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Forward proton scattering in a diverse physics program

Exclusive jets

Trzebinski et al 1503.00699
001

Diffractive jets
ATL-PHYS-PUB-2017-012

Leptons
CMS 1803.04496
ATLAS 2009.14537

Diffraction
= colour singlet exchange:

- photon

- Pomeron
(two gluons +...)

Top quarks
Goncalves et al 2007.04565
Howarth 2008.04249

Harland-Lang et al 1405.0018

>
’
W bosons Axion-like particles
Fichet etal 1312.5153
al 1803.10835

Tizchang, Etesami 2004.12203
Baldenegro et

Baldenegro et al 2009.08331

Measurements of diffractive processes —
— discrimination tool for models:
» QCD - hard and non-perturbative,

> probing electroweak scale,

> physics beyond SM.

Higgs boson

Cox et al 0709.303
Heinemeyer et al 0708.3052

5

SUSY dark matter

Beresford & Liu 1811.06465
Harland-Lang et al 1812.04886

Natural ways to seek for
diffraction

- rapidity gaps,

- forward protons
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Measurements methods

.

gap An

proton proton

remnants

Measuring rapidity gap:

+ widely used for diffractive pattern
recognition

+ no need for additional detectors

- gap is frequently destroyed
(pile-up background)

— gap may be out of acceptance

ATLAS, Eur.Phys.J.C 72 (2012) 1926
ATLAS, Phys.Lett.B 754 (2016) 214-234

Measuring forward protons:

Scattered
""""" proton
""""" Pomeron
remnants
proton
proton 5 soft. ) 1 gap g
remnants |~ [radiation & "
—00 0 00

+ Protons measured directly (deflection—p,E)

+ Suitable for pile-up environment
— Protons are scattered at very small angles

— Additional detectors required far
downstream.
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https://doi.org/10.1016/j.physletb.2016.01.028
https://doi.org/10.1140/epjc/s10052-012-1926-0

Forward Detectors in ATLAS

237,245 m

FASER ——> 480 m

205,217 m

140 m

—— 17m ——
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beampipe

LUCID
Luminosity Cherenkov
Integrating Detector
5.6 <|nl<5.9

For luminosity measurement

zDC

Zero Degree Calorimeter

LHCf

LHC Forward
Low-p, [17] > 8.0

For cosmic-ray & heavy-ion physics

EH—H
t

ATLAS Forward Proton

Low & high p
0.02<&<0.12
[171>9.0

ALFA
Absolute Luminosity For ATLAS
Low-p, 0<&<0.2
10.6 <yl <13.5
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JINST 11 (2016) P11013

Absolute Luminosity For ATLAS

> Soft diffraction, elastic scattering
» Input for MC generators:

cosmic ray showers,

pile-up simulation

ATAS refminary
V&= 776V, 2011 ot

ATLAS preiminary
E V= 77ev, 2011 data

» 4 vacuum-sealed spectrometers housed in E
Roman Pots (RP), inserted vertically; e
NEAR and FAR on both sides of IP (at 237 and
241/245 m, < 2mm from beam).

Trigger capability o _ o
Multi-layer scintillating fibre (SciFi)
Tracking detectors, resolution: oy = 0 =30pm "¢
Read-out by Multi-Anode-Photo-Multipliers b
Special runs: low pile-up, high g* optics e

T o AT
N N LR (N R N

vVvyVvVvyYVvyeyy

(c) RP2 (d) RP4


https://iopscience.iop.org/article/10.1088/1748-0221/11/11/P11013

.
-

ATLAS Forward Proton detector " proton

» 4 Roman Pots devices:
NEAR and FAR, both sides of IP (205, 217 m),

inserted horizontally onto beam. > Time of Flight (ToF) detectors in FAR

stations:
» 4 Silicon Tracker (SiT) planes in each RP: » 16 Quartz Cherenkov bars,
> 336x80 pixels, 50x250 ym?, 230 um thick, » ToF resolution o} = 25 ps.
> SiT resolution: 0,,=6 pm at 14° tilt. > Light gathered by: Micro-Channel
> FE-14 readout chips; as in ATLAS IBL Plate Multi-Anode PMT

> Trigger capability
ATLAS-TDR-024 6/25


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

ATLAS Forward Proton detector

% « Side A Side C —

? y ALICE
FAR station NEAR station X NEAR station  FAR station
~-217 m ~-205m ~ m ~217m
., ToF SiT SiT SiT SiT ToF
Scattered : f
proton =~ Scattered
l, o » == proton
2-dmm 1 .. I e
=
ATLAS |\ ]
V%
— 20 ; ; - AFP 204 m
£ 3] w T T
£ Data 2017, run 341649 = 9 (s =14 TeV, p* = 0.55m, beam 1
N rack positions, C-NEAR 4000 8 0 = 285 urad, d = 3.15 mm =
15+ 3 ATLAS Simulation Preliminary ©
] g
S 5]
3000 o0 - . 2 -
101~ 2 g
% ©
— 2000 < £
st (% g §
1000 Main observable: =
o E -1= Eproton
ATL‘AS Prellmlnary ) b Ebeam

0 I I

20 45 40 5 0 . )
] Typical acceptance:

0.02<&<0.12, pr <3GeV/c

0 1 2 3
proton transverse momentum P [GeVic]
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Unfolding proton kinematics

LHC structure and proton trajectories in vicinity of IP1; Vs = 13 TeV; p* = 0.4 m; beam 1; 6_ = -185 prad
T T

£ M| d—z¢=00
o
47 g=004
-5
""" &=008
10 |
15 | """ £=0.12
vertex = {0, 0, 0} ™ H i
20 |— p =0 bt 3 “AFPS —ALFA_|
[ Q@2Q3 D1 ‘ pp2a4 Pas  Pas i
100 200 s [m]

Position in the AFP «— proton kinematics at IP:

> At the IP the proton is described by six
variables:

position:  xyp, YIp, ZIp
PTs Pxs Py
energy:  Epp

» They translate to positions at the AFP:
dxapp  dyArp

XAFP) VAFP) — 45— — g5
> Challenges:
non-uniform high radiation environment,

background from showers, high pile-up

» Detector resolution directly affects

o

o

reconstruction resolution, & [GeV]
o

precision of measuring proton
kinematics:
Vs=14TeV,z=204m,p*=0.55m
= detector resolution, 5) = 10 ym, oj =30um
[~ —v multiple scattering, , = 1prad
- - vertex not known, 5, = 12um
—e— all effects

0.1 0.15
proton relative energy loss, &
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% ATL As Run 190644, Event 51422085
|

X-PERIMENT Time 2011-10-09, 16:2 CEST
NS ‘&\\‘\ \
<N \i\ AN ‘\
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s

Signal: pp = p+(yy —ee)+p

Scattered protons originate from the signal vertex



Time 2011-10-09, 16:29 CEST

% ATL As Run 190644, Event 51422085
A \

Background: Non-diffractive di-lepton production
+ forward protons from pile-up

Scattered protons originate from pile-up vertices



Reducing physics background with ToF

t, t2 E 300]- ATLAS Preliminary e o
. 5 [ s=13Tev
AN time A 8 [ Run 341419 WX o 0.04(0.01)mm
\ \ / T - = 250~ Double tag ToF events o5 57.50 (0.02) mm
AN - + < < [ noN,cut
\\ // P n Mg 1950+ 25
2 I
N // 2 200~ a) Ny 67+ 12
AN / w L
clock bunch // r O 62+ 1.0mm
i N 1501~
nggg\slv crossing Y - G- 555 27mm
ToF L ToF distance 100l ¢ data
s [ —— sig+bgd
c F -~ bgd
6—§At 501 & ME bgd
For events with double proton tag: bouabocai®

S0554esgesessbseiessedesen
\200 300 400

> Measure ToF difference: At = (t4 —tc)/2
Zntias * Zror [MM]

> Calculate vertex position: zpop = %Af

» Compare z positions reconstructed
by ATLAS and AFP ToF:
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ToF performance in Run 2

Performance analysis (2017 data, p =~ 2)
ATL-FWD-PUB-2021-002:

» Measured time resolution:
20+ 4 ps(A), 26 +5ps (C)

»> Measured pp vertex resolution:
5.5+ 2.7 mm

Events / (11.6667 mm )

@
S
S

n
@
=}

N
=
S

150

100!

50

L ATLAS Preliminary

[ vs=13Tev

[ Run341419

— Double tag ToF events
no N, cut

Nevons 2017
uj‘;w 0.04 (0.01) mm

ol 57.50 (0.02) mm

"bga 1950+ 25

O e = 55+ 27mm

oxpoctod

¢ data
—— sig+bgd
¢ ME bgd

200 500 400

ZxTiAs - Zror [MM]

Poor efficiency (few %) in Run 2 due to fast PMT
degradation.

Improvements ongoing for Run 3 data taking.

ATL-FWD-PROC-2020-001
ATL-FWD-SLIDE-2021-545

Fraction of pile-up in AFP (double tag)

g T T T g
[ ATLAS Preliminary B
107 E!
10'2§
10°
F J_,o—"/' Detector position 2 mm E
10 . + Timing 20 ps f
E Pythia 8 + Timing 10 ps. 3
r -~ +My>800 GeV ]
10—5Hv“l..H\H“\H‘.l..”mum
0 10 20 30 40 50 60

> Long-lifetime PMTs to ensure higher efficiencies.

» More on Run 2 performance & Run 3 perspectives:
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https://cds.cern.ch/record/2722092
https://cds.cern.ch/record/2718030/
https://cds.cern.ch/record/2781599/

In situ AFP global alignment with exclusive di-muon events

Events / 200 um

30

-5

T T
ATLAS Preliminary

Vs =13 TeV (2017)

AFP A FAR

+ data - background

T

THE
+
=

T

T T

Gaussian fit -
mean: 429 + 36 um 3
sigma: 192 + 32 um E

AFP

AFP

(yy — pp)+p as a “standard candle”:

1. Compare:

E
proton
éarp=1-——
Ebeam

with &€ =

m”e(+/—)yn

V5

2. Adjust global RP shift to match app to &jp

= T T
3 305 ATLAS Preliminary
o C
S 25F (s=13Tev (2017)
& 200 AFPAFAR
= E - data - background
o 150 g
w E

10:—

od Tt

o+
o

Gaussian fit
mean: 6 £ 40 um

sigma: 206 = 30 um

A b b bbb b

—5F + after alignment correction
E el b e PR SN NV S W N N1 |
-2 -1 1 2 3

Xppp = Xy [MM]

» Background — small and well modelled by event mixing,
> Alignment precision uncertainty currently quoted as 300 ym
— Ongoing work to improve — 100 ym seems realistic.
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ciency & data stability

Track reconstruction e

PropE
I
/I

probability of recording track in “PROBE” station

if one was recorded in “TAG” station.

TRACK

Efficiency

» Lower efficiencies in FAR stations - radiation degradation? showers?
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Showers in SiT planes and RP walls
) i /5 pl

» Evidence of showers in SiT material
— long non-Poisson tail in hit multiplicity per
plane, higher for each consecutive pixel layer.
— farther layers record higher charge.

» Electromagnetic — creation of 0-electrons.
» Strong — high-multiplicity hadron showers.

» Showers also evident in comparing
multiplicities in FAR and NEAR stations.

» Largest contribution to inefficiency of
reconstruction.

events

ATLAS Prellmmar

Data 2017

run 331020

AFP Station C-NEAR
— SiT PO

SiT P1
—— SiT P2
— SiTP3

vl ol Hﬁ

200 400
number of hits / event

Data 2017
run 331020
Station C-NEAR
p1” Qeo
P2~ PO
P3 " po

x10°




Data

Run 2 Run 3 plans
> s=13TeV, f*=0.3m,04m > \5=13TeV, 0.2<p*<llm
> Two setups (2016, 2017): » Setup: two-arms setup + TOF
> one-arm . .
> two-arms (+ TOF (poor efficiency)) » Data to be taken mainly at high-u
» Data taken during in low pile-up runs: > Requesting special low pile-up runs:
> 0.03< 1 <0.05 > ux0
int. lumi.: ~ 100 nb~! main goal: soft diffraction
main goal: soft diffraction > p ?1 )
> 035usl main goal: low-p; jets
T > oux2:

int. lumi.: ~ 1.15 pb’l,
main goal: low-p; jets
> u=x2:
int. lumi.: ~ 150 pb’l,
main goals: electro-weak physics,
hard diffraction, SD tf

» Data taken during standard runs: ATLAS + AFP — 32 fb~!
> int lumii~ 4697 @ | + GRL — ~15 fb~!
goal: hard diffraction Unprecedented amount of data
for diffractive physics!

main goals: electro-weak physics,
hard diffraction, SD tf
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First High Lumi AFP Publication
4 Phys. Rev. Lett. 125, 261801 (2020):

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

» ~15fb~!, single proton tag (so far)
> More in talk by Krzysztof Ciesla (today at 18:00)

ATLAS
Vs=13TeV, 146"

77~ AFP matched candidates

/>\\ _

= ee
g

A, T AFP acceptance

\

\
I N N SR A N A

[Z]None

[INear and Far stations
[]Far station only
[]Both sides
Ll

Rapidity
\J
(S8 | s 8
6::\
— p 4;\
: 2F
2 N Of
' 2F
P 2=
-6
g .
® | 10

» Exclusive di-leptons, pp — pI~I*p:
- proton(s) measured in AFP,

10?

—leptons (uT ™, ete”) measured in ATLAS

10° 10*

> 2017 data; Vs =13 GeV/c; L= 14.6 fb!
» 57 (123) candidates in the ee+p (pu+p)

final state. 17725


https://indico.cern.ch/event/1003281/contributions/4502560/

Physics Analysis: Exclusive Di-lepton Measurement with AFP Tag

LO7O—I T T L e I e e e B e
gl ATLAS E 4 Data 2017
3 f5=13TeV, 14.6 fb™ 88 Uncertainty

- 50F N + PP—p(YY—HI)P
o a0k m, €[70,105] GeV % pp—plyy—ee)p
P 0 eewip, 0.02<£<0.12 I pp—>p(yy—u)p*
€ S0p Postfi + I pp—p(ry—ee)p*
[0 Combinatorial bkg.
@ 20F L
Wqop !

ofbabi s Wy s b by AR

-0.02 0 0.02 0.04 -0.02 0 0.02  0.04
A A C _gC
Sarr ~ & gAFP &
» Proton energy resolution at $10% > G ‘ - 95% sienal
(FWHM~0.005) reat performance: 95% signal acceptance

. with 85% background rejection
» Powerful background rejection with AFP:

— proton tagging,
— kinematics match: proton vs lepton

» Background-only hypothesis rejected with
a significance exceeding 50 in each

system channel.
S 4 (fb id. (fb
OHERWIG+LPAIR X Ssurv Oee+p (D) p (fb)
Seurv = 1 155+1.2 Il oo
. EPJC76(2016) 9 . . )
Sury using 741<(2015)) Ye  109x08 0 FO-+os
SUPERCHIC 12.2+0.9 0.7 —O+H-o0—
Measurement 11.0+ 2.9 1.8 ——  —e—




Physics analysis: Single Diffraction with ALFA tag

First single diffraction
ALFA publication!

X (MX _ \/g) JHEP 02 (2020) 042:
Measurement of differential cross sections for single

diffractive dissociation in \/s = 8 TeV pp collisions
using the ATLAS ALFA spectrometer

2 —
o — r A RARRREER S o
Pr 5
> = 10 ATLAS 4
Vs = 8 TeV, very low u, g " aras E
> intact proton reconstructed in ALFA . 04032;,3{0;2‘?;5” 1
(1074 < £ <0.025), 5 1
» remnants X measured in ATLAS,
—— Data
> measured also: do/d¢&, do/dt, do/dAy
. . L —E tial fit
> Regge interpretation: ' xponentat
. b N T R P P I
Pomeron intercept a(0) = 1.07 +0.09 005 01 015 02 025 03 035
It [GeV?]
Distribution (7‘.];)1““1“'[) [mb] oo, XD mb]
Pythia8 A2 (Schuler-Sj6strand) 3.69 4.35 o
Pythia8 A3 (Donnachie-Landshoff) 2.52 2.98 o«
Herwig?7 4.96 6.11 o
Measurement 1.59+0.13 1.88 £ 0.15 fress
2 4 6 [mb]
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https://link.springer.com/article/10.1007/JHEP02(2020)042

Status and plans

No major changes between Run 2 and Run 3 detector design.

AFP hardware updates:
> improvements on cooling of silicon detectors (new heat exchangers),
» production and installation of new tracking modules,

> major update of ToF detectors:
new Out-of-Vacuum design of detector flange, R2D2 based MCP-PMT, modified back-end
electronics, single-channel pre-amps and trigger, trigger decoder, pulser modules, picoTDC

» successful test beams at DESY and CERN-SPS (OoV solution, trigger module,
new ToF PMTs)

> both NEAR stations installed just before COVID-19 lock-down,
installation of FAR stations completed this month.
ALFA hardware updates:
> improvement and maintenance of cooling system,
> exchange of readout system due to radiation damage,
» installation of radiation shielding: concrete blocks around LHC beampipe
upstream ALFA.

Ready for Run 3 data-taking!
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Status and plans

Software and analysis:

» Proton CP group: alignment, optics, cuts, performance and more
— proton physics object delivered to ATLAS, used in several physics analyses
across working groups in ATLAS (SM, EWK, TOP, EXOTICS, ...)
» Understanding of the proton object:
— reducing systematic uncertainties, studies of reconstruction efficiency

» Work towards tuning full Geant4 simulation.

Run 3 data-taking:
» AFP: standard (high-y) runs,

> ALFA:

only for v/s > 13.5 TeV and very high-g* optics for measurement of elastic
scattering:

> £*=3km,5=14TeV,
> py=3km, p; =6km, s =13.5/14 TeV, flat optics
> p*=6km,\s=14TeV,
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Exclusive Higgs
(bb decay, spin, QCD mechanism)

JINST 4 (2009) T10001: “Higgs and New
Physics with forward protons at the LHC”
JHEP 090(2007) 0710: Detecting Higgs
bosons in the bb decay channel using
forward proton tagging at the LHC
EPJ C 53 (2008) 231-256: Study-
ing the MSSM Higgs sector by for-
ward proton tagging at the LHC

SME-W:yy — W

JHEP 07 (2020) 191: “Pinning down
the gauge boson couplings in WWy pro-
duction using forward proton tagging”
JHEP 12 (2020) 165: “Central exclusive pro-

duction of W boson pairs in pp collisions at the
LHC in hadronic and semi-leptonic final states”

Top quarks production

arXiv:2008.04249: “Elastic Potential: A
proposal to discover elastic production of
top quarks at the Large Hadron Collider”
Phys. Rev. D 102 (2020) 074014:
“Top quark pair production in
the exclusive processes at LHC”

New physics in two-photon
processes at high mass

(yy = yviyy = 22/2Zy)

HEP 02 (2015) 165: “Light-by-light
scattering with intact protons at the LHC:
from Standard Model to New Physics”
0808.0322: “Anomalous WWY cou-
pling in photon-induced processes
using forward detectors at the LHC”

Searches for SUSY

1

PRL 123 141801: “Search Strategy
for Sleptons and Dark Matter Us-
ing the LHC as a Photon Collider”
JHEP 04 (2019) 010: “LHC searches for
Dark Matter in compressed mass scenar-
ios: challenges in the forward proton mode”

Run 4 potentially rich
physics programme!

Exclusive jets (SM & BSM)

Eur. Phys. J. C (2015) 75: 320: “On
the Possibility of Measuring the Single-
tagged Exclusive Jets at the LHC”

Searches for ALPS
(yy — invisible, yy — yy)

JHEP 06 (2018) 131: “Searching for axion-

like particles with proton tagging at the LHC”
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HL-LHC with AFP?

Challenges and open questions:

»

>

Novel beamline: crab cavities, collimators, magnets vs AFP at 180/ 200/ 220 m?

Crossing angle complementarity: Points 1 and 5 with different optics and
different RP acceptance.

Pile-up rejection at =200 vertices: demands sub-10 ps ToF with
Silicon/LGAD/Cherenkov technology + additional timing devices in the central
detector.

Data acquisition and analysis: demand new algorithms (ML?) and solutions

Reproducibility principle: HL-LHC+RP discovery science needs 2 independent
experiments?

Community: attract + sustain talent and resources for 20+ years?
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Run 4+ (HL-LHC) Optics — high lumi, low p*

crossing angle ¢ = 0°

h_M_ * p,-03GeV,5=0 | %-14Tev
0. o p-06Gov,g-0 | F04m
" i 6, - 250urad

* P =03GoV, 8006 | 4_gaea16mm
o p ~06GoV,5-006 | s=180m

y (mm]

Preliminary studies done with HL-LHC
optics ver. 1.4:

» RP at 150+0.5 mm from the beam,
example acceptance at 190 m.

proton resauve energy 105 ¢
°
&

°

L L S R

0 ] o

0.0

-3

o

> /3’*:0,41'11 e | | ., | . )

O imm)

h_M_ * 9 -03GeV,E-0 | =14TeV
B-04m

» Crossing angle ¢p = 180°
disadvantageous for AFP:

© P, =06GeV,5=0
v 0, = -250u1ad
* p,=03GeV.£=006 | 4_ 686373 mm

P, =06GeV,£-006 | 5-190m

— diffr. protons closer to the beam

¥ [mm]

proton reanve energy 10ss G

— affecting energy resolution —
large difference in energy loss
translates to small spatial distance.

0 o

FrTT T

L | L J
05

1 15
proton trdnsverse momantum p, (GeV] [

crossing angle ¢ = 180°
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Summary

Run 2:
» Continuation of performance studies.

> Ongoing elastic, diffractive and (semi-)exclusive analyses based on Run 2 data
— stay tuned!

Run 3:

AFP ToF system: new PMTs, new design — Out-of-Vacuum solution.
Successful test beams at DESY and SPS with AFP.

All stations installed! — Commissioning.

ALFA: request data-taking in Run 3 if v/s > 13.5 TeV

Almost ready for Run-3 data taking — expecting factor 10 more data!

vVYvYyvYVvyy

Run 4:
> Physics programme being discussed within ATLAS,

» Output will set the constraints on preferred detector localization and technology
(position and timing resolutions),

» Optimization of Run 4 optics to enhance acceptance is considered.

This work was partially supported by the Polish National Science Centre grant: 2019/34/E/ST2/00393 25/25
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AFP Inter-plane local alignment

» Proton traversing AFP SiT creates charge deposits in each plane, measured at x
position relative to the edge.

Ideal alignment:

@ 3000 —— — —
E [ ATLAS Preliminary 7
g 2500 A-NEAR, Plane-0 s
5 [ ¥=13TeV, Run 331479 =
\\ 'E C Before alignment .
S 2000 — Mean-(1521=004um 1
=4 o Sigma = (6.13 = 0.04) um 7
C After alignment T
Hit to edge distance: 1500 i e =
— same for all planes r ]
1000— =
In reality: 500:, =
o B i | & 0 2
—40 —20 0 20 40
y“ﬂdﬁ- yt\nsler [um]

\\ Employed procedures account for:

> offsets in x and v,

Hit to edge distance: > (rotation about z axis.)
— may differ for each plane
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Systematic uncertainties in pp — ppll

in measurements of cross-sections

Source of systematic uncertainty Impact
Forward detector
Global alignment 6%
Beam optics 5%
Resolution and kinematic matching 3-5%
Track reconstruction efficiency 3%
Alignment rotation 1%
Clustering and track-finding procedure <1%
Central detector
Track veto efficiency 5%
Pileup modeling 2-3%
Muon scale and resolution 3%
Muon trigger, isolation, reconstruction efficiencies 1%
Electron trigger, isolation, reconstruction efficiencies 1%
Electron scale and resolution 1%
Background modeling 2%
Luminosity 2%
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AFP SiT trigger rate

recorded rate [Hz]
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» Trigger rate (2/3 SiT planes majority vote)
follows pile-up rate —
— beam-induced backgrounds are small.
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Pmissing 4-vector for dark matter searches
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Exclusive jets

Exclusive jet production - acceptance for double tag events
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Fig. 3 The acceptance for events with both protons in the
forward detectors as a function of the missing mass.

Exclusive jet production - cross section
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Fig. 4 Exclusive jet production cross section as a function
of the missing mass.

Exclusive jet production - acceptance for single tag events
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Fig. 5 Th tance for events with exactly one proton in

the forward detector as a function of the missing mass.

Fig. 6 Diagrams of background events: double Pomeron ex-
change (a), single diffractive (b) and non-diffractive (c) jet
production. The double line marks the Pomeron exchange.
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Diffractive tf production
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Exclusive Higgs
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W boson production in diffractive events
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Search for axion-like particles in diffractive events
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