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Introduction

p+ p→ p+ p (1)

p̄+ p→ p̄+ p (2)

▶ For pp elastic scattering: 1.96, 2.76, 7,8,13 Tev.

▶ For pp̄ elastic scattering: 1.96 and 1.80 Tev.

▶ All at small momentum transfer (t).
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Pomeron in total cross-section

Figure 1: (Left)Feynman diagram of t-channel 1 + 2→ 3 + 4 elastic pp scattering with
intermediate exchange of pomeron P.(Right)TOTEM results for Total Cross-Section of pp and
ppbar elastic scattering.Adapted from:Royon, C. The Odderon Discovery by the D0 and
TOTEM Collaborations, Moscow Univ. Phys. 77,141–144 (2022). 4 / 37



The need for odderon

Figure 2: (Left)TOTEM results for differential cros-Section of pp elastic scattering from
1.96-13Tev.(Right)TOTEM results for differential cross-section of pp and ppbar elastic
scattering at 1.96 Tev.Adapted from:Royon, C. The Odderon Discovery by the D0 and
TOTEM Collaborations, Moscow Univ. Phys. 77,141–144 (2022).
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More evidence for the difference in pp and pp̄

Figure 3: (Left)The differentialcross-section for pp elastic scattering measured at ISR showed a
peak at small —t—, followed by a dip and then a broad maximum.(Right)Measurements at the
ISR and later machines showed that the dip does not appear in ppbar elastic
scattering.https://cerncourier.com/a/totem-probes-new-depths-in-pp-elastic-scattering/
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Pomeron and Odderon: Gluonic Exchanges in Hadronic Interactions

▶ Pomeron: 2+ gluons, color-singlet, even C-parity (C = +1) → drives the slow
rise of total cross-sections; same effect in pp and pp̄.

▶ Odderon: 3+ gluons, color-singlet, odd C-parity (C = −1) → explains differences
between pp and pp̄ scattering.
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Odderon and Pomeron Exchanges in pp Elastic Scattering

Figure 4: Feynman diagrams of t-channel 1 + 2→ 3 + 4 elastic pp scattering with intermediate
exchanges of pomeron P and odderon O.Adapted from: P. Sawasdipol et al., Eur. Phys. J. C
83, 953 (2023).
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Previous Work-I

Figure 5: The total cross-section of the pp elastic scattering with spin-2 pomeron and spin-3
odderon exchanges.Adapted from: J. Magallanes et al., Phys. Rev. D 109, 034007 (2024).
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Previous Work-II

Figure 6: Statistical and systematic uncertainties of r5 in pp elastic scattering.Adapted from: P.
Sawasdipol et al., Eur. Phys. J. C 83, 953 (2023).
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Research Gap

▶ Proton, antiproton, pomeron and odderon are composite objects.

▶ What about the FORM FACTORS?
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Hadronic Form Factors (1/2)

▶ Common Dipole Form Factor

Fhad(q
2) =

∆4

∆4 + (q2 −m2)2
(5)

▶ Generalized Dipole Form Factor (GFF1)

Fhad(q
2) =

1

1 +
(

q2−m2

∆2

)n (6)

▶ Generalized Dipole Form Factor (GFF2)

Fhad(q
2) =

1

1 +
∑n

i=1

∣∣∣ q2−m2

∆2

∣∣∣i (7)

Here, q and m are the transferred momentum and mediator mass, and ∆ is the cut-off parameter1.

1Mart, T., Sari, A. K. (2013). Hadronic form factors in the p→ K+ process. Modern Physics
Letters A, 28(14), 1350054.
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Hadronic Form Factors (2/2)

▶ Gaussian Form Factor

Fhad(q
2) = exp

{
− (q2 −m2)2

∆4

}
(8)

▶ Combined GFF1 + Gaussian Form Factor

Fcomb1(q
2) =

exp
{
− (q2−m2)

∆4

}
1 +

(
q2−m2

∆2

)n (9)

▶ Combined GFF2 + Gaussian Form Factor

Fcomb2(q
2) =

exp
{
− (q2−m2)

∆4

}
1 +

∑n
i=1

∣∣∣ q2−m2

∆2

∣∣∣i (10)

These combined forms allow flexible tuning of the short- and long-range hadronic effects2.

2Mart, T., Sari, A. K. (2013). Hadronic form factors in the p→ K+ process. Modern Physics
Letters A, 28(14), 1350054.
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Research Approach

▶ Theoretical Framework: Effective Lagrangian formalism and Standard
Reggeization Technique.

▶ Computational Method: Calculation of probability amplitudes within standard
quantum field theory.

▶ Software Tools: Mathematica (FeynCalc), Python for numerical evaluation and
data analysis.

▶ Key Observables: Differential cross-section, total cross-section, and the
rho-parameter.
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Lagrangian and Scattering Matrix Element

Given the Lagrangian density3:

LP = −igPPµνGµ′ν′
µν ψ̄γµ′

←→
∂ ν′ψ (3)

LV =
i

3 !

gV
M

Oµνρ ψγµ′
←→
∂ ν′
←→
∂ ρ′ ψ Gµ

′ν′ρ′
µνρ + h.c. (4)

The goal then is to calculate4:

(2π)4δ4 (q1 + q2 − q3 − q4) iM = ⟨p(q3)p(q4)| : Te i
∫
L d4x : |p(q1)p(q2)⟩ (5)

3Sawasdipol, Prin, et al. ”Effects of odderon spin on helicity amplitudes in pp elastic scattering.”
The European Physical Journal C 83.10 (2023): 953.

4Peskin, M. E. (2018). An Introduction to quantum field theory. CRC press.
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Elastic Scattering Amplitude and Cross Section

The total amplitude for pp elastic scattering includes both Pomeron and Odderon
exchange:

Mpp̄,pp =Mpp̄,pp
P ±Mpp̄,pp

O (4)

The interference between even (Pomeron) and odd (Odderon) components is essential
in describing differences in pp and p̄p elastic data.

The differential cross-section for pp and p̄p elastic scattering is given as 5.:

dσpp,p̄p

dt
=

1

16πs (s −m2
p)

1

4

∑
spin

∣∣Mpp,p̄p
∣∣2 (3)

5Magallanes, J. B., Sawasdipol, P., Pongkitivanichkul, C., Samart, D. (2024). Odderon as a Regge
spin-3 oddball in pp and pp¯ elastic scattering. Physical Review D, 109(3), 034007.

16 / 37



Generic Form of Regge Propagator

The generic form of the Regge propagator for a particle X with mass mX and spin JX is given as6:

RX (s, t) =
π α′

X
1
2

[
(−1)JX + e−i π αX (t)

]
Γ
[
αX (t) + 1− JX

]
sin

[
π αX (t)

] ( s

s0

)αX (t)−JX

(11)

The Regge trajectory for particle X is given by:

αX (t) = JX + α′
X

(
t −m2

X

)
(12)

Here, α′
X is the slope of the Regge trajectory. The lowest mass appears at the first Regge pole.

6Lecture notes from Prof. Daris Samart, Online Group Laboratory Meeting, MSU-IIT, 2024.
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Amplitudes-Pomeron Exchange

iMpp
P = −ig2

P ū(q3)γµ′
1
(q3,ν′1 + q1,ν′1)u(q1)G

µ′
1ν

′
1

µ1ν1∆
µ1ν1;µ2ν2
P (q3 − q1)G

µ′
2ν

′
2

µ2ν2

× ū(q4)γµ′
2
(q4,ν′2 + q2,ν′2)u(q2)FP(t)

2. (6)

iMpp̄
P = −ig2

P v̄(q1)γµ′
1
(q1,ν′1 + q3,ν′1)v(q3)G

µ′
1ν

′
1

µ1ν1 i∆
µ1ν1;µ2ν2
P (q3 − q1)G

µ′
2ν

′
2

µ2ν2

× ū(q4)γµ′
2
(q4,ν′2 + q2,ν′2)u(q2)FP(t)

2. (7)
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Amplitudes-Odderon Exchange

iMpp
O =

ig2
O

36M2
u(q3)γµ′

1
(q3 + q1)ν′1(q3 + q1)ρ′1u(q1)

× Gµ
′
1ν

′
1ρ

′
1

µ1ν1ρ1∆
µ1ν1ρ1;µ2ν2ρ2
OF (q1 − q3)G

µ′
2ν

′
2ρ

′
2

µ2ν2ρ2

× u(q4)γµ′
2
(q4 + q2)ν′2(q4 + q2)ρ′2u(q2)F

2
O(q

2). (8)

iMpp̄
O =

ig2
O

36M2
v(q3)γµ′

1
(q1 + q3)ν′1(q1 + q3)ρ′1v(q3)

× Gµ
′
1ν

′
1ρ

′
1

µ1ν1ρ1∆
µ1ν1ρ1;µ2ν2ρ2
OF (q1 − q3)G

µ′
2ν

′
2ρ

′
2

µ2ν2ρ2

× u(q4)γµ′
2
(q4 + q2)ν′2(q4 + q2)ρ′2u(q2)F

2
O(q

2). (9)
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Results-Pomeron Contribution

∑
spin

∣∣Mpp
∣∣2 =

∑
spin

(∣∣Mpp
P
∣∣2 − |Mpp ∗

P Mpp
O | − |M

pp
P M

pp ∗
O |+

∣∣Mpp
O
∣∣2) . (10)

∑
spin

∣∣Mpp
P
∣∣2 =

∑
spin

Mpp
P M

pp ∗
P

≈
256g4

P π
2 s4( s

s0
)2(−M2

P+t)αPpα2
Pp

(
1− tµ poµN

4mp2

)4

(
1− t

m2
D

)8(
1− t

mp

)4

×
cos[12M

2
PπαPp]

2csc[π(2−M2
PαPp + tαPp)]

2

Γ[1−M2
PαPp + tαPp]2

(11)
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Odderon Contribution to the Squared Amplitude

∑
spin

|Mpp
O |

2 =
∑
spin

Mpp
O M

pp ∗
O

≈
64 g4

OVπ
2 s6

(
s
s0

)2(−M2
0+t)αOp

α2
Op ∆

16 csc2
[
π(M2

0 − t)αOp

]
sin2

[
π
2 (3−M2

0αOp)
]

81M4
(
(−M2

0 + t)2 +∆4
)4
Γ2
[
1−M2

0αOp + αOpt
]

(12)
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Cross Term Contribution

∑
spin

∣∣Mpp
P M

pp ∗
O

∣∣ ≈

17.3884 g2
OV g

2
PNN s 5−M2

0αOp−
919681αPp

250000
−t(αOp+αPp)

× (1.26016 + t)2 αOpαPp

∣∣∣ cos(1
2
M2

0παOp

)
cos

(919681παPp

500000

)∣∣∣
× csc

[
π(M2

0 + t)αOp

]
csc

[
π(

919681

250000
+ t)αPp

]
(0.71 + t)4(0.879844 + t)2(1 +M4

0 + 2M2
0 t + t2)2

× Γ
[
1−M2

0αOp − tαOp

]
Γ
[
1−

919681αPp

250000
− tαPp

]
(1)
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Results-Differential Cross-Sections
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Results-Differential Cross-Sections
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Results-Differential Cross-Sections
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Table of Parameters

Free Parameters-13TEV-pp

ff N gO M0 αO αP n

f1 0.83256±0.08083 13.80 3.20 0.45 0.21972±0.00055 none

f2 0.83258±0.08083 13.88076 3.21122 0.26052 0.21972±0.00055 none

f3 0.83255±0.08132 13.88418 3.31130 0.23804 0.21972±0.00056 4

f4 0.83254±0.08083 13.80 3.20 0.25 0.21972±0.00055 none

f5 0.83254±0.08132 13.80 3.20 0.25 0.21972±0.00056 4

f6 0.83254±0.08132 13.79944 3.21 0.25 0.21972±0.00056 4
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Table of Parameters

Free Parameters-7TEV-pp

ff N gO M0 αO αP n

f1 0.68748±0.21218 11.62099 3.69427 0.67095 0.21704±0.00187 none

f2 0.68744±0.21216 13.84842 3.20227 0.31184 0.21704±0.00187 none

f3 2.07480±0.42881 13.58409 3.21928 0.26458 0.22365±0.00121 4

f4 0.68746±0.21217 13.80011 3.20 0.25 0.21704±0.00187 none

f5 2.07446±0.42873 13.80 3.20 0.25 0.22365±0.00121 4

f6 2.07463±0.42877 13.80043 3.20 0.25 0.22365±0.00121 4
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Table of Parameters

Free Parameters-1.80TEV-pp̄

ff N gO M0 αO αP n

f1 1.00000±4.55326 13.07864 3.05423 0.37990 0.21560±0.03165 none

f2 1.00000±4.55327 13.80 3.21151 0.25459 0.21560±0.03165 none

f3 1.00000±4.75573 13.80943 3.19209 0.32935 0.21560±0.03306 4

f4 1.00000±4.55327 13.80 3.20 0.25 0.21560±0.03165 none

f5 1.00000±4.75574 13.80 3.20 0.25 0.21560±0.03306 4

f6 1.00000±4.75574 13.80 3.20 0.25 0.21560±0.03306 4
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Summary and Future Work

▶ We have developed a model for proton–proton elastic scattering at low
momentum transfer (t) and high center-of-mass energy (s) in the t-channel,
employing the effective Lagrangian formalism in conjunction with the standard
Reggeization technique.

▶ The model has been systematically tested, incorporating six distinct form factors
to account for the relevant physical contributions.

▶ The optimal fit of the model was obtained within the energy ranges of 13TeV and
7TeV for proton–proton scattering, and 1.8TeV for proton–antiproton scattering.

▶ Future work will focus on the computation of remaining observables and the
implementation of advanced data analysis techniques to improve the accuracy and
efficiency of the numerical calculations and the reliability of the results.
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Differential Cross Section for pp Elastic Scattering

dσpp

dt
≈ 0.000377079

s2
N

[
− 34.7769 g2

OV g
2
PNN

∣∣∣∣∣ s5−M2
0αOp− 919681

250000αPp−t(αOp+αPp)(1.26016 + t)2αOpαPp

(0.71 + t)4(0.879844 + t)2(1 +M4
0 + 2M2

0 t + t2)2

×
cos( 12M

2
0παOp) cos(

919681παPp

500000 )

Γ(1−M2
0αOp − tαOp)Γ(1− 919681

250000αPp − tαPp)

∣∣∣∣∣
+

7.79821 g4
OV s

6−2M2
0αOp−2tαOpα2

Op cos
2( 12M

2
0παOp)

(1 +M4
0 + 2M2

0 t + t2)4Γ2(1−M2
0αOp − tαOp)

+
38.7727 g4

PNNs
4− 919681

125000αPp−2tαPp (1.26016 + t)4α2
Pp cos

2(
919681παPp

500000 )

(0.71 + t)8(0.879844 + t)4Γ2(1− 919681
250000αPp − tαPp)

]
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Differential Cross Section for pp̄ Elastic Scattering

dσpp̄

dt
≈ 0.000377079

s2
N

[
34.7769 e−2Re[(M2

0+t)2]g2
OV g

2
PNN

∣∣∣∣∣ s5−M2
0αOp− 919681

250000αPp−t(αOp+αPp)(1.26016 + t)2αOpαPp

(0.71 + t)4(0.879844 + t)2

×
cos( 12M

2
0παOp) cos(

919681παPp

500000 )

Γ(1−M2
0αOp − tαOp)Γ(1− 919681

250000αPp − tαPp)

∣∣∣∣∣
+

7.79821 e−4(M2
0+t)2g4

OV s
6−2M2

0αOp−2tαOpα2
Op cos

2( 12M
2
0παOp)

Γ2(1−M2
0αOp − tαOp)

+
38.7727 g4

PNNs
4− 919681

125000αPp−2tαPp (1.26016 + t)4α2
Pp cos

2(
919681παPp

500000 )

(0.71 + t)8(0.879844 + t)4Γ2(1− 919681
250000αPp − tαPp)

]
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Reggeization Technique
The lowest mass can be identified in the first Regge trajectory.In the Reggeization
procedure, for Odderon spin 3, the Feynman propagator in the t-channel is replaced by
the following expression,

∆̃O(t) =
1

t −M2
O

J=3→ RO(s, t) =
π α′

O
1
2

[
− 1 + e−i π αO(t)

]
Γ
[
αO(t)− 2

]
sin

[
π αO(t)

] ( s

s0

)αO(t)−3

, (13)

where αO(t) = 3 + α′
O
(
t −M2

O
)
, α′

O = 0.189 and MO = 3.201 using the average
results in reference[]. In addition, we set s0 = 1 GeV as the standard value in the
Reggeization procedure [?]. For the spin-2 pomeron, the reggeization can be done by
the following replacement for the propagator,

∆̃P(t) =
1

t −M2
P

J=2→ RP(s, t) =
π α′

P
1
2

[
1 + e−i π αP(t)

]
Γ
[
αP(t)− 1

]
sin

[
π αP(t)

] ( s

s0

)αP(t)−2

, (14)

where αP(t) = 2 + α′
P
(
t −M2

P
)
α′
P = 0.25 and MP = 1.918GeV .
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Proton Form Factor

F p
1 (t) =

[
1− t

4m2
p

µp
µN

]
︸ ︷︷ ︸

magnetic term

(
1− t

m2
p

)−1

︸ ︷︷ ︸
mass pole

(
1− t

m2
D

)−2

︸ ︷︷ ︸
dipole factor

▶ t: momentum transfer squared

▶ mp: proton mass

▶ µp, µN : proton and nuclear magneton magnetic moments

▶ mD : dipole mass parameter (≈ 0.84 GeV)

35 / 37



Regge Trajectory

Figure 7:
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Regge Ansatz for Scattering Amplitude

The high-energy behavior of a scattering amplitude can be expressed using a Regge
ansatz:

A(s, t) ≈ β(t)

(
s

s0

)α(t)

, s ≫ m2

▶ s : Mandelstam variable, center-of-mass energy squared.

▶ t : momentum transfer squared.

▶ α(t) : Regge trajectory, e.g. α(t) = α0 + α′t.

▶ β(t) : residue function, often includes mass scale m for dimensional consistency.

▶ s0 : reference energy scale, typically 1 GeV2.

Example: α(t) = j0 + α′t ⇒ A(s) ∼ s j0 at small |t|.
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