenological model with dipole pomeron`odderon contribution is
applied to describe experimental data on pp and pp̄ single diffraction at energies
higher than 0.5 TeV

§ dip-bump structure is predicted in the SD process at LHC energies in the squared
four-momentum transfer range 3 GeV2

À ´t À 5 GeV2 and it is resulted from
a dipole odderon contribution (OOP vertex)

L. Jenkovszky, R. Schicker, I. Szanyi Universe 10 (2024) 5, 208
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Thank you for your attention!


