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Usual proton-proton collisions at the LHC

— protons collide head-on P
— both protons break up

— collision products are emitted X
in the central region

— profon remnants may be
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Usual profon-proton collisions at the LHC

— protons collide head-on
— both protons break up

— collision products are emitted
in the central region

— proton remnants may be
found in the forward regions
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ColLLusioNs AT LHC scatering

How can proton(s) remain intact?

central particles
(ets, Higgs, efc.)

proton

intact, scattered
proton

proton

P
P/y
Pt

Proton can exchange objects that do not change its quantum numbers:
— photon (y) - via electromagnetic inferactions
— Pomeron (IP) - via strong nuclear force




easurement Methods

ATLAS detector

forward
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detectors
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proton
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hard process:

- precisely known
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. ¢ - possibility to measure

invisible processes!

@ Characteristic topology: presence of rapidity gap between the proton(s) and the “central” system;

Measuring rapidity gap:

+ “classically” used for diffractive pattern identification
+ no need for additional detectors

— gap is frequently destroyed due to pile-up background
— gap may be out of acceptance of “central” detector
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@ Characteristic topology: presence of rapidity gap between the proton(s) and the “central” system;
one or both interacting proton(s) remain intact.

@ Intact protons scattered at very small angles — very close to the beam after the interaction — detectors must be located
far from the Interaction Point (IP) — LHC magnetic fields (optics) must be considered.

Measuring rapidity gap: Measuring forward protons:
+ “classically” used for diffractive pattern identification + protons measured directly
+ no need for additional detectors + suitable for pile-up environment
— gap is frequently destroyed due to pile-up background — protons are scattered at very small angles
— gap may be out of acceptance of “central” detector — additional detectors required far downstream
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“Usual” conditions: 8" in range 0.3 — 1.2 m — strongly focused beam (high pile-up):
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high luminosity
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M. Trzebinski

d Proton Detectors @ IP1 (ATLAS)

Intact protons — natural diffractive signature — usually scattered at very small angles (urad) —
detectors must be located far from the Interaction Point.
ATLAS

ALFA AFP ’
beam line

large distance

AFP ALl

]I>I

jet beam line

large distance

ALFA
Absolute Luminosity For ATLAS
240 m from ATLAS IP
soft diffraction (elastic scattering)
special runs (high 8" optics)
vertically inserted Roman Pots
tracking detectors, resolution:
ox =0y, =30 um
in operation between 2011 and 2023 °

ATLAS Roman Pots

-

AFP
ATLAS Forward Proton

210 m from ATLAS IP

hard diffraction, BSM searches

nominal runs (collision optics)

horizontally inserted Roman Pots

tracking detectors, resolution: o,,, = 6/30 um
timing detectors, resolution: o¢ ~ 25 ps

in operation since 2016 (one side) / 2017 (full set)
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Properties of Roman Pot Technology

M. Trzebinski ATLAS Roman Pots — Status & Performance 6/30



Properties of Roman Pot Technology

LHC beam
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Properties of Roman Pot Technology

LHC beam

thin window and floor (300 xm)
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Roman Pot Technology
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ALFA



@ Two stations at each ATLAS side, 240 m far from the IP1.
@ Scintillating fibres — position measurement with precision of ~ 30um,
@ Roman Pot technology — detectors can move in vertical (y) direction.

m[m| ’@a o
]} ) m]

240 m 240 m 3]

LHC beampipe

closed
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nstallation: 2011

Before  ALFA2  Breakvacuum  Remove RPs  Sector8-1  QRL-protection  Sector 12 InstallRPs  Alignment  Restore vacuum  Bake out

Station installation sector 1-2

2.

Installation of station B7R1  Installation of station A7R1 QRL-protection very
close to station

NIELS BOHR INSTITUTE 8" of December 9/13
-

UNIVERSITY OF COPENHAGEN ALFA installation 2010 - first 8 days Sune Jakobsen
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Removal ALFA from the tunel

> Venting the vacuum section;
> Tricky removal of the near station;
> Far station despite harder access, removed very smoothly.

ATLAS

EXPERIMENT

Summary of ALFA's final run

and discussion on its remains

Bartosz Dziedzic

The Henryk Niewodniczariski
Institute of Nuclear Physics
’ Polish Academy of Sciences

ARP general meeting 13-15'* December 2023

o After 12 years of operation life of ALFA detectors came to an end.
@ However, the story is not finished:

o stations donated to TWOCRYST experiment,
e ongoing data analyses.
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FA Data-taki 11 — 2023)

Year B* Vs [TeV] Comments

2011 | 90m 7 glxacsl,ngrs‘:ryngpﬁggs(g ?%g)zs) 627
2012 | 90m 8 ::2;}23 iy ?H7E6F:‘L (()20(12%)20) 042
2012 1km 8 elastics dataset

2013 0.8m 2.76 |proton-lead dataset

2013 0.8m 2.76 | proton-proton reference dataset
2015 90 13 diffractive dataset

2016 2.5km 13 elastics: EPJC 83 (2023) 441
2018 90 m 13 elastic (large t) and diff. datasets
2018 11 m 0.9 elastics (large t) dataset

2018 |50/100m 0.9 elastics dataset

2023 3/6 km 13.6 |elastics dataset

M. Trzebinski

Measurement of exclusive pion pair production

Measurement of the total cross section and o-parameter from elastic scattefing

pp collisions at 8 TeV/

Total cross section with ALFA at 8 TeV.

Total cross section with ALFA at 7 TeV.

pipeline.

@ Many more interesting topics are waiting for analysers!

search.

STOM

STOM

STOM

STOM

STOM

[searen

Eur. Phys. J. C 83
(2023) 627

Eur. Phys. J. C 83
(2023) 441

JHEP 02 (2020) 042
(Erraum)

Phys. Lett B (2016)
158

Nucl. Phys. B 889
(2014) 286

20221201

2022:07:25

2019-11-01

20160722

2014-08-25

ATLAS Roman Pots — Status & Performance

[searn.

7

78.7 pbt

340 ot

2411 nb?

500 pbt

80t

In 2023 ALFA successfully finished its programme!

The initial focus to measure properties of elastic
scattering was extended to measure diffractive events —
a lot of interesting data-sets to be analysed!

A few publications areleardy released; more in the

search.

Documents | 2212.00664
Inspire | HepData

memas

Documents | 220712246
Inspire | HepData
Briefing | mema
Documents | 1911.00453
Inspire | HepData
Documents | 1607.06605
Inspire | HepData

—

Documents | 14085778
Inspire | HepData
Briefing | mema
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FA Analysis Example: Total Cross Section

— 10—y — 10°e
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= * 3 E : . -
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E ] L ——
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otot(pp — X) = 95.35 & 0.38 (stat.) + 1.25 (exp.) & 0.37 (extr.) mb otot(pp — X) = 96.07 4= 0.18 (stat.) 4= 0.85 (exp.) £ 0.31 (extr.) mb
B =19.73 + 0.14 (stat.) & 0.26 (syst.) GeV 2 B =19.74 + 0.05 (stat.) £ 0.23 (syst.) GeV 2
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LFA Analysis Example: Total Cross Section
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ALFA Analysis Example: Diffraction

Differential cross sections for single diffraction Exclusive pion pair production
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AFP
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Four detectors in each station.

Technology: slim-edge 3D ATLAS IBL pixel sensors bonded with FE-14
readout chips.

Pixel size: 50x250 pm?.
Tilted by 14° to improve resolution in x.
Resolution: ~6 pm in x and ~30 pm in y.

Trigger: majority vote (2 out of 3; two chips in FAR station are paired and
vote as one).
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on Tagging or Position Measurement?

Interaction Point ) X Detector
. LHC magnetic lattice . .
(X3 Vips Zips X'ips Vips Epp) (Xoer Yoers Xoers ¥oer)

Parameterization _
- Unfolding
Vs=14TeV,z=204m,*=055m
.- detector resolution, 8 = 10um, 6;‘ =30um
[~ = multiple scattering, 3, . = 1prad
[ -4-vertex notknown, 8, = 12um

| —e— all effects

-
(%]

@ At the interaction point proton (IP) is fully described
by six variables: position (xip, yip, zip), angles (xjp,
yip) and energy (Eip).

@ They translate to unique position at the forward
detector (XDET, YDET, XbETv yIDET)-

o Idea: get information about proton kinematics at the
IP from their position in the AFP detector.

«
T

reconstruction resolution, 3 [GeV]
=
T

@ Exclusivity: kinematics of scattered protons is r

H H H Aol | L L L L | L L L L
strictly connected to kinematics of central system. 005 X 015
@ Detector resolution play important role in precision proton relative energy loss, &
of such method. From ISRN High Energy Physics (2012) 491460;

ATLAS-TDR-024
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ow to Reduce Physics Background?

Pile-up — multiple collisions during one bunch crossing (mostly min-bias).
signal background background

Exclusive Pradction Non-itactive Production

jet jet Jet
3 * P
jet

@ measure difference of time of flight of scattered
protons, (ta — tc)/2

@ compare to vertex reconstructed by ATLAS,
(ta —tc) - ¢/2 = zatias

.
]
]

Idea:
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ATLAS Preliminary
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Fraction of pile-up in AFP (double tag)
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Flight Detecto

ToF LQbars
BarA: BarB:

Train 1: 3mm {
Train 2: 5 mm {
Train 3: 5 mm |

Train 4: 5 mm {

Radiator bar

Light-guide bar ]

| 4x4 Multi-Pixel MCP-PMT |

Setup and performance shown above are from test-beam (Opt.

@ 4x4 quartz bars oriented at the Cherenkov
angle with respect to the beam trajectory.

@ Light is directed to Photonis MCP-PMT.

o Expected resolution: ~25 ps.
@ Installed in both FAR stations.
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Total Integrated Luminosity [fb™]
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@ 32.0 fb~! in 2017 (left),

e 34.1 fb=! in 2022 (top right),

e 26.3 fb~! in 2023 (bottom right),
o in total: 92.4 fb~ 1.

@ Note: not all of recorded data is useful for
physics analyses.
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AFP Performance

Parameterisation BBA m
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P Performance: Optics
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Dptics Proposal

T F T F
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next slide.

M. Trzebinski ATLAS Roman Pots — Status & Performance 23/30



AEP Performance: Reconstruction Efficiency
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AFP Performance: Alignment
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AFP Performance: Acceptance
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formance: Time-of-Flight

@ Very good timing resolution: 20 — 50 ps for single bar.

M. Trzebinski

Performance analysis based on 2017 data (taken with p =~ 2):
ATL-FWD-PUB-2021-002.

Poor efficiency of few percent due to fast PMT degradation; efFectJf
not expected during Run 3 due to new PMTs.

ToF LQ-bars

radiators

SiT

Overall time resolution of each ToF detector:

20 =+ 4 ps for side A,
@ 26 =5 ps for side C,

e note: systematic uncertainties dominate.
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https://cds.cern.ch/record/2722092

nce on Analysis: Exclusive Di-lepton Measurement with AFP Tag

PHYSICAL REVIEW LETTERS 125, 261801 (2020)

Observation and Measurement of Forward Proton Scattering in Association with Lepton
Pairs Produced via the Photon Fusion Mechanism at ATLAS

G. Aad et al.”
(ATLAS Collaboration)

® (Received 2 October 2020; revised 30 October 2020; accepted 23 November 2020; published 23 December 2020)

i -m ~Itp: ATLAS + Data 2017
o Exclusive di-muons, pp — p/~ /" p: w0 AT s B

m, & [70, 105] GeV
e, 002<E <0.12

e proton(s) measured in AFP,
o leptons (utp~ or ete™) measured in ATLAS.
.

e 2017 data; /s = 13; L = 14.6 fb~*. b
. . . X X -0.02 0 0.02 0.04
@ Powerful background rejection due to AFP: o ;:Fp,ogg o e -
e proton tagging,

e kinematics match: proton vs lepton system.

@ 57 (123) candidates in the ee + p (up + p) final state.

1 pp-p(ry—ee)p
W pp-plry—unp”
W pp-sp(ry—see)p”
Combinatorial bkg.

ot ilh w

T T T

ATLAS
o Vs=13TeV, 146 b
777~ AFP matched candidates
s
o

toindn i

2
@ Background-only hypothesis rejected with a significance <
exceeding 50 in each channel.

= -
" AFP acceptance

[INear and Far stations
=ee [C]Far station only

@ Measured cross sections:
Oeerp = 11.0 + 2.6(stat) + 1.2(syst) = 0.3(lumi), s
Tupip = 7.2 % 1.6(stat) = 0.9(syst) % 0.2(lumi). " mteew
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o ALFA and AFP “physics” publications:

Diphoton resonance search with AFP tag Exor JHEP 07 (2023) 234 2023.08-21 13 30mt Inspire | HepData
Documents | 2212.00664
2022.12.01 7 787 ol Inspire | HepData

» ot exc et o Eur, Phys. 3. C 83
=Gt E (2023) 627
Documents | 2207.12246
STOM e 2022.07-25 13 1 Inspire | HepData
(2023) 441 oy e

Documents | 200914537
Phys. Rev. Lett. 125

' TOM L 1 nspie | HepData
Observation in association with In photon fusion sTo! T 20200930 13 1461 e e
riefing | e
Documents | 191100453
IHEP 02 (2020) 042
e Tev stom FE 201912.01 s 2411yt inspire| HepData
el
Documens | 1607.06605
Total ti ith ALFA at 8 TeV STDM Phys: Lett. & (2016) 2016-07-22 8 1 re
cross section i o X 500 Inspire | HepData
18 Internal
Documens | 14085778
Nucl Phys. 8,889
Total cross section with ALFA at 7 TeV. STOM 2 20140825 7 sopbt Inspire | HepData

(2014) 486 Briefing | e

o ALFA concluded its programme in 2023:
o few ongoing elastic and diffractive analyses,
e many unique datasets — waiting to be analysed!

@ AFP continues to take data in regular and special runs:
o huge efforts of many to have system operational and in a good shape — BIG THANKS!
o preliminary recommendations available and applicable via dedicated, user-friendly analysis tools,
o a lot of ongoing efforts to deliver final recommendations for “proton object” (2022-2023),

o eagerly waiting for 2024 (and 2025!) data-taking!

The work of MT was partially supported by Polish National Science Centre (project no. UM0O-2019/34/E/ST2/00393).
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-TLAS Roman Pot Data-taking — Efforts of Many!

ARP General Meeting
Plzen, 13-15:23.2023

3 e - o = SRR 2 20N AN
M. Trzebinski Status & Performance



