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Diffractive interactions at the LHC

• t-channel exchange of color neutral particles (QED, QCD)

Single/double diffractive 
dissociation

Double pomeron 
exchange

Single-diffraction 
with central system 

Central exclusive 
production

Exclusive 
photoproduction

Elastic 
scattering

• Spans over large kinematic region (MeV – TeV), and large cross-section range

• Provide a rich scientific program for LHC experiments

Soft diffraction: Purely nonperturbative processes

Hard diffraction: Substantial fraction of proton kinetic energy is transferred (~a few%)

See Ronan McNulty’s talk
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Diffractive interactions at the LHC

• t-channel exchange of color neutral particles (QED, QCD)

Single/double diffractive 
dissociation

Double pomeron 
exchange

Single-diffraction 
with central system 

Central exclusive 
production

Exclusive 
photoproduction

Elastic 
scattering

• Spans over large kinematic region (MeV – TeV), and large cross-section range

• Provide a rich scientific program for LHC experiments

Soft diffraction: Purely nonperturbative processes

Hard diffraction: Substantial fraction of proton kinetic energy is transferred (~a few%)

New results

See Ronan McNulty’s talk



M. Pitt @ DIS2024 4

Soft central exclusive production processes

• A clean laboratory for the study of various nonperturbative phenomena (glueballs, … )

• Dominated by double-pomeron exchange (DPE) at high momentum transfer (t)

Resonant production Nonresonant production (continuum)
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First measurements of exclusive di-pions

• Imposed rapidity gap selection criteria (DPE + Photoproduction)

• Resonant production at 5.02 and 13 TeV data

EPJC 80 (2020) 718

Resonant production

• Measured production cross-section in the 

pT>0.2 GeV, |η|<2.4 fiducial region

• Modeled by Breit-Wigner functions ∗ Gaussian

https://cms-results.web.cern.ch/cms-results/public-results/publications/FSQ-16-006/
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Nonresonant central exclusive production

ℳ = ℳ13 𝑡1, 𝑠13

𝐹𝑚
2 Ƹ𝑡

Ƹ𝑡 − 𝑚2
ℳ24 𝑡2, 24 + Ƹ𝑡 ො𝑢 + ℳ𝑟𝑒𝑠
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Nonresonant central exclusive production

Proton – Pomeron interaction (~𝑠𝛼𝐼𝑃):

ℳ𝑖𝑘 𝑡, 𝑠 = 𝑖𝜎0 𝑠/𝑠0
𝛼𝐼𝑃 𝑡 ℱ𝑝(𝑡)

Where ℱ𝑝(𝑡) is the proton-pomeron Form Factor

ℳ = ℳ13 𝑡1, 𝑠13

𝐹𝑚
2 Ƹ𝑡

Ƹ𝑡 − 𝑚2
ℳ24 𝑡2, 24 + Ƹ𝑡 ො𝑢 + ℳ𝑟𝑒𝑠
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ℳ𝑟𝑒𝑠 = න𝑑2𝑘𝑇 ℳ 𝑝1 − 𝑘𝑇 , 𝑝2 − 𝑘𝑇 ℱ𝑝(𝑡′1) ℱ𝑝 𝑡′2 𝑆 𝑘𝑇  
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Nonresonant central exclusive production

• Proton-pomeron Form Factor ℱ𝑝(𝑡): 

One channel model:

ℱ𝑝 𝑡 = 𝑒𝐵/2𝑡
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Nonresonant central exclusive production

• Proton-pomeron Form Factor ℱ𝑝(𝑡): 

One channel model:

ℱ𝑝 𝑡 = 𝑒𝐵/2𝑡

Two-channels model (two diffractive states)

ȁ ۧ𝑝 = ȁ𝑎𝑖 ۧ𝜙𝑖 , with coupling 𝛾𝑖

ℱ𝑖 𝑡 = 𝑒− 𝑏𝑖 𝑐𝑖−𝑡 𝑑𝑖+ 𝑏𝑖𝑐𝑖
𝑑𝑖
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Nonresonant central exclusive production

• Proton-pomeron Form Factor ℱ𝑝(𝑡): 

• Pomeron-meson Form Factor ℱ𝑚(𝑡): 

One channel model:

ℱ𝑝 𝑡 = 𝑒𝐵/2𝑡

Two-channels model (two diffractive states)

ȁ ۧ𝑝 = ȁ𝑎𝑖 ۧ𝜙𝑖 , with coupling 𝛾𝑖

ℱ𝑖 𝑡 = 𝑒− 𝑏𝑖 𝑐𝑖−𝑡 𝑑𝑖+ 𝑏𝑖𝑐𝑖
𝑑𝑖

Exponential

Orear, PRL 12 (1964) 112

Power-law
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Nonresonant central exclusive production – MC model

• Implemented in DIME event generator https://dimemc.hepforge.org/  

https://dimemc.hepforge.org/
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Nonresonant central exclusive production

• φ distribution is connected to the quantum mechanical amplitude of the process

• Di-pion production data can be fitted with a simple functional form

𝑑3𝜎

𝑑𝑝1,𝑇𝑑𝑝2,𝑇𝑑𝜙
= 𝐴 𝑅 − 𝑐𝑜𝑠𝜙 2 + 𝑐2

• Dip at 𝜙 = acos(𝑅) can be understood as an effect of additional pomeron 

exchanges, resulting from the bare and rescattered amplitudes

• Free parameters can be fitted using 

model-motivated functional forms

PLB 464 (1999) 279, PLB 477 (2000) 13

https://www.sciencedirect.com/science/article/abs/pii/S0370269399008758?via%3Dihub
https://inspirehep.net/literature/523060
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Tagging scattered protons → tagging diffractive events

• TOTEM: TOTal cross section Elastic scattering and diffraction dissociation Measurements at the LHC

• Protons scattered at small angles are deflected away 

from the beam and measured by forward detectors.

https://cerncourier.com/a/totem-sees-elastic-scattering-
and-lhcf-completes-first-run/ 

➢ Two arms (sector 45 and 56)

➢ Two stations (at ~213 and 220m)

➢ Top and bottom pots

➢ Each station has 5+5 panes (‘v’ and ‘u’)

➢ Each plane has 4x128 strips

TB

BB

https://cerncourier.com/a/totem-sees-elastic-scattering-and-lhcf-completes-first-run/
https://cerncourier.com/a/totem-sees-elastic-scattering-and-lhcf-completes-first-run/
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Tagging scattered protons → tagging diffractive events

• TOTEM: TOTal cross section Elastic scattering and diffraction dissociation Measurements at the LHC

• Protons scattered at small angles are deflected away 

from the beam and measured by forward detectors.

https://cerncourier.com/a/totem-sees-elastic-scattering-
and-lhcf-completes-first-run/ 

➢ Two arms (sector 45 and 56)

➢ Two stations (at ~213 and 220m)

➢ Top and bottom pots

➢ Each station has 5+5 panes (‘v’ and ‘u’)

➢ Each plane has 4x128 strips

Detectors are operational 

only at low beam intensity

TB

BB

https://cerncourier.com/a/totem-sees-elastic-scattering-and-lhcf-completes-first-run/
https://cerncourier.com/a/totem-sees-elastic-scattering-and-lhcf-completes-first-run/
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Analysis overview

• Using data collected by CMS + TOTEM experiments in 2018 to utilize proton tagging

• Data recorded during LHC special high-β* runs

• Events are triggered by forward proton detectors in 4 configurations: TT TB BT BB

• TB&BT: elastic veto was applied (trigger level)

• Proton acceptance 0.175 < 𝑝𝑦 < 0.670 GeV

• Hadron track acceptance 𝑝𝑇 > 0.1 GeV

• 2 tracks + 2 protons at the final state

arXiv:2401.14494  
(Accepted for publication in PRD)

http://arxiv.org/abs/2401.14494
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Proton reconstruction efficiency
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Coverage: 
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Proton – track matching

• Sum of the scattered proton and central hadron momenta and the sum of the 

scattered proton momenta

Σ4 proton and central hadron

Σ2 only scattered protons

TT/BB topology:
kinematic cut at py>175 MeV is visible

TB/BT topology:
Elastic protons (pileup) are visible

In all topologies inelastic backgrounds 
is present (a slanted area)



M. Pitt @ DIS2024 22

Performance of the CMS tracker

• Particle ID based on dE/dX measurement, and probability 𝑃ℎ(𝜀, 𝑝) is contracted

• Select 2 track events of the same type: 𝑃2,ℎ ⋅ 𝑃2,ℎ > 10 ⋅ 𝑃1,𝑘 ⋅ 𝑃1,𝑘 for 𝑘 ≠ ℎ
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Performance of the CMS tracker

• Particle ID based on dE/dX measurement, and probability 𝑃ℎ(𝜀, 𝑝) is contracted

• Select 2 track events of the same type: 𝑃2,ℎ ⋅ 𝑃2,ℎ > 10 ⋅ 𝑃1,𝑘 ⋅ 𝑃1,𝑘 for 𝑘 ≠ ℎ

• Impose track-RP matching – protons suppressed due to limited energy
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Performance of the CMS tracker

• The combined reconstruction and High-Level Trigger efficiency 
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Event classification

• Based on the distributions Σ2 = Σ2𝑝𝑋, Σ2𝑝𝑌 , and Σ2 = Σ2𝑝𝑋, Σ2𝑝𝑌  a classification 

variables (Mahalanobis distance) are constructed 𝜒 Σ = Σ𝑇𝑉−1Σ, where 𝑉(Σ) is 

the covariance matrix

𝐴𝜒𝑒−𝜒2/2 + 𝐵𝜒𝑒−𝑘𝜒

Elastics

Signal region
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Background subtraction

• Fitting the background component k, we can estimate background contamination in 

the signal region: 
0

𝜒𝑆𝑅 𝜒𝑒−𝑘𝜒 = 
𝜒𝑆𝑅

𝜒𝑆𝐵 𝜒𝑒−𝑘𝜒, sensitive to fitted 𝑘 parameter

Estimated for every φ
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Background subtraction

• Fitting the background component k, we can estimate background contamination in 

the signal region: 
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𝜒𝑆𝐵

Estimated for every φ
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• Several sources, reasonable systematics (~5%)
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• Measure differential cross-section if di-pions as a function of φ in pT bins, μb/GeV2

Plots in range of: 
0.4 < 𝑝𝑇/𝐺𝑒𝑉 < 0.6

Example of single [p1T,p2T] bin
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• From φ distributions parameters A, R, c as a function of pT are fitted
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• From φ distributions Form-Factor are fitted

• Tuning is done with PROFESSOR (v2.3.3)

• Diffractive Model 

(Proton-pomeron FF + Rescattering)

➢ Empirical

➢ One-channel

➢ Two-channels

• Pomeron-meson Form Factor

➢ Exponential

➢ Orear-type

➢ Power-low
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• From φ distributions Form-Factor are fitted

• Tuning is done with PROFESSOR (v2.3.3)

Empirical One-channel Two-channels
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• From φ distributions Form-Factor are fitted

• Tuning is done with PROFESSOR (v2.3.3)

• Two – channel fit for different pomeron – meson form factors
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• Fitted distributions shows a good quality – a ground state protons is enough?  
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• Fitted distributions shows a good quality – a ground state protons is enough?  

• Virtual hadrons – important to fix the value of b𝑒𝑥𝑝 from 0.45 to 0.9 GeV-2
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Analysis

✓ Central exclusive production of charged pions at 13 TeV in resonance-free region 

✓ Differential cross-sections in bins of [p1T,p2T]

✓ Azimuthal angle φ between the surviving protons

Results

✓ First observation of parabolic minimum in φ distribution

• Interference of the bare and the rescattered amplitudes

✓ First model tunning of pomeron related quantities

✓ Good quality fits
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Analysis

✓ Central exclusive production of charged pions at 13 TeV in resonance-free region 

✓ Differential cross-sections in bins of [p1T,p2T]

✓ Azimuthal angle φ between the surviving protons

Results

✓ First observation of parabolic minimum in φ distribution

• Interference of the bare and the rescattered amplitudes

✓ First model tunning of pomeron related quantities

✓ Good quality fits

Thank you for your attention
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• Measure differential cross-section if di-pions as a function of φ in pT bins, μb/GeV2
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