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Simple consequences:

2

Strategy of Odderon search

𝑇𝑇𝑂𝑂(𝑠𝑠, 𝑡𝑡) = 1
2
𝑇𝑇𝑝𝑝𝑝𝑝(𝑠𝑠, 𝑡𝑡) − 𝑇𝑇𝑝𝑝𝑝𝑝(𝑠𝑠, 𝑡𝑡) if 𝑠𝑠 ≳ 1 TeV

if

𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡
𝑝𝑝𝑝𝑝(𝑠𝑠) ≠ 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡

𝑝𝑝𝑝̅𝑝(𝑠𝑠)

𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡
𝑝𝑝𝑝𝑝(𝑠𝑠, 𝑡𝑡) ≠ 𝐵𝐵𝑡𝑡𝑡𝑡𝑡𝑡

𝑝𝑝𝑝̅𝑝(𝑠𝑠, 𝑡𝑡)

𝐵𝐵0
𝑝𝑝𝑝𝑝(𝑠𝑠) ≠ 𝐵𝐵0

𝑝𝑝𝑝̅𝑝(𝑠𝑠)

𝜌𝜌0
𝑝𝑝𝑝𝑝(𝑠𝑠) ≠ 𝜌𝜌0

𝑝𝑝𝑝̅𝑝(𝑠𝑠)

𝑑𝑑𝜎𝜎𝑝𝑝𝑝𝑝

𝑑𝑑𝑑𝑑
𝑠𝑠, 𝑡𝑡 ≠ 𝑑𝑑𝜎𝜎𝑝𝑝�𝑝𝑝

𝑑𝑑𝑑𝑑
𝑠𝑠, 𝑡𝑡

for 𝑠𝑠 ≳ 1 TeV then 𝑇𝑇𝑂𝑂(𝑠𝑠, 𝑡𝑡) ≠ 0𝜎𝜎𝑒𝑒𝑒𝑒
𝑝𝑝𝑝𝑝(𝑠𝑠) ≠ 𝜎𝜎𝑒𝑒𝑒𝑒

𝑝𝑝𝑝̅𝑝(𝑠𝑠)

𝜎𝜎𝑖𝑖𝑖𝑖
𝑝𝑝𝑝𝑝(𝑠𝑠) ≠ 𝜎𝜎𝑖𝑖𝑖𝑖

𝑝𝑝𝑝̅𝑝(𝑠𝑠)

𝜌𝜌0
𝑝𝑝𝑝𝑝(𝑠𝑠, 𝑡𝑡) ≠ 𝜌𝜌0

𝑝𝑝𝑝̅𝑝(𝑠𝑠, 𝑡𝑡)

covered in this talk



 quark-diquark distribution inside the proton:

 interaction probability of the constituents:

 inelastic cross-sections of quark, diquark scatterings :

 free parameters:
Proton-(anti)proton scattering in 

the quark-diquark model
(Glauber style calculation).

3

A. Bialas, A. Bzdak Acta
Phys.Polon. B 38, 159-168 (2007)

Bialas-Bzdak p=(q,d) model
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𝐷𝐷 𝑠𝑠𝑞𝑞, 𝑠𝑠𝑑𝑑 =
1 + λ2
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𝑠𝑠𝑞𝑞2+𝑠𝑠𝑑𝑑

2

𝑅𝑅𝑞𝑞𝑞𝑞
2
𝛿𝛿2(𝑠𝑠𝑞𝑞 + λ𝑠𝑠𝑑𝑑) λ =

𝑚𝑚𝑞𝑞

𝑚𝑚𝑑𝑑

𝜎𝜎 𝑠𝑠𝑞𝑞, 𝑠𝑠𝑑𝑑; 𝑠𝑠𝑞𝑞′ , 𝑠𝑠𝑑𝑑′ ;𝑏𝑏 = 1 −�
𝑎𝑎

�
𝑏𝑏

1 − 𝜎𝜎𝑎𝑎𝑎𝑎(𝑏𝑏 + 𝑠𝑠𝑎𝑎′ − 𝑠𝑠𝑏𝑏)

𝜎𝜎𝑎𝑎𝑎𝑎 𝑠𝑠 = 𝐴𝐴𝑎𝑎𝑎𝑎𝑒𝑒−|𝑠𝑠|2/𝑆𝑆𝑎𝑎𝑎𝑎
2 𝑆𝑆𝑎𝑎𝑎𝑎2 = 𝑅𝑅𝑎𝑎2 + 𝑅𝑅𝑏𝑏2 𝑎𝑎, b ∈ {q,d}

𝜎𝜎𝑎𝑎𝑎𝑎,𝑖𝑖𝑖𝑖 = �
−∞

+∞

�
−∞

+∞

𝜎𝜎𝑎𝑎𝑎𝑎 𝑠𝑠 𝑑𝑑2𝑠𝑠
𝜎𝜎𝑞𝑞𝑞𝑞,𝑖𝑖𝑖𝑖 ∶ 𝜎𝜎𝑞𝑞𝑞𝑞,𝑖𝑖𝑖𝑖∶ 𝜎𝜎𝑑𝑑𝑑𝑑,𝑖𝑖𝑖𝑖 = 1 ∶ 2 ∶ 4

𝐴𝐴𝑞𝑞𝑞𝑞, λ,𝑅𝑅𝑞𝑞, 𝑅𝑅𝑑𝑑 ,𝑅𝑅𝑞𝑞𝑞𝑞 ,

𝑠𝑠𝑑𝑑 = −λ𝑠𝑠𝑞𝑞

𝑠𝑠𝑑𝑑′ = −λ𝑠𝑠𝑞𝑞′

(𝐴𝐴𝑞𝑞𝑞𝑞 = 1 𝑎𝑎𝑎𝑎𝑎𝑎 λ = 0.5 𝑐𝑐𝑐𝑐𝑐𝑐 𝑏𝑏𝑏𝑏 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

https://arxiv.org/abs/hep-ph/0612038
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 elastic scattering amplitude in the impact parameter space:

 the opacity function:

 elastic scattering amplitude in momentum space:

F. Nemes, T. Csörgő, M. Csanád, Int. J. 
Mod. Phys. A Vol. 30 (2015) 1550076

Unitarily Real Extended Bialas-Bzdak (ReBB) model

𝑡𝑡𝑒𝑒𝑒𝑒 𝑠𝑠, 𝑏𝑏 = 𝑖𝑖 1 − 𝑒𝑒−Ω(𝑠𝑠,𝑏𝑏)

𝑅𝑅𝑅𝑅Ω 𝑠𝑠, 𝑏𝑏 = −
1
2
𝑙𝑙𝑙𝑙 1 − �𝜎𝜎𝑖𝑖𝑖𝑖 𝑠𝑠, 𝑏𝑏 𝐼𝐼𝐼𝐼Ω 𝑠𝑠, 𝑏𝑏 = −α �𝜎𝜎𝑖𝑖𝑖𝑖 𝑠𝑠, 𝑏𝑏

NEW FREE PARAMETER

Ω 𝑠𝑠, 𝑏𝑏 = 𝑅𝑅𝑅𝑅Ω 𝑠𝑠, 𝑏𝑏 + 𝑖𝑖 𝐼𝐼𝐼𝐼Ω 𝑠𝑠, 𝑏𝑏
𝐼𝐼𝐼𝐼Ω ≠ 0 as the real part
of the amplitude is not
negligibly small

𝑇𝑇 𝑠𝑠, 𝑡𝑡 = 2𝜋𝜋�
0

∞
𝑡𝑡𝑒𝑒𝑒𝑒 𝑠𝑠, 𝑏𝑏 𝐽𝐽0 ∆ 𝑏𝑏 𝑏𝑏 𝑑𝑑 𝑏𝑏 ∆ ≡ −𝑡𝑡 𝑎𝑎𝑎𝑎 𝑠𝑠 → ∞

(𝑡𝑡 is the squared momentum transfer) 4

https://arxiv.org/abs/1505.01415


 differential cross section:

 total, elastic and inelastic cross sections:

 ratio ρ0:

Measurable quantities

𝑑𝑑𝜎𝜎
𝑑𝑑𝑑𝑑

𝑠𝑠, 𝑡𝑡 =
1

4𝜋𝜋
𝑇𝑇 𝑠𝑠, 𝑡𝑡 2

𝜎𝜎𝑡𝑡𝑜𝑜𝑜𝑜 𝑠𝑠 = 2𝐼𝐼𝐼𝐼𝑇𝑇 𝑠𝑠, 𝑡𝑡 = 0

𝜌𝜌0 𝑠𝑠 = lim
𝑡𝑡→0

𝜌𝜌(𝑠𝑠, 𝑡𝑡) ≡
𝑅𝑅𝑅𝑅𝑇𝑇 𝑠𝑠, 𝑡𝑡 → 0
𝐼𝐼𝐼𝐼𝑇𝑇 𝑠𝑠, 𝑡𝑡 → 0

𝜎𝜎𝑒𝑒𝑒𝑒 𝑠𝑠 = �
−∞

0
𝑑𝑑𝜎𝜎(𝑠𝑠, 𝑡𝑡)
𝑑𝑑𝑡𝑡

𝑑𝑑𝑡𝑡 𝜎𝜎𝑖𝑖𝑖𝑖 𝑠𝑠 = 𝜎𝜎𝑡𝑡𝑜𝑜𝑜𝑜 𝑠𝑠 − 𝜎𝜎𝑒𝑒𝑒𝑒 𝑠𝑠

 slope of dσ/dt:

𝐵𝐵0 𝑠𝑠 = lim
𝑡𝑡→0

B s, t
5

B s, t =
d
dt

ln
𝑑𝑑𝜎𝜎
dt

(s, t)



ReBB model analysis of pp and p�p data

→ fits for pp dσ/dt data at 2.76 TeV
and 7 TeV and for p�p dσ/dt data at
0.546 TeV and 1.96 TeV

→ use of the 𝜒𝜒2 definition developed
by PHENIX

→ determination of the energy
dependences of the model parameters

→ satisfactory description in the kine-
matical range: 0.546 ≤ 𝑠𝑠 ≤ 7 TeV
& 0.37 ≤ −𝑡𝑡 ≤ 1.2 GeV2

→ observation of an at least 7.08σ
Odderon signal

Examples of ReBB model fits for 𝐩𝐩𝐩𝐩 and 𝐩𝐩�𝐩𝐩
differential cross section data. 

6
T. Csörgő, I. Szanyi, Eur. Phys. J. C 81, 611 (2021)



Energy dependences of the model parameters

𝑅𝑅𝑞𝑞 𝑠𝑠 = 𝑝𝑝0 + 𝑝𝑝1𝑙𝑙𝑙𝑙(𝑠𝑠) 𝑅𝑅𝑑𝑑 𝑠𝑠 = 𝑝𝑝0 + 𝑝𝑝1𝑙𝑙𝑙𝑙(𝑠𝑠)

The energy dependences of the scale parameters, 𝑅𝑅𝑞𝑞(𝑠𝑠), 𝑅𝑅𝑑𝑑(𝑠𝑠), and 𝑅𝑅𝑞𝑞𝑞𝑞 𝑠𝑠 are
linear logarithmic and the same for pp and p�p processes!

The energy dependence of the 𝛼𝛼 parameter, α(𝑠𝑠) is linear logarithmic too, but not 
the same for pp and p�p processes!

7



Energy dependences of the model parameters

𝑅𝑅𝑞𝑞𝑑𝑑 𝑠𝑠 = 𝑝𝑝0 + 𝑝𝑝1𝑙𝑙𝑙𝑙(𝑠𝑠) 𝛼𝛼 𝑠𝑠 = 𝑝𝑝0 + 𝑝𝑝1𝑙𝑙𝑙𝑙(𝑠𝑠)

8

The energy dependences of the scale parameters, 𝑅𝑅𝑞𝑞(𝑠𝑠), 𝑅𝑅𝑑𝑑(𝑠𝑠), and 𝑅𝑅𝑞𝑞𝑞𝑞 𝑠𝑠 are
linear logarithmic and the same for pp and p�p processes!

The energy dependence of the 𝛼𝛼 parameter, α(𝑠𝑠) is linear logarithmic too, but not 
the same for pp and p�p processes!



Proportionality between 𝜌𝜌0 𝑠𝑠 and α(s)

𝑡𝑡𝑒𝑒𝑒𝑒(𝑠𝑠, 𝑏𝑏) = 𝑖𝑖 1 − 𝑒𝑒 )𝑖𝑖 𝛼𝛼 �𝜎𝜎𝑖𝑖𝑖𝑖(𝑠𝑠,𝑏𝑏 )1 − �𝜎𝜎𝑖𝑖𝑖𝑖(𝑠𝑠, 𝑏𝑏

𝛼𝛼 �𝜎𝜎𝑖𝑖𝑖𝑖 ≪ 1

Im 𝑡𝑡𝑒𝑒𝑒𝑒 𝑠𝑠, 𝑏𝑏 ≃ 𝜆𝜆 𝑠𝑠 exp −
𝑏𝑏2

)2𝑅𝑅2(𝑠𝑠

𝜌𝜌0(𝑠𝑠) = 𝛼𝛼(𝑠𝑠) 2 −
3
2
𝜆𝜆 𝑠𝑠 +

1
3
𝜆𝜆2 𝑠𝑠

The dependence of 𝝆𝝆𝟎𝟎/𝜶𝜶 on 𝝀𝝀 = 𝐈𝐈𝐈𝐈 𝒕𝒕𝒆𝒆𝒆𝒆 𝒔𝒔,𝒃𝒃 = 𝟎𝟎 in the TeV
energy range. The data points are generated numerically by 

using the trends of the ReBB model scale parameters and the 
experimentally measured 𝝆𝝆-parameter values. 

𝜆𝜆(𝑠𝑠) = Im 𝑡𝑡𝑒𝑒𝑒𝑒 𝑠𝑠, 𝑏𝑏 = 0

→ by rescaling one can get additional 𝛼𝛼
parameter values at energies where 𝜌𝜌0 is
measured (and vice versa)

9



H(x) scaling of the ReBB model

 conditions for ReBB model H(x) scaling to be present:
• energy independence for the 𝜶𝜶 parameter (or 𝜌𝜌0)

• the energy dependence of the scale parameters is determined by the same
factorizable 𝑏𝑏(𝑠𝑠) scaling function

𝛼𝛼 𝑠𝑠 = 𝛼𝛼 𝑠𝑠0

𝑅𝑅𝑑𝑑 𝑠𝑠 = 𝑏𝑏 𝑠𝑠 𝑅𝑅𝑑𝑑(𝑠𝑠0)𝑅𝑅𝑞𝑞 𝑠𝑠 = 𝑏𝑏 𝑠𝑠 𝑅𝑅𝑞𝑞(𝑠𝑠0) 𝑅𝑅𝑞𝑞𝑑𝑑 𝑠𝑠 = 𝑏𝑏 𝑠𝑠 𝑅𝑅𝑞𝑞𝑑𝑑(𝑠𝑠0)

𝜌𝜌0 𝑠𝑠 = 𝜌𝜌0 𝑠𝑠0(or since 𝛼𝛼~𝜌𝜌0)

( 𝑠𝑠0 is a reference energy to be chosen)

 the H(x) scaling is present in the energy range 𝑠𝑠1 ≤ 𝑠𝑠 ≤ 𝑠𝑠2 if the

scaling function is energy independent in that range i.e. 𝐻𝐻 𝑥𝑥, 𝑠𝑠1 = 𝐻𝐻 𝑥𝑥, 𝑠𝑠2 .

𝐻𝐻 𝑥𝑥, 𝑠𝑠 = �
1

𝐵𝐵0 𝑠𝑠 𝜎𝜎𝑒𝑒𝑒𝑒 𝑠𝑠
𝑑𝑑𝜎𝜎𝑒𝑒𝑒𝑒
𝑑𝑑𝑑𝑑 𝑥𝑥=−𝑡𝑡𝑡𝑡0 𝑠𝑠

10



Energy dependence of α

11

𝛼𝛼 𝑠𝑠 is constant within errors for pp in the few TeV energy range 

𝛼𝛼 𝑠𝑠 = 𝑝𝑝0 + 𝑝𝑝1𝑙𝑙𝑙𝑙(𝑠𝑠)



Energy dependence of ρ0

12
𝜌𝜌0 𝑠𝑠 is constant within errors for pp in the TeV energy range

𝜌𝜌 𝑠𝑠 = 𝑝𝑝0 + 𝑝𝑝1𝑙𝑙𝑙𝑙(𝑠𝑠)



b(s) scaling function

𝑏𝑏 𝑠𝑠 =
𝐵𝐵0 𝑠𝑠
𝐵𝐵0(𝑠𝑠0)

𝑏𝑏 𝑠𝑠 =
𝜎𝜎𝑒𝑒𝑒𝑒 𝑠𝑠
𝜎𝜎𝑒𝑒𝑒𝑒(𝑠𝑠0) 𝑏𝑏 𝑠𝑠 =

𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠
𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡(𝑠𝑠0)

𝑏𝑏 𝑠𝑠 =
𝑑𝑑𝜎𝜎/𝑑𝑑𝑑𝑑 𝑠𝑠, 𝑡𝑡

𝑑𝑑𝜎𝜎/𝑑𝑑𝑑𝑑 𝑠𝑠0, 𝑡𝑡0 = 𝑡𝑡/𝑏𝑏2 𝑠𝑠

 experimental determination of 𝑏𝑏(𝑠𝑠):

𝐵𝐵0 𝑠𝑠 = 𝑏𝑏2 𝑠𝑠 𝐵𝐵0(𝑠𝑠0)

𝜎𝜎𝑒𝑒𝑒𝑒 𝑠𝑠 = 𝑏𝑏2 𝑠𝑠 𝜎𝜎𝑒𝑒𝑒𝑒(𝑠𝑠0) 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠 = 𝑏𝑏2 𝑠𝑠 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡(𝑠𝑠0)

𝑑𝑑𝜎𝜎
𝑑𝑑𝑑𝑑

𝑠𝑠, 𝑡𝑡 = 𝑏𝑏2 𝑠𝑠
𝑑𝑑𝜎𝜎
𝑑𝑑𝑑𝑑

𝑠𝑠0, 𝑡𝑡0 =
𝑡𝑡

𝑏𝑏2(𝑠𝑠)

 scaling of the measurables:

13



Energy dependence of the b(s) scaling function

𝑏𝑏 𝑠𝑠 = 𝑝𝑝0 + 𝑝𝑝1 ln(𝑠𝑠)

14

𝑠𝑠0 = 7 TeV

measurables scale with the same 𝑏𝑏(𝑠𝑠) within errors in the TeV energy range



H x & B s, x /B0(𝑠𝑠) in the H(x)-ReBB model
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𝐻𝐻(𝑥𝑥) and the ratio B 𝑠𝑠,𝑥𝑥
𝐵𝐵0 𝑠𝑠

is 𝑥𝑥 dependent but energy independent if 𝐻𝐻(𝑥𝑥) scaling holds

B s, t =
d
dt

ln
𝑑𝑑𝜎𝜎
dt

(s, t)𝐻𝐻 𝑥𝑥, 𝑠𝑠 = �
1

𝐵𝐵0 𝑠𝑠 𝜎𝜎𝑒𝑒𝑒𝑒 𝑠𝑠
𝑑𝑑𝜎𝜎𝑒𝑒𝑒𝑒
𝑑𝑑𝑑𝑑 𝑥𝑥=−𝑡𝑡𝑡𝑡0 𝑠𝑠



H x & B s, x /B0(𝑠𝑠) in the H(x)-ReBB model

16

𝐻𝐻(𝑥𝑥) and the ratio B 𝑠𝑠,𝑥𝑥
𝐵𝐵0 𝑠𝑠

is 𝑥𝑥 dependent but energy independent if 𝐻𝐻(𝑥𝑥) scaling holds

1st cone

2nd cone

dip-bump

swing
swing

1st cone

dip-bump

2nd cone



B s, x /B0(𝑠𝑠) in the ReBB model
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in the original ReBB model the ratio B 𝑠𝑠,𝑥𝑥
𝐵𝐵0 𝑠𝑠

is not completely energy independent, 

i.e. small scaling violations are present

similar qualitative results from model-independent Lévy imaging: T. Csörgő, R. Pasechnik, A. Ster, Eur. Phys. J. C 79, 62 (2019) 

diffrent characteristics of pp and p�p B s, t
mean an Odderon effect



Error estimation for B s, x /B0(𝑠𝑠) in the ReBB model
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very small scaling violations are present between 7 and 1.96 TeV in the ReBB
model even if the estimated systematic errors are considered



Error estimation for B s, x /B0(𝑠𝑠) in the ReBB model
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no scaling violations are present between 7 & 2.76 TeV and between 2.76 and 1.96 
in the ReBB if the estimated systematic errors are considered



Summary

 the ReBB model gives satisfactory description for 𝐩𝐩𝐩𝐩 and 𝐩𝐩�𝐩𝐩 data in the
kinematical ranges 0.546 ≤ s ≤ 7 TeV and 0.37 ≤ −t ≤ 1.2 GeV2

 the ReBB model manifests H(x) scaling if the parameters Rq, Rd, and Rqd have
the same factorizable energy dependence and the parameter α is energy
independent

 the conditions for H(x) scaling is satisfied for pp scattering in the few TeV energy
range (and presumably also for 𝐩𝐩�𝐩𝐩 but new measurements would be needed to
test)

 H(x) and the ratio B s, x /B0(s) are energy independent if H(x) scaling is present

 the original ReBB model shows small H(x) scaling violations in the few TeV
energy range which almost vanish within the estimated systematic errors

 different characteristics of 𝐩𝐩𝐩𝐩 and 𝐩𝐩�𝐩𝐩 𝐁𝐁 𝐬𝐬, 𝐭𝐭 mean an Odderon effect
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T h a n k y o u f o r y o u r a t t e n t i o n !



Backup slides
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B s, x /B0(𝑠𝑠) in the ReBB model 0.546 TeV included

scaling violations in ReBB model become more significant at 𝑠𝑠 < 1 TeV
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H(x) in the ReBB model

in the original ReBB model the ratio 𝐻𝐻(𝑥𝑥) is not completely energy independent, 
i.e. small scaling violations are present (error estimation is required)
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