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Conceptual design
of RPCs in future
muohn systems
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Infroduction on Muon systems

&
CMS ] ATLAS

» Muon systems is whatever comes after the
hadronic calorimeter, wrapping all the other
detectors

» Itis designed to provide a primary trigger on
muons and measure their momentum spectrum

» Itis done by measuring the muon trajectory
deflection in a magnetic field

Typical features for HL-LHC

>

measure of frack curvatures=
thousands of mMA2 instrumepte
surface n

Particle rate << than innermast
detectors

Typical tracking precision ~ EOO
um (with B ~1T and R=5m) ©

Typical fracking trigger resolution
I cm

Typical frigger detector
resolution < 5 ns

aist EBe"YI/O

IOM |

How this will evolve in FFC
scenarios and what are the
consequences on the muon
detector design?



State of the art of classic RPCs

» (some of)Present and recent e PRESENT AND RECENT PAf
past Application at colliders RAYS AND UNDERGROUND

CMS

ATLAS BaBar ARGO Ybj INO (staged)
LHC 7000 m?2 LHC 4000 m? LHC 144 m? SLAC 2000 m?2 CERN v beam CR exp. 7000 m2 v observatory
HL-LHC1400 m? HL-LHC1000 m? HL-LHC new RPCs Instrum. iron Instrum. iron 4600 m altitude 150000 m?
Tracking trigger Tracking frigger Tracking frigger u identifier u spectrometer 3D reconstruct. Instrum. Iron

* ACTIVE PROPOSALS FOR FUTURE EXPERIMENTS USING PRESENT TECHNOLOGY

ANUBIS

HL-LHC. 5500 m?
Search for DM
Sealed tracking
volume

CODEX-B
HL-LHC. 3000 m?
Search for DM
Sealed tracking
volume

SWGO - STACEX
CR exp. 22500 m?
5000 m altitfude
3D reconstruct. +
Cherenkov

1/30/2024 3



The quest for FCC

RPC (ALL VERSIONS) IS CANDIDATE
TECHNOLOGY FOR FCC EXPERIMENTS

KEY FEATURES

50PS TIME RESOLUTION

* (300 PS FOR SINGLE GAP) SINGLE GAP
RPC EFFICIENCY > 98%

* 2D TRACKING, RESOLUTION UP TO 0.1 MM P

» pp collisions at 100teV (FCC-

— hh) 5
2 —nesai At S
R OFORTIONAL RESFONGE SirEiri*¥ » Pileup: 1000 events/bunch
— crossing = spatial resolution,
* LARGE SIZE ROBUST AND LOW COST fiming
° THlN AND L|GHT 500 1000 125[(::(:“] 2000 2500 3000

Muon barrel and endcap
 RPCS UNDERWENT A SUBSTANTIAL

PERFORMANCE IMPROVEMENT FROM LHC
TO HL-LHC

e CAN BE FURTHER IMPROVED FOR FFC...
e R&D IS NEEDED

» Charged rates ~ 5x104 cm2s
» photon rates ~ 5x10¢8 cms-!
» N fluence ~10' cm™

Shielding can mitigate the effect

on Muon chambers
1/30/2024



FCC-hh parameters and constraints

» Highlighted inred

- > drivers for
.
poenaam |5 |0 | o | on RN
circumferencefkml | 9775 | 267 | 267 | 267 |y
b | o5 | am | i | ow [

e mensiy (07| 1 [ 105 | 2o | 2o | 115 [URNEER

unchspacing sl |25 | 50 ihe fongard

regions > muor

Sroowerengnwmiep] | s | e | om | o [ECSECISRIRG

long emtdamping timen | 0se | 1o | 1o | 1o [RSSAINNSEE

bewml | a1 [ o5 | om | on | ow [ERCCHE

normalized emittance[pm] | 2204 | 2505 | 25 | 375  [EgESIelglegellelglc

pea luminosity (109 cm’s’ muon frigger

O EIE A R T I WA > |0 /. >
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5 ns the BC to

» Constraints given by FCC-ee are less challenging for that concern irr?’%Ler(s:i?yThe sl¥glelg

the background rate and similar for the rest



» 4T 10m solenoid > M%ONS?

orward solenoids g ZBarrel
\ > Silicon tracker b :Encap
»’» Barrel ECAL Lar » Forward
2.
» Barrel HCAL Fe/Sci  » Vdarious
"""" gaseous
» Endcap HCAL/ECAL LAr detectors
» Forward HCAL/ECAL Lar

5 N N 72 N 7 I I A
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Beyond the muon detector: LLPs

Why, how, where LLPs?

displaced mulll-rack disappearing racks

non-prompt

« Small couplings or small mass differences generically T jets, leptons i/ s
lead to LLPs b

Exact signature depends on LLP quantum numbers
and decay modes — many possibilities, necessary to
understand experimental sensitivity to these

FCC-ee: charge, color neutral initial state — direct
production of charge, color neutral BSM particles/
final states

dsplaced multi-irack

Diagram by H Gray

+ Light color, electrically charged BSM particles heavily constrained

» Consider looking for charge, color neutral particle LLPs can also be
looked for in MET and

¢ Displaced vertex signature
prompt final states

See talk by R, Gonzalez Suarez

See falks in the morning session
+ (Heavy) Heavy stable charged particles, stopped particles, R-hadrons as possible signatures
+ These exotic signatures are not covered in this talk

S. Kulkami 31 May 2022

table

» Detector for long- I|ved§artlcles
at high energy of 100 TeV g 7

» Has ca 500 times more se:nsitivity;
. ) .
150 due to increased cross section
and luminosity and factor 3-4 due to
moving detector closer to IR

Impact on the muon system ]
» Local vertex identification
» 3D tracking

» ~ 100 ps ToF capabilities
>

Particle identification via ToF and
pre-shower layers



A dream LLP detectore

MATHUSLA +ANUBIS

A dream LLP detector?

swoller picas to

whaeml  Adding a good timing and
Come 17, _

S tracking layer ex’rendm@ fhe
Ryu Sawada’s first example at the LLP ; o e m U Oﬂ Sys.l.e m
workshop in November-2020 Lagre main ajeoto p ‘

HADES- like LLP detector

dag st =

Dedicated detectors: ANUBIS
T HMES-he Lup detecor

ANUBIS - AN Underground Belayed In-Shaft search experiment
/ % Muoa detector with wide a%b

duection measu rameat Proposal to instrument the ceiling of the ATLAS Cavern at Point-1

> Include stations in the two service shafts (PX14, PX16) 4
> Ceiling approximately 20m away from the ATLAS IP i
/ﬂ—/—\ DWU‘ rea.Jovf CO.‘O Y\ mefer > Cavern ceiling proposal shown to be more sensitive (compared to Shaft only)
L ti | 4.3x10*m3vs 1.3 x 10 m®) and | detect
‘Wﬁ‘ TUA\N‘NI SCB—M@V“'&J >af\el'gfr13;:r;\1/2e volume (4.3 x m3vs 1.3 x m?) and large detector

: {gfz—\z BelleI-\ike ToP for PID ¢ D
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Moy pirel
|o.7eys clese to LCM‘ e
(with geed time tesoldtion)

arXiv:1909.13022 PX14 Shaft + Ceiling
Proposal i '_ )
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Basic principles of muon detectors

» All gaseous detectors designed for muons share the same base principle:

o)
» A gaseous target thick enough for a MIP to release a sufficient primary ionization % >
» An electric field sufficiently strong to start an avalanche mulfiplication R %
» A segmented pick-up electrode to readout the signal and extact a space-time %

information g
Wire chamber MPGD RPC ;5

E = constant
E2 > E1»

Pick-up strips Resistive electrode



A working proposal (doable now)

>
>

Barrel and outer endcaps of FFC-hh:

2 x 4 layers of 2.8 m long drift tubes (axial in barrel, radial in outer endcaps)
1.4 m multilayer distance provide 40 um spatial resolution, 60 urad angular
resolution, 100% tracking efficiency up 1o the maximum background rates.
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Monolithic sSMDT construction, no optical alignment of multilayers needed.
Chambers well accessible.

Embedded new RPCs for trigger, timing, and second coordinate




R&D summary

Technologies

Challenges

Most challenging requirements at the experiment

RPC, Multi-GEM,
resistive-GEM, Micromegas,
micro-pixel Micromegas,
u-RWELL, p-PIC

Ageing and radiation hard, large
area, rate capability, space and time
resolution, miniaturisation of
readout, eco-gases, spark-free, low
cost

(LHCDb): Max. rate: 900 kHz/cm?
Spatial resolution: ~ cm

Time resolution: O(ns)

Radiation hardness: ~ 2 C/cm? (10 years)

Higgs-EW-Top Factories (ee)
(ILC/FCC-ee/CepC/SCTF)

GEM, p-RWELL,
Micromegas, RPC

Stability, low cost, space resolution,
large area, eco-gases

(IDEA): Max. rate: 10 kHz/cm?
Spatial resolution: ~60-80 um
Time resolution: O(ns)

Radiation hardness: <100 mC/cm?
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Muon collider

Triple-GEM, u-RWELL,
Micromegas, RPC, MRPC

High spatial resolution, fast/precise
timing, large area, eco-gases,
spark-free

Fluxes: > 2 MHz/cm? (0<8°)

< 2 kHz/cm? (for 0>12°)
Spatial resolution: ~100pm
Time resolution: sub-ns
Radiation hardness: < C/cm?

Hadron physics
(EIC, AMBER,
PANDA/CMB@FAIR, NA60+)

Micromegas, GEM, RPC

High rate capability, good spatial
resolution, radiation hard, eco-gases,
self-triggered front-end electronics

(CBM@FAIR): Max rate: <500 kHz/cm?
Spatial resolution: < 1 mm

Time resolution: ~ 15 ns

Radiation hardness: 10" neq/cm?/year

FCC-hh
(100 TeV hadron collider)

GEM, THGEM, p-RWELL,
Micromegas, RPC, FTM

Stability, ageing, large area, low cost,
space resolution, eco-gases,
spark-free, fast/precise timing

Max. rate 500 Hz/cm?

Spatial resolution = 50 um Time resolution: sub-ns
Angular resolution = 70 prad (n=0) to get Ap/p<10% up
to 20 TeV/c




Outlook of new RPCs for muon
systems

>
>
>
>

vV v v VvV

Muon systems tend to have large area (even larger in future)
LLP systems are even larger...
The BC timing could need to request resolving 5 ns BCs

The rate expected is from a factor 2 up to a factor 6 with respect tp the
HL-LHC values, depending on the region

Higher eta higher rate but also smaller surface
Classic RPCs can fit most to the regions with incremental improvement
Newly proposed ideas can cope with all the areas of future colliders

The R&D must focus mostly in getting rid of environmental unfriendly
and expensive gases and in further improving the industrialization to
cover such large areas
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vV v v VvV Vv

Most of the FFC-hh requirements on muon detectors are fulfil

In the regions with higher radiation a substantial improvement is needed
Potential competitor: new generation of Si detectors

Fine timing is needed in the 5 ns BC scenario and for the LLP searches

Muon detector community is sparling new ideas

Conclusions... and a small exercise
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Technology state of ’rhe art evaluation
(my personal view) Useless

Poor ok
Sufficient = *** Incremental R&D =
Good — kkkK Disruptive R&D =

Excellent = *#x**

¥7202/0¢/ 1
-lIvY O

15|

State of
the art

DT

STGC
RPC
MPGD

R&D
potential

DT
STGC
RPC
MPGD
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Muon tracking performance

Three methods for the muon dpit (%)
momentum measurement

» Tracker only with identification in
the muon system

> /0 urad muon
detector c@gulqr

resolution: § |

It

» Muon system only by measuring
’rhe_| muon angle where it exits the
ofe]

» <10% standalone
momentur resolution
up to = equal to
tfracker resglution

» Tracker combined with the
position of the muon where it
exists the coll

» 50 um muon detector
spatial resolution

» < 10% combined
momentum resolution
up to 20 TeV.

5000  1x10*

Pk . Multiple scattering limit
nalytical calculation, . N
Werner Riegler, FCC Week 2017 for frack combination

(infinite muon detector
X () resolution)




Muon system contribution

Tracking

» Improvement by muon system
forp;>1TeVand |n| <2.5.

» Muon and Barrel endcap fully includeg?gj

Muons 6pr/pr: full (solid) x tracker only (dotted)
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» Forward is meant principally for muong
identification

Trigger

» Momentum resolution at pT < 100 GeV
dominated by mulfiple scattering,
independent of detector resolution.

» For 200 XO of scattering material in front
of the muon system and perfect chamber
n resolution 5 - 25% standalone pT resolution
= 5GeV/c fromm=0upto | n | =2.5for 1st level

- 10GeV/c muon trigger.

. 100GeV/c » Solenoidal B field in forward direction
00GeV) (Im| > 2.5) not suitable for precise

= 1TeVlic standalone momentum measurement for
trigger (p; resolution > 80%).

doysyio

= 10TeV/c




Particle Fluence @ L=30x1034cm-2s"]

o Barrel muon chambers: ~300 cm™2s? to ~5oo cm2s™

» Chargedrgtes
» Up to 5C§)§£m-25-1
(R>3m |‘?%] <1.5)
» up tfo 1O4§cm'25"
(R>1m 1.5<|n|<3.5)
> ~ 5x105 cm-2s!
(R<Im |n|>4)

Mgl PRV il
) AN N W
- - - —— /A ! h LS AR
N e
oo . WXy ) 4 ATl
Bt N '_I“r N ,‘ 5 g
- e wenmewy v ! . ’

» photon rates

» ~ 5x10468 cm2s-!

Charged particle fluence rate [cm™s™']

500 1000 1500 2000 2500 3000 3500 4000 > N fluence
z [cm]
» Up tol0* cm2
Endcap Muon Chambers: 104 cm2s™ Forward Muon Chambers: 5x105 cm2s™ (shielding to

mitigate the effect)

Present muon detectors close to fully satisfy this requirement - further R&D needed for completing



13.6 MeV

90 = z. :13/)(0 [1 + 0.038 111(11?/)(0)]
Bep .' |

W. Riegler; FCC-hh Accelerator and Detectors, Nov.
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— Compare FCC-hh scenario to HL-LHC conditions (PU~140), using e.g. CMS Ph2 upgrade layout

HL-LHC scenario @ PU=140 FCC-hh scenario @ PU=1000
CMS Ph2 Upgr. tracker Tilted layout

Fraction of tracks being unambiguously assigned to PV @95% CL: <p >=140 Fraction of tracks being unambiguously assigned to PV @95% CL: <p >=1000
C . - C - - -
'9 1 B '9 1 B :
QO WS R TG e v, 1] D L e )
] b, e ¥ : it,.‘___amu i o] : U o !
b S R gt g oL (I e 90%
0.8 | LS m— 0.8 frerrrni .
| Single particle study: 0 | Single particle study: ‘ .“a..__. 5
0.4n p,=1GeVic, no timing 0.41 p,=1GeVic, no timing et
I pT=SGEWC, no timing | ; E E . 1 P PT=5GEV"'31 no timing ’ ;
i -« p =10GeV/e, no timin 5 - i ‘B = imi
0.2 1 F.)T . j g .\ ................... . ................... . ................. . ................... 0‘2 - pT 10GGV.'{C, no “mlng
- — Ot = 5ps, n reflects 8z0 i : (| — Ot = bps, n reflects 520
H ——— &t = 10ps, n reflects 520 | | ; | | —— 5t = 10ps, n reflects 520
00 0.5 1 1.5 2 2.5 3 3.5 4 D[) 1 2 3 4 5 6

W. Riegler; FCC-hh Accelerator and Detectors, Nov.




Pileup mitigation - consequences

» Shorter BC spacing

Identified three main alternative scenarios, but need to study them propogcﬂ 2}2 Xelale
N D
o NS ST
Initial | Nominal | Opt 1 | Opt 2 Opt 3 > Correspoﬁdingly
Bunch spacing [ns] 25 : ] 0 lower bu I”tCh
Init. hor. transv. emittance [pm| . . . I InTenSlTy %
[nit. vert. transv. emittance [pum] 2.: 2.2 : : ). > P”eup reduc’rion

Final vert. transv. «

o Much more study is requi;'en-:l.befuréﬂé can 1 “ I » Most of internall
Max. total beam-b 003 .03 .03
P beta-functioa o conclude o L . detector are
eta-function [n., ). ). ).:

ok Duminasite 107 cm =2 - Wl o developing at
Al " least sub ns timing

» The BC id. Will
require sub-ns
timing in the muon
system tfoo

» At the moment just RPCs can provide this performance among
the classical muon detectors - drive of new R&D effort



Space resolution principles

» Space resolution is driven by 2 factors RSy RPCs
» Intrinsic localization of the event n
» Precision of the chamber geometry % .
Wire chamber %

ioWON\

1 B - e
E~-—
r
Drift Time [ns]
TT T T W el
> the ons ciriffingin the e ant el » RPCs and MPGD exploit electrostatic induction of

fhe ions driffing in the gas and rely on their fhe moving charges to calculate the charge
meTc:l[lc bulks which can be eqasily cenftroid. The resolution is driven by the readout
i system segmentation and mechanical precision
frame. Can obtain high precision with low preserving it on large multi-layer chambers made of
channel density composite materials. Can obtfain high precision with

high channel density



Time resolution principles

» Time resolution is driven by

» Avalanche statistical fluctuations 3 G)j
» Drift time (velocity x gap size) % %
» Electronics noise Time
Wire chamber o
1 | |
E~-= : ! |
; g
) h
» MWPC and MPGD work on similar » RPCs and MRPCs drift and mulfiplication
principles: the separation of the drift and space coincide. The multi-micro gap RPC
mulfiplication infroduces ireducible segments the gas gap to further reduce the
uncertainty on the fime resolution, e

dependent on the drift width



