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Diverse physics predicts forward proton scattering

Diffractive jets
ATL-PHYS-PUB-2017-012 

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 1803.04496 

ATLAS 2009.14537 

Exclusive jets
Trzebinski et al 1503.00699 

Important probes of nonperturbative QCD & electroweak scale 
Interesting searches for physics beyond the Standard Model

See also physics overviews by Cristian Baldenegro, Deniz Sunar Cerci  

https://cds.cern.ch/record/2273274
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/abs/1503.00699
https://indico.cern.ch/event/947406/contributions/4183512/
https://indico.cern.ch/event/947406/contributions/4183556/


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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[CERN Courier] 

[ATLAS Physics Briefing] 

Just published: first physics paper with AFP

Major milestone: showcase for AFP detector performance & innovations at high-pileup 

https://cerncourier.com/a/the-lhc-as-a-photon-collider/
https://atlas.cern/updates/physics-briefing/looking-forward-light-matter


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), Bruce et al [1812.07688], Klein & Steinberg [2005.01872]

Photons collide while protons scatter

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/1812.07688
https://arxiv.org/abs/2005.01872
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ɣɣ → ee @ 7 TeV event display [1506.07098]

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

https://arxiv.org/abs/1506.07098
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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

ARP (ATLAS Roman Pot)

LOOKING FORWARD

SPECTROMETERSCALORIMETERS

BEAMPIPE
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AFP DETECTOR 

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]

https://cds.cern.ch/record/2017378
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44 m

217 m
205 m

2 mm

Main beam

Silicon tracker

Scattered proton

Both arms installed in 2017 for standard high-luminosity LHC data-taking
New analysis object opening exciting program of diffractive & photon collision physics

AFPMain observable: proton fractional energy loss
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Detailed schematic

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

LHC dipoles D1/2 act as spectrometer magnets



 12 | AFP @ JLab Workshop | 23 Jan 2021 | Jesse Liu

The idea of a TeV proton spectrometer

AFP measures displacement

Infer proton energy loss 

Know initial photon energy

LHC dipole B

Escattered = 6.5 TeV 

Escattered = 6.4 TeV 

Escattered = 6.3 TeV 

Ebeam 

x 1

2

3
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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 principle

https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.15.051002

“What is the absolute 
position (& transverse size) 

of the beam?”

The idea: 
Collimators probe beam & 
Beam Loss Monitors (BLM) 

monitor impact

https://journals.aps.org/prab/pdf/10.1103/PhysRevSTAB.15.051002
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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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Innovative technique: in situ dimuon calibration

ℓ

ℓAFP

AFP

p

p

Signal: if xAFP = xℓℓ ⇒ aligned & calibrated

AFP

AFP

p

p
ℓ

ℓ

Background: no correlation (pileup)  

𝜓

“Tag”

“Probe”

Mostly Drell–Yan 
(qq → Z(*)/ɣ* → ℓℓ) 

+ pileup 
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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”

𝜓
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How AFP qualitatively changes the game

LEPTON COLLIDER

HADRON COLLIDER (NO AFP)

HADRON COLLIDER (+ AFP)

⇒ Full pinitial measurable

AFP

AFP

z



AFP

AFP

HADRON COLLIDER (+ AFP)

⇒ Full pinitial measurable
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Post-calibration colliding photon energy 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]  

https://arxiv.org/abs/2009.14537
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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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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

ATLAS [2009.14537]

SR SR

https://arxiv.org/abs/2009.14537
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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 SR candidates

ATLAS [2009.14537]  

https://arxiv.org/abs/2009.14537
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Efficiencies: data-driven tag-and-probe determination of station 
Evidence of showers: Far stations lower efficiency than Near

Data quality: used this to scrutinise problematic runs – vetoed in Good Runs List

p p 

TAG PROBE 

Track reconstruction efficiency & data stability

⇒ Require |xNear – xFar| < 2 mm
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Snapshot of results enabled by AFP performance 

1st unfolded measurements of (ɣɣ → ℓℓ) + p

CMS–TOTEM: saw ee+p (µµ+p) 2.6 (4.3𝜎)
No cross-sections measured [1803.04496] 

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

Observation bkg: ee = 6.2 ± 1.2, µµ = 13.4 ± 2.5; measurement bkg: ee = 1.7 ± 0.3, µµ = 2.3 ± 0.5
Measurement uncertainties: 22-24% stat, 11-13% syst dominated by AFP alignment, optics 

Ssurv = proton soft survival probability from non-perturbative QCD dynamics

Khoze, Martin, Ryskin [1601.03772], Harland-Lang, Khoze, Martin, Ryskin [1410.2983]
Harland-Lang, Tasevsky, Khoze, Ryskin [2007.12704], ATLAS [2009.14537]  

https://arxiv.org/abs/1803.04496
https://arxiv.org/abs/1601.03772
https://arxiv.org/abs/1410.2983
https://arxiv.org/abs/2007.12704
https://arxiv.org/abs/2009.14537
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[ATLAS Run 2 Event Displays]

“The Z boson candidate is reconstructed in a beam crossing with 65 additionally reconstructed 
vertices from minimum bias interactions…The invariant mass of the two muons is 87 GeV.”

https://twiki.cern.ch/twiki/pub/AtlasPublic/EventDisplayRun2Physics/JiveXML_336852_883966264-VertexZoom3panel.png


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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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
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Long term: discovery science @ HL-LHC + AFP? [Discussion]

Today’s 14.6 fb–1/3 ab–1 = 0.5%: HL-LHC = discovery machine for rare & precision science
Precision SM: differential ɣɣ → WW/ɣɣ/𝜏𝜏, ɣɣ → tt threshold(?), Exclusive Higgs(?)/jets
Rare BSM: anomalous couplings, SUSY dark matter, axion-like particles, dark sectors

Novel beamline: crab cavities, collimators, magnets vs AFP 220/320/420m locations?
Crossing angle complementarity: Point 1 & 5 sees different optics & RP acceptance?
Instrumentation: synergise Phase II Upgrades of 3D silicon pixels & data acquisition?

Pileup 200 rejection: demands sub-10 ps ToF with Silicon/LGAD/Cherenkov technology?
Reproducibility principle: HL-LHC+RP discovery science needs 2 independent experiments?

Future ee/ep/eA machines: tag scattered electrons/hadrons with Roman Pot technology?
Community: how to attract & sustain talent, resources & careers for 20+ years?

[HL-LHC, ATLAS Phase II]

https://hilumilhc.web.cern.ch/
https://atlas.cern/updates/news/scientific-potential-high-luminosity-lhc
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ATLAS Forward Proton
New instrument to probe nature in 

ways we have never done before

SUMMARY

Measure what is measurable and 
make measurable what is not so

– attrib. GALILEO

“

← Pequenao & Schaffner 
[CERN-EX-1301009]

Deployed TeV proton spectrometer   |   Developed innovative techniques 
Demonstrated in situ performance   |   Delivered physics measurements

https://cds.cern.ch/record/1505342
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[CERN Press Statement, ATLAS Briefing, 1904.03536]

[CERN Courier feature, ATLAS Briefing, 2009.14537]

[CERN Press Statement, ATLAS Briefing, 2010.04019]

Exciting & unique LHC ɣɣ collider program emerging

[ATLAS Briefing, 1806.08708]

https://home.cern/news/news/experiments/atlas-observes-direct-evidence-light-light-scattering
http://atlas.cern/updates/physics-briefing/atlas-observes-light-scattering-light
https://arxiv.org/abs/1904.03536
https://cerncourier.com/a/the-lhc-as-a-photon-collider/
https://atlas.cern/updates/physics-briefing/looking-forward-light-matter
https://arxiv.org/abs/2009.14537
https://home.cern/news/news/physics/rare-phenomenon-observed-atlas-features-lhc-high-energy-photon-collider
https://atlas.cern/updates/physics-briefing/observation-w-pair-from-light
https://arxiv.org/abs/2010.04019
http://atlas.cern/updates/physics-briefing/new-study-photo-produced-muon-pairs
https://arxiv.org/abs/1806.08708
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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


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

https://arxiv.org/abs/2010.04019
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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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Time of flight resolutions for each channel

ATL-FWD-PUB-2021-002

https://cds.cern.ch/record/2749821
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Double-tagged ToF-ATLAS matching for different vertex cuts

ATL-FWD-PUB-2021-002

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

