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Why is this the only known force that confines?
Does it accidentally or dynamically conserve CP?  

How can we better model cosmic-ray air showers?
How do long-range nonperturbative dynamics emerge?

What measurements improve MC precision to probe new physics?

INTERCONNECTED PROBES OF SOFT QCD & DIFFRACTION

Calculation
Models and generators

Laboratory
Colliders and detectors

Nature
Cosmic ray observatories

Fig: ATLAS-PHOTO-2016-009-4 

The strong force is still fundamentally mysterious 
Foundational and practical open questions endure

Fig: A. Chantelauze, S. Staffi, L. Bret

https://cds.cern.ch/record/2148236/
https://news.fnal.gov/2019/12/the-sparkles-on-the-roof/
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Retrospective: diverse ATLAS sQCD science in 2010s

Charged particles 
NJP 13 (2010) 053033

PLB 758 (2016) 67  

ALFA 𝜎(el)  and 𝜎(tot) 
Nucl.Phys.B 889 (2014) 486-548 

PLB 761 (2016) 158 

ATLAS opened rich programme of landmark measurements in past decade
Often requires dedicated detectors, special runs, nonstandard techniques 
Advancing nonperturbative QCD, modelling accuracy & cosmic ray science

Total pp 𝜎(inel) 
Nat Comm 2 (2011) 463
PRL 117 (2016) 182002   

Underlying event
JHEP 03 (2017) 157
EPJC 79 (2019) 666    

ATLAS+LHCf spectra
PHYS-PUB-2015-038 

CONF-2017-075 

Event shapes
PRD 83 (2011) 052003 
PRD 88 (2013) 032004  

Exclusive production
PRD 94 (2016) 032011 

PLB 77 (2018) 303 

Non-exhaustive references above: please see full list of ATLAS SM Results 

Long-range dynamics
EPJC 75 (2015) 466  

PRD 96 (2017) 092008 

https://iopscience.iop.org/article/10.1088/1367-2630/13/5/053033
https://www.sciencedirect.com/science/article/pii/S037026931630123X?via%3Dihub
https://doi.org/10.1016/j.nuclphysb.2014.10.019
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physletb.2016.08.020&v=f74847d8
https://www.nature.com/articles/ncomms1472
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.182002
https://www.nature.com/articles/ncomms1472
https://link.springer.com/article/10.1007/JHEP03(2017)157
https://link.springer.com/article/10.1140/epjc/s10052-019-7162-0
https://cds.cern.ch/record/2047832
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-075/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.052003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.032004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.032011
https://www.sciencedirect.com/science/article/pii/S0370269317310201
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://link.springer.com/article/10.1140/epjc/s10052-015-3644-x
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.092008
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Today: highlight two recent publications

PRL 125 (2020) 261801 

JHEP 02 (2020) 042 

pp → p+X: single diffraction with ALFA (low-µ dataset)

pp → p(ɣɣ → ℓℓ)p(*) : photon fusion with AFP (high-µ dataset)

Two complementary results demonstrating forward proton spectrometry in ATLAS

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.261801
https://link.springer.com/article/10.1007%2FJHEP02%282020%29042
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LHCf 
LHC Forward

ZDC 
Zero Degree Calorimeter

Low-µ, |𝜂| > 8.0

For cosmic-ray & heavy-ion physics

Charged 
particles

Neutral 
particles

ALFA 
Absolute Luminosity For ATLAS

Low-µ, 0 < 𝜉 < 0.2
10.6 < |𝜂| < 13.5

AFP 
ATLAS Forward Proton

Low & high µ 
0.02 < 𝜉 < 0.12

205, 217 m
237, 241 m

80 m

DIPOLE 1

DIPOLE 2

LUCID 
Luminosity Cherenkov 

Integrating Detector

5.6 < |𝜂| < 5.9

For luminosity measurement

FASER 480 m

17 m

TODAY’S FOCUS

FORWARD DETECTORS

SPECTROMETERSCALORIMETERS

BEAMPIPE
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ALFA analysis: signal and event topology

Signal: single diffractive dissociation (SD)  

ALFA

Inner detector (ID)

↑ Cartoon of signal event topology
→  Pb+Pb event illustrates what rapidity gaps look like in ATLAS 

Colour singlet of 
gluons “Pomeron”

MBTS: 2.1 < |𝜂| < 3.8
Minimum bias trigger scintillators

p
X

≥ 5 MBTS hits, 1 ALFA proton
≥ 1 ID track pT > 200 MeV 

1.67 nb–1 dataset (µ = 0.08)

JHEP 02 (2020) 042 

Δ𝜂

Event Displays

Proton from e.g. pileup

Background: dominated by overlay

← No intact proton 
associated with 
dissociating process

Proton and X uncorrelated

X

← Escapes detection

https://link.springer.com/article/10.1007%2FJHEP02%282020%29042
https://cds.cern.ch/record/2649461
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Detector-level distributions: nominal & control regions

JHEP 02 (2020) 042 

Central diffraction (CD)

Subdominant bkg 
estimated from MC

Data-driven estimate of 
overlay backgrounds 

← Nominal regions 
where backgrounds 
subtracted and 
measurement 
performed

↓ These two data samples are control regions ↓

https://link.springer.com/article/10.1007%2FJHEP02%282020%29042
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Measurements: cross-section vs rapidity gap 

JHEP 02 (2020) 042 

← Rapidity gap size Δ𝜂
Significant normalisation 
overpredictions and mild shape 
mismodelling vs MC

← Inclusive cross-section 
measurements vs predictions

https://link.springer.com/article/10.1007%2FJHEP02%282020%29042
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Measurements: exponential fit & momentum transfer 

JHEP 02 (2020) 042 

← Momentum transfer |t| 
|t| measurements scarce at LHC
Compatible with exponential slope 
and both Pythia predictions 

Generator predictions 
From PHYS-PUB-2016-017
Pythia8 A2: B = 7.82 GeV–2

Pythia8 A3 : B = 7.10 GeV–2

Measurement
B = 7.65 ± 0.26 (stat.) ± 0.22 (syst.) GeV–2

Systematics dominated by proton 
overlay backgrounds

https://link.springer.com/article/10.1007%2FJHEP02%282020%29042
https://cds.cern.ch/record/2206965?ln=en
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44 m

217 m
205 m

2 mm

Main beam

Silicon tracker

Scattered proton

ATLAS Forward Proton analysis
New instrument for standard high-luminosity LHC data-taking
First high-µ physics publication with AFP using 2017 dataset

AFPMain observable: proton fractional energy loss
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Motivating ɣɣ → e+e–: occurs in wide-ranging science 

Artist's impression of the magnetar in star cluster Westerlund 1. (Image: © ESO/L. Calçada)

Magnetar neutron stars
Kaspi & Beloborodov [1703.00068]

Supernovae
Renzo et al [2002.05077] 

High intensity laser physics
Science Magazine News (2018), LUXE CDR [2102.02032] 

Cosmic gamma ray collisions
cta-observatory

LHC can study photon fusion production at uncharted laboratory energies

https://arxiv.org/abs/1703.00068
https://arxiv.org/abs/2002.05077
https://www.sciencemag.org/news/2018/01/physicists-are-planning-build-lasers-so-powerful-they-could-rip-apart-empty-space
https://arxiv.org/abs/2102.02032
https://www.cta-observatory.org/what-propogation-of-energetic-light-can-tell-us/
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Two measurements 210 m apart

SidebandSR

Measure lepton kinematics

Infer proton kinematics*

Indirect: central ATLAS measures ξℓℓ Direct: AFP spectrometer measures 𝝽AFP  

*Formula analogous to parton Bjoken-x for PDFs

LHC dipole B

Ereco = 6.5 TeV 

Ereco = 6.4 TeV 

Ereco = 6.3 TeV 

Ebeam 

x 

“J/𝜓 of AFP”: standard candle signal 

See backup for further
detailed kinematic plots  

PRL 125 (2020) 261801 
A = towards LHCb
C = towards ALICE  

Selection details
pT(e/µ) > 18/15 GeV
|zℓℓ – ztrk| > 0.5 mm
1 – |Δφℓℓ|/𝜋  < 0.01
pT(ℓℓ) < 5 GeV

+ = A
– = C

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.261801
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Signal vs background

ℓ

ℓAFP

AFP

p

p

AFP

AFP

p

p
ℓ

ℓ

Signal: ξAFP & ξℓℓ kinematically correlated  Bkg estimate: mix protons in data events 

Signal region
|𝜉AFP– 𝜉ℓℓ| < 0.005

Constrain bkg rate in
|𝜉AFP– 𝜉ℓℓ| > 0.005

Dominated by Drell–Yan (qq → Z(*)/ɣ* → ℓℓ) + diffractive pileup 

PRL 125 (2020) 261801 
A = towards LHCb
C = towards ALICE  

See backup for further
detailed kinematic plots  

Cut rejects 85% background
And retains 95% signal

Selection details
pT(e/µ) > 18/15 GeV
|zℓℓ – ztrk| > 0.5 mm
1 – |Δφℓℓ|/𝜋  < 0.01
pT(ℓℓ) < 5 GeV

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.261801
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p

p

p

p

mee = 717 GeV event in both-side acceptance but side A fails |ξAFP –  ξℓℓ | < 0.005 
So side A proton likely dissociated + pileup faked proton 

Rapidity

Kinematics of 180 (ɣɣ → ℓℓ) + p candidates

PRL 125 (2020) 261801 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.261801
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Snapshot of results: observation & measurement 

First measurements of (ɣɣ → ℓℓ) + p

Observation Measurement

𝛏 range [0.02, 0.12] [0.035, 0.08]

ee+p 57 (9.7𝜎) 19 

µµ+p 123 (13𝜎) 23

Data counts

Performance: AFP detector efficiencies & stability

p 

p 
TAG 

PROBE 

Ssurv = proton soft survival probability from non-perturbative QCD dynamics
[33, 34] = Harland-Lang et al EPJC 76 (2016) 255, Dyndal & Schoffel PLB 741 (2015) 66; 

[97] = Harland-Lang et al EPJC 80 (2020) 925

PRL 125 (2020) 261801 PRL 125 (2020) 261801

Forward Detector Public Plots

https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-016-4100-2
https://www.sciencedirect.com/science/article/pii/S0370269314008909?via%3Dihub
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-08455-0
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.261801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.261801
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ForwardDetPublicResults
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? ?

? ?

Double-tag will enable measuring
pp → p + (ɣɣ→ℓℓ) + p (exactly 2) independent from 
pp → p + (ɣɣ→ℓℓ) (exactly 1) in same phase space 

Exclusive Single dissociation Exclusive + rescattering Single dissociation + rescattering

Previous: data also ~10% below Superchic2 MC Future: use AFP to directly separate excl vs SD

Importance & outlook

SD subtracted via central kinematics (non-AFP) 
Likely rescattering effects for excl and/or SD

Soft QCD dissociation and rescattering important for precision but challenging to experimentally probe and reliably predict

Can also indirectly probe double dissociation by measuring e.g. pT(ℓℓ) 

ɣɣ → µµ PLB 777 (2018) 303 

PRL 125 (2020) 261801 

https://www.sciencedirect.com/science/article/pii/S0370269317310201?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.261801
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Proton tagging expands our repertoire to probe the microcosm

ATLAS Forward Proton
New instrument to probe nature in 

ways we have never done before

SUMMARY

← Pequenao & Schaffner 
[CERN-EX-1301009]

pp → p+X: important low-µ single-diffraction measurements using ALFA detector
pp → p(ɣɣ → ℓℓ)p(*): introduced proton tagging to high-µ measurements with AFP

https://cds.cern.ch/record/1505342
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EXTRAS
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pp → p + (ɣɣ → ee) + p 
ɣɣ → ee @ 7 TeV event display [1506.07098]

See also ɣɣ → µµ @ 13 TeV [1708.04053] 

Without AFP can only see this With AFP: directly observe intact protons

e+

e–

p

p

https://arxiv.org/abs/1506.07098
https://arxiv.org/abs/1708.04053


First high-µ physics publication with AFP
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[ATLAS Physics Briefing] 

[PRL 125 (2020) 261801] 

[CERN Courier Sep/Oct 2020 Issue] 

Data quality & efficiencies In situ calibration

SystematicsAlignment Simulation
Pioneering detector performance work 

+ MAD-X Optics Simulation

https://atlas.cern/updates/physics-briefing/looking-forward-light-matter
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.261801
https://cerncourier.com/a/the-lhc-as-a-photon-collider/


Double arm high-µSingle arm low-µ
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AFP from design to data

ATL-PHYS-PUB-2017-012 PRL 125 (2020) 261801 ATL-TDR-024 (2015) JINST 11 (2016) P09005 

Technical simulation
For LHC Run 2 installation

Beam tests
Integrated prototype

Data 2016 
Diffractive jets performance

Data 2017
(ɣɣ → ℓℓ)+p measurement

NEW!

PrototypeTDR

Today: highlight in situ AFP detector performance & innovations with recent LHC data

https://cds.cern.ch/record/2273274
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.261801
https://cds.cern.ch/record/2017378
https://iopscience.iop.org/article/10.1088/1748-0221/11/09/P09005
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Towards vibrant AFP science programme

Diffractive jets
ATLAS PHYS-PUB-2017-012

CMS+TOTEM 2002.12146  

Top quarks
Goncalves et al 2007.04565

Howarth 2008.04249 

Higgs boson
Cox et al 0709.3035

Heinemeyer et al 0708.3052

SUSY dark matter
Beresford & JL 1811.06465 

Harland-Lang et al 1812.04886 

W bosons
 Tizchang & Etesami 2004.12203

Baldenegro et al 2009.08331  

Axion-like particles
Fichet et al 1312.5153 

Baldenegro et al 1803.10835  

Leptons
CMS+TOTEM 1803.04496 

ATLAS 2009.14537 

Exclusive jets
Khoze et al hep-ph/0605113
Trzebinski et al 1503.00699 

AFP Run 2 data: important probes of QCD, electroweak & BSM physics ongoing 
Significant Run 3 gains 150 fb–1/14.6 fb–1 ⇒ up to 10x lumi + 20 ps time-of-flight

https://cds.cern.ch/record/2273274
https://arxiv.org/abs/2002.12146
https://arxiv.org/abs/2007.04565
https://arxiv.org/abs/2008.04249
https://arxiv.org/abs/0709.3035
https://arxiv.org/abs/0708.3052
https://arxiv.org/abs/1811.06465
https://arxiv.org/abs/1812.04886
https://arxiv.org/abs/2004.12203
https://arxiv.org/abs/2009.08331
https://arxiv.org/abs/1312.5153
https://arxiv.org/abs/1803.10835
https://arxiv.org/abs/1803.04496
https://arxiv.org/abs/2009.14537
https://arxiv.org/pdf/hep-ph/0605113.pdf
https://arxiv.org/abs/1503.00699


p p

p

p

Usual head-on collisions

Photons from 
electric fields

p

p

Photons collide to 
make new particles 

Protons stay intact
Detect with AFP 

Partons collide to
make new particles
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Fermi (1925) [hep-th/0205086], Breit & Wheeler (1934), Weizsäcker (1934), Williams (1934), Heisenberg & Euler (1936), Schwinger (1952)
Brodsky, Kinoshita, Terazaw (1971), Budnev, Ginzburg, Meledin, Serbo (1975), Khoze, Martin, Ryskin [hep-ph/0201301] Bruce et al [1812.07688], 

Klein & Steinberg [2005.01872]

LHC: a laboratory for studying photon collisions

https://arxiv.org/abs/hep-th/0205086
https://journals.aps.org/pr/abstract/10.1103/PhysRev.46.1087
https://link.springer.com/article/10.1007/BF01333110
https://arxiv.org/abs/physics/0605038
https://journals.aps.org/pr/abstract/10.1103/PhysRev.82.664
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.4.1532
https://www.sciencedirect.com/science/article/abs/pii/0370157375900095?via%3Dihub
https://arxiv.org/abs/hep-ph/0201301
https://arxiv.org/abs/1812.07688
https://arxiv.org/abs/2005.01872
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Colliding ɣɣ spectrum 

Bruce et al [1812.07688]

pp can access 
> EW scale

PbPb intensity at 
lower m(ɣɣ)

ɣɣ → hSM  𝜎
(pp) ~ 0.1 fb 

ɣɣ → WW 𝜎(pp) ~ 100 fb 

ɣɣ → tt 𝜎(pp) ~ 1 fb 

ɣɣ mass (√ŝ) 

ɣɣ → 𝜏𝜏 

Photon luminosity

Photons nearly on-shell 
q2 ~ 1/R2 ~ 0.1 GeV2 ≪ Mɣɣ

2

ɣɣ → ee/μμ 

ɣɣ → BSM

ɣɣ → bb 
ɣɣ → cc

Standard candle to probe ɣɣ fluxes 
& nonperturbative QCD

https://arxiv.org/abs/1812.07688
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How AFP qualitatively changes the game

LEPTON COLLIDER

All initial & visible final state 
4-vectors measurable

HADRON COLLIDER (NO AFP)

pinitial immeasurable 

HADRON COLLIDER (+ AFP)

⇒ Full pinitial measurable

New event kinematic information!

AFP

AFP

z



AFP

AFP

HADRON COLLIDER (+ AFP)

⇒ Full pinitial measurable

New event kinematic information!
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Colliding photon energy measurable in data

100 500
Eɣ = 𝜉 Ebeam [GeV]

300

Details for interested experts
2ℓ triggers, pT(e/µ) > 18/15 GeV, |zℓℓ – ztrk| > 0.5 mm, mℓℓ ∉ [70, 105] GeV, 
|Δφℓℓ|/𝜋  > 0.99, pT(ℓℓ) < 5 GeV
p* = proton dissociates after EM excitation and undetected

ATLAS [2009.14537]  

FUTURE GOAL
Enables pmiss 4-vector & dark matter mass 

Otherwise impossible without AFP 

https://arxiv.org/abs/2009.14537
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AFP DETECTOR 

ROMAN POT TRACKER & TIME-OF-FLIGHT INSTALLATION

3D silicon pixels 𝜎x ~ 10 µm
Quartz Cerenkov bars 𝜎t ~ 30 ps*

One side 2016* 
Both sides 2017

Insertion into beam pipe 
40mm → 2mm when stable

Adamczyk et al [AFP TDR]
* Not used in this talk

https://cds.cern.ch/record/2017378
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Colliders are laboratory for extreme QED

*Semiclassical intuition: full field-theoretic calculation requires non-perturbative QED [Schwinger 1952]

ΔEΔt ~ ħ/2 
⇒ virtual loops 

polarise vacuum

+

–

+
+
+

–
–
–+–

E

Work done on charges 
by E field in λCompton*

Pair production 
threshold

Matter–antimatter 
pulled out of vacuum

Quantum vacuum Schwinger limit

+

–

B ~ 1015 T @ RHIC 

Extreme QED in the lab

STAR [1910.12400]

Even stronger fields 
at LHC

https://journals.aps.org/pr/abstract/10.1103/PhysRev.82.664
https://arxiv.org/abs/1910.12400
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Detailed schematic

Towards Point 2 (ALICE)Towards Point 8 (LHCb)

LHC dipoles D1/2 act as spectrometer magnets
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Global alignment scale calibration: importance & idea

Global 
absolute 

offset

Directly impacts reconstructed 
fractional proton energy loss 𝜉 

Detector

Beam

Spectrometer: 
Instrument turning 

spatial measurements into 
energy measurements

MAD-X beam propagation simulation
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Beam based alignment: in practice

Sharp signal spike in BLM 
when beam is probed

LHC operations: 20 May 2017
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In situ dimuon calibration: fit & shift residuals 

ℓ

ℓAFP

AFP

p

p

Signal: if xAFP = xℓℓ ⇒ aligned & calibrated

AFP

AFP

p

p
ℓ

ℓ

Background: no correlation (pileup)  

“Tag”

“Probe”

Use (ɣɣ → μμ)+p signal 
as standard candle: 

“The J/𝜓 of AFP” 

Expected proton energy loss 
constrained by dimuon system
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AFP acceptance

Upper 𝜉 ≲ 0.12 bounded 
by beam collimators Far station acceptance plateaus at 𝜉 ≳ 0.02 

bounded by beam–detector distance

Near station acceptance 
switches on at 𝜉 ≳ 0.026

Near station acceptance “turn-on” due to e.g. 
edge effects plateaus at 𝜉 ≳ 0.035 

Near Far

[Side C is very similar]

ATLAS [2009.14537]

https://arxiv.org/abs/2009.14537
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Data/prediction comparisons 

Phys. Rev. Lett. 125 (2020) 261801 [figures] 

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.261801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-16/
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Data/prediction kinematic distributions ee/µµ 

Phys. Rev. Lett. 125 (2020) 261801 [figures] 

ee

µµ

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.261801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-16/
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Signal vs background discrimination on Z peak

Phys. Rev. Lett. 125 (2020) 261801 [figures] 

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.261801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-16/
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Proton energy resolution

Full width at half maximum ~ 0.005 ⇒ proton energy resolution better than ~ 10%
Good resolution enables 95% signal acceptance for 85% background rejection

Detailed studies/more statistics to precisely quantify but first look in situ & early days

SR SR

Phys. Rev. Lett. 125 (2020) 261801 [figures] 

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.261801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-16/


Previous differential measurements
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ATLAS [1708.04053]

https://arxiv.org/abs/1708.04053
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In situ dimuon calibration: systematic uncertainties

The road towards precision
Comprehensive evaluation of 

variations for initial conservative 
300 micron systematic 
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Local interplane alignment

Ideal alignment

Proton leaves clusters measured at x position relative to plane edge

Cluster positions relative to 
plane edge can be different 
before interplane alignment

Cluster to edge distance is 
the same for all planes

In reality

[Forward Detector Figures]

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ForwardDetPublicResults
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Systematic uncertainties: impact on cross-section 

AFP systematics 
evaluated for first 
time in an analysis



pp vertices distributed as Gaussian with width 𝜎z
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ATLAS [2010.04019]

https://arxiv.org/abs/2010.04019


Data driven dissociation scale factor from ɣɣ → ℓℓ
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ATLAS [2010.04019]

https://arxiv.org/abs/2010.04019


N(track) veto efficiency vs pileup
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ATLAS [2010.04019]

https://arxiv.org/abs/2010.04019


Full Run 2 dilepton distributions from ɣɣ → WW
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ATLAS [2010.04019]

https://arxiv.org/abs/2010.04019
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Why this is interesting: full pmiss 4-vector measurable

ATL-PHYS-PUB-2019-044

𝝌

𝝌

Dream

Reality

E and pz 
“immeasurable”

Without AFP: only 2-vector measurable

2-vector

With AFP: 
impossible no more Enables direct dark matter mass measurement

Requires efficient time-of-flight for AFP pp vertex reconstruction (Run 3)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-044/
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Near future: pmiss 4-vector for dark matter searches? 

AFP tags 
protonsCompute ɣ 

4-vector

Square 4-vector to
measure DM mass

Impossible @ pp 
colliders no more

Beresford & JL [1811.06465], Harland-Lang, Khoze, Ryskin & Tasevsky [1812.04886]

2 1

3

Spin 0 leptons

Spin ½ 
dark matter

ɣɣ → WW just observed
Sharp threshold at 2 ⨉ mDM 

ATLAS [2010.04019] 

Run 3: rich physics enabled by ~10x good 
quality data with efficient time-of-flight

https://arxiv.org/abs/1811.06465
https://arxiv.org/abs/1812.04886
https://arxiv.org/abs/2010.04019


Time-of-flight enables AFP pp vertex reconstruction
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c = 0.3 mm ps–1

K Cerny PoS 373 Vertex2019 (2020) 055
ATL-FWD-PUB-2021-002 [NEW!]
More about timing in talk by Tommaso Isidori  

AFP deployed state-of-the-art time-of-flight 
Demonstrated in situ using µ ~ 2 LHC collisions 

Measured time resolution: 20 ± 4 ps (A) 26 ± 5 ps (C)
Measured pp vertex resolution: 5 ± 1 mm

Improvements ongoing for Run 3 data taking
 Long-lifetime PMTs to ensure higher efficiencies 

https://pos.sissa.it/373/055/pdf
https://cds.cern.ch/record/2749821
https://indico.cern.ch/event/947406/contributions/4183575/
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Double-tagged ToF-ATLAS matching for different vertex cuts

ATL-FWD-PUB-2021-002

https://cds.cern.ch/record/2749821

