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Proton–proton interaction at high energies

Figure from [arXiv:1411.4085]
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Diffraction

Diffractive topologies
elastic
scattering

single
diffraction

central
diffraction

double
diffraction

Diffractive signatures
large rapidity gap
forward (anti-)proton

Hard diffraction: diffraction + hard scale
Hard diffractive topologies

single diffraction
central diffraction (double pomeron exchange)
central exclusive production
jet–gap–jet
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Mechanism of hard diffraction

Resolved pomeron
Ingelman-Schlein
model
pomeron has partonic
structure

Soft colour interactions
QCD-inspired model
additional gluon exchanges
screen the color flow
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Kinematics

ξ – momentum fraction of the
proton carried by the pomeron

t – squared four-momentum
transferred from the proton

β – momentum fraction of the
pomeron carried by the
interacting parton

MX – diffractive mass

M2
X = sξ M2

X = sξ1ξ2
9 / 60



Forward Physics
in the ATLAS
Experiment
at the LHC

Rafał Staszewski

Introduction

Measurements
w/o forward
proton tagging

Proton tagging:
ALFA detectors

Proton tagging:
AFP detectors

Equivalent photons
(slides borrowed from Victor Gonçalves)

Equivalent Photon Approximation

10 / 60



Forward Physics
in the ATLAS
Experiment
at the LHC

Rafał Staszewski

Introduction

Measurements
w/o forward
proton tagging

Proton tagging:
ALFA detectors

Proton tagging:
AFP detectors

Equivalent photons
(slides borrowed from Victor Gonçalves)

Equivalent Photon Approximation

10 / 60



Forward Physics
in the ATLAS
Experiment
at the LHC

Rafał Staszewski

Introduction

Measurements
w/o forward
proton tagging

Proton tagging:
ALFA detectors

Proton tagging:
AFP detectors

Equivalent photons
(slides borrowed from Victor Gonçalves)

Equivalent Photon Approximation

10 / 60



Forward Physics
in the ATLAS
Experiment
at the LHC

Rafał Staszewski

Introduction

Measurements
w/o forward
proton tagging

Proton tagging:
ALFA detectors

Proton tagging:
AFP detectors

Two-photon processes

Two-photon processes can be
computed within QED
Exclusive γγ → ll

Standard candle for
photon-induced physics
Non-negligible background to
Drell-Yan like reactions

Test of SM γWW and γγWW
couplings
Searches for new physics
QCD:

absorptive corrections
dissociation
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ATLAS Detector

…but also forward detectors providing measurements
of forward intact protons: ALFA and AFP
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Soft diffraction

non-diffractive
interaction

elastic
scattering

single
diffraction

central
diffraction

double
diffraction
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Diffractive jets

Low pile-up data from 2010 (√s = 7 TeV)
Rapidity gap based on

tracks (|η| < 2.5, pT > 200 MeV)
calorimeter cells (|η| < 4.8)

Proton energy loss and diffractive mass

ξ = M2
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Diffractive jets
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Two-photon processes

Exclusive γγ → ll

Standard candle for
photon-induced physics
QED calculations
QCD corrections

Exclusive γγ → V V

Tests of Standard Model
Searches for new physics
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γγ → µµ in pp: event selection

Preselection:
muons: pT > 10 GeV, |η| < 2.4, Mµµ > 20 GeV
electrons: pT > 11 GeV, |η| < 2.4, Mee > 24 GeV

Exclusive selection:
3 mm vertex longitudinal isolation (efficiency = 74%)
pT of the pair below 1.5 GeV

19 / 60



Forward Physics
in the ATLAS
Experiment
at the LHC

Rafał Staszewski

Introduction

Measurements
w/o forward
proton tagging

Proton tagging:
ALFA detectors

Proton tagging:
AFP detectors

γγ → µµ in pp: results

Agreement with calculations (absorptive corrections are important)
Measurement also at 13 TeV
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Results for γγ → WW → eνµν
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Standard Model signal
3σ significance

New physics searches
peµT > 120 GeV
Data: 1
Background: 0.37 ± 0.13
SM Signal: 0.37 ± 0.04
limits on anomalous
γγWW couplings
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γγ processes in heavy ion collisions

pT > 5 GeV
|η| < 2.4
(both muons)
Mµµ > 10 GeV
Muons form
a vertex
No other tracks
12069 events
after selection
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Acoplanarity

No QED radiative corrections
in MC (Starlight)
Two variants assumed:

tail is background
tail is due to FSR

The background fraction with acoplanarity<0.08 is 2 – 4%.
The result is average of the two possibilities
Difference is taken as systematic uncertainty
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Light-by-light scattering in PbPb

Elastic scattering of two
photons
Quantum effect: not present
in classical theory
Very small cross section
No direct observation so far
Possible channel to study
new physics
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Event selection

Dedicated trigger: photons + clean event

Selection:
Two photons,
ET > 3 GeV
Mγγ > 6 GeV
Exclusivity: no tracks
pγγT < 6 GeV
Acoplanarity:
(1−∆Φγγ/π) < 0.01
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Selection γγ → e+e− CEP gg → γγ Hadronic Other Total Signal Data
fakes fakes background

Preselection 74 4.7 6 19 104 9.1 105
Ntrk = 0 4.0 4.5 6 19 33 8.7 39
pγγT < 2 GeV 3.5 4.4 3 1.3 12.2 8.5 21
Aco < 0.01 1.3 0.9 0.3 0.1 2.6 7.3 13

Uncertainty 0.3 0.5 0.3 0.1 0.7 1.5
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Results

First direct observation of the light-by-light signal
Excess in the data consistent with predictions

σmeas
fid = 70± 24(stat) ± 17(syst) nb σth

fid = 49± 10 nb
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Observed significance: 4.4σ (expected: 3.8σ)
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Optical theorem, total cross section and absolute luminosity

Four momentum transfer squared

t = (p−p′)2 ≈ −(pθ)2 = −p2(θ2x+θ2y)

Optical theorem

σtot = 4πImfel
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High-β optics

low β*
stong focussing
high luminosity

high β*
weak focussing
low luminosity

beam beam

elastic
proton

elastic
proton

elastic
proton elastic

proton

beam crossing angle

head-on beams
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Elastic events

[mm]x

-3 -2 -1 0 1 2 3

[m
m

]
y

-25

-20

-15

-10

-5

0

5

10

15

20

25
ATLAS -1bµ=7 TeV, 80 s

2 < 0.01 GeV-t < 20.008 GeV

2 < 0.055 GeV-t < 20.05 GeV

2 < 0.3 GeV-t < 20.2 GeV

 [mm]x

-25-20-15-10 -5 0 5 10 15 20 25

 [m
m

]
y

-40

-30

-20

-10

0

10

20

30

40

0

1000

2000

3000

4000

5000

6000

7000

8000ATLAS
-1bµ=7 TeV, 80 s

(237 m) A-side [mm]y

-25 -20 -15 -10 -5 0 5 10 15 20 25

(2
37

 m
) 

C
-S

id
e 

[m
m

]
y

-25

-20

-15

-10

-5

0

5

10

15

20

25

0

1000

2000

3000

4000

5000ATLAS

-1bµ=7 TeV, 80 s

(237 m) A-side [mm]x

-10 -8 -6 -4 -2 0 2 4 6 8 10

ra
d]

µ
(2

37
 m

) 
A

-S
id

e 
[

xθ

-150

-100

-50

0

50

100

150

0

1000

2000

3000

4000

5000

6000

7000ATLAS

-1bµ=7 TeV, 80 s

34 / 60



Forward Physics
in the ATLAS
Experiment
at the LHC

Rafał Staszewski

Introduction

Measurements
w/o forward
proton tagging

Proton tagging:
ALFA detectors

Proton tagging:
AFP detectors

Reconstruction

Proton transport

[
x
θx

]
=

[
M11 M12

M21 M22

]
x

[
x∗

θ∗x

] [
y
θy

]
=

[
M11 M12

M21 M22

]
y

[
y∗

θ∗y

]

t reconstruction

t subtraction method

θ∗x =
xA − xC

M12,A +M12,C

t local angle method

θ∗x =
θx,A − θx,C

M22,A +M22,C

t lattice method
]2 [GeV-t

0.05 0.1 0.15 0.2 0.25 0.3 0.35

)[
%

]
t

)/
re

c
t-

t
R

M
S

((

5

10

15

20

25

30

35 ATLAS  Simulation

=7 TeVs

Subtraction method

Local angle method

Lattice method

infinite det. resolution

35 / 60



Forward Physics
in the ATLAS
Experiment
at the LHC

Rafał Staszewski

Introduction

Measurements
w/o forward
proton tagging

Proton tagging:
ALFA detectors

Proton tagging:
AFP detectors

Optics studies
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Diffraction with ALFA

Ongoing measurements:
Exclusive pp → pπ+π−p

Single diffraction
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AFP (ATLAS Forward Proton) detectors
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Diffractive events seen in AFP

ξcal =

∑
pT e

±η

√
s

ATL-PHYS-PUB-2017-012

Presence of diffractive events clearly seen
Enhancement in the AFP acceptance region
Overall sample is dominated by pile-up related background
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Example: γγ → γγ

• couplings predicted by extra-dim, composite Higgs models: 10−14 − 10−13

• trigger: 2 high pT central photons, no AFP trigger needed
• high mass → not need to be very close to the beam
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Exclusivity selection

• main background: non-diff γγ + pile-up protons
• exclusivity selection kills all background (even without ToF)
• for 300 fb−1 and µ = 50: <1 background events for 15.1 (3.8)
signal events for anomalous coupling of 2 · 10−13(10−13) 54 / 60
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Summary

Rich forward physics programme of ATLAS:
elastic scattering (total cross section, ρ, luminosity)
soft diffraction
hard diffraction
two-photon processes
new physics

Experimental methods
rapidity gaps (calorimeter, tracks)
measurement of forward protons (ALFA, AFP)
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