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Signals

High Speed

Extend the RPC coverage

up to [n| = 2.4 to increase

redundancy in high eta

region in stations 3 and 4

RPC iRPC
HPL thickness (mm) 2 1.4
Number of gas gaps 2 2
Gas gap thickness (mm) 2 1.4
Space resolution in n (cm) 20-28 1.5
Space resolution in ¢ (cm) 0.8-1.9 0.3-0.6
Intrinsic timing resolution (ns) 1.5 0.5

Refl:A. Samalan et al., “Upgrade of the CMS resistive plate chambers for the high

luminosity LHC,” JINST 17 (2022) C01011.

Ref2:B. Boghrati, CMS RPC Link System, DRD1 Collaboration Meeting (2024)
Ref3: A. Cabrera et al., “Novel ideas for CMS L1 trigger in HL-LHC using RPC ultimate
timing performance,” Nucl. Instrum. Meth. A 1077 (2025) 170477.
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(TP) and offline analysis
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57ns

BX = 25ns

ISTOP Counter

Clock provided by
the FPGA internal PLL

High Frequency in order of
640MHz or Higher

Fig. TTC clock in the new link system.

iRPC: intrinsic timing resolution--0.5ns
Double-ended readout+Smaller strip pitch
— better spatial resolution

Total timing resolution: 6;~0.5 — 0. 6ns

Related Detectors

After the Phase-2 upgrade , RPC/iRPC system provide finer time
information for Endcap Muon Track Finder (EMTF) Trigger Primitives

IHEP

RPC: The upgraded RPC Link System provides sub-BX timing information:
bunch crossing (BX)-level: 25 ns - subBX: 25/16 = 1.56 ns

The corresponding quantization uncertainty is reduced: 7.2 ns = 0.45 ns
Total timing resolution: o,~1.
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O Heavy stable charged particles(HSCPs) are
massive, long-lived charged particles.

O Some HSCPs can traverse muon system, but
arrive late compared to prompt muons.

O RPC and iRPC provide time-of-flight
information for B reconstruction (B=v/c).

« Improved timing resolution — better g
resolution

Muon like HSCPs characteristic and its search strategy "

,nggerL.ab

Selection criteria

pr o Mass
(GeV/c) fas VB (Gevicy)
>0
>100
Tracker-only >70 >0.4 - >200
>300
>400
>0
>100
Tracker+TOF >70 >0.125 >1.225 ~200
>300
Muon-only >230 - >1.40 -
Q] > 1e - >0.500 >1.200 -
Q] <1e >125 >0.275 - -

REF:CMS Collaboration, “Search for heavy long-lived charged
particles in ppcollisions at /s = 7TeV,” JHEP 08 (2013) 122.

The search for HSCPs is an important target in HL-LHC, with its slow speed, it requires
timing information, trigger, and readout capabilities to preserve and identify delayed

signals.
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CMS i
A Monte Carlo strategy for HSCP studies %Y

-

Main properties to study with CMSSW Phase-2 simulation

1. Inter-layer hit delays
—layer-dependent trigger stretching for endcap RPC

2. Latest RPC arrival time compared to prompt muon
—DAQ readout-window requirement for endcap RPC

3. time-of-flight information
—reconstruct RPC/iRPC 1/
RPC: four existing endcap stations; iRPC: RE3/1 and RE4/1(endcap iRPC station3 and 4,ring1).

CMSSW Phase-2 long lived scalar tau (stau, 7) sample

7(PDG ID 1000015), mz = 500 GeV
Generator:FlatRandomPtGunProducer*

0.1 < Bgen < 1.0

12<InliI< 2.4

Phase-2 RPC/iRPC geometry

Only particles propagating toward the positive-z endcap are used
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How long must each layer’s RPC hit

e HSCPs travel slower than s ton be held t | th
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prompt muons, so hits in the delaved hit? P
. e delaye IT:
different RPC layers can be y
spread over multiple BXs s MM LML LML
layer1 cluster_valid / \
layer2 cluster_valid / \
layer3 cluster_valid / \
A O Muon produced at BX=0 hit layerd cluster_valid [ \
@ Muon produced at BX=1 hit trigger_valid /7RG
@ HSCP produced at BX=0 hit
‘IT O HSCP produced at BX=0 hit Unlfled StretChlng
_ & o
) o)
€ o o Tniipipigizipinigininginizinlipigh
| O 7 \
. o ) I 7 e
1] ali F—i A\
é d /'—\
: Ji
é;1 éEZ RE3 RE4

Layer-dependent stretching

Events /1 ns

How to generate Trigger signal

Layer-dependent timing windows
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IHEP

maintain slow-particle efficiency while
reducing accidental coincidences and

unnecessary hold time.
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* Timing requirement from CMSSW :

* 3/3/1/1 BX covers approximately 99.9% of four-station HSCP events.

« Recommended layer-dependent trigger holding window:

* 4/3/2/1 BX for RPC RE1/RE2/RE3/RE4, including timing and BX-boundary margin.
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CMS

DAQ Window and buffer depth design

e HSCPs travel more slowly and reach the same RPC detector position later than prompt muons. Without ektending
the readout window, delayed HSCP hits may fall outside the window.

 We use long lived stau sample to evaluate the delay and design the DAQ window.

550 CM$ ".Dh‘.ase-z. Silmz{/atior? Plrelliminalry IIIII PU O (14 Tev) CMS Phase-2 Simulation Preliminary PU 0 (14 TeV)
g rr -~ ~r1r ~+ 1 1 " 1 1 ] .g. 120 T T T T T T T T 80 %;
5 800 — RE1 § 100 5 1"
S [ — RE2 =
D 2s0fF e e
N o 80
200f [l g 1 The delay increases
b T e 40 .
150F g rapidly at low B.
n‘_(2 40 *
100 20
505— 2r 10
0 - 0 20 40 6‘0 — 0 100 120 %.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
At[ns] Generated stau B
HSCP hits arrive later than the prompt +3 BX - 95.67%
muon reference; the longest-path outer +4 BX = 99.81%
station gives the largest delay tail. +5 BX - 100% in current sample

For complete HSCP event read out
DAQ readout window: minimum 5 BX wider than the design for prompt muon

2026/9/17 2026 International Conference on Resistive Plate Chambers and Related Detectors 7



cvs- Simulation of RPC/iRPC for Offline HSCP ™
Speed Reconstruction i

* Generated long-lived stau samples use Phase-2 geometry in the endcap region.
e Obtain hit information from 4 stations of RPC and two stations of iRPC.

e Reconstruct B with hit information.

- one S Prase 2 Sulton Py _____ W90 . The grey curve : DT/CSC Run-2
_ g sosf  ® APC:REL RER.AER, RES ] reference benchmark of 3 resolution
Reco”sltr“d'on VR g8 | orcscrence ] in HSCP velocity reconstruction,
i : ]
5= 1+— § oof o(1/B)=0.065* converted to o(pB).
l l o
2 = [
W _< L; ) T 003
P = =
€O S * Both studied endcap RPC and iRPC
1 Xiw (1/B) “er * - - .
5l = % : configurations remain below the
W 3 o
. oot s ] benchmark over the evaluated
b T velocity range

0.9
Generated stau B

Fig . Performance of RPC&iRPC 3 reconstruction

» Upgraded RPC/iRPC timing has the potential to satisfy the offline HSCP B reconstruction
requirement

0.4 0.5 0.6 0.7 0.8
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[ Trigger: Triple-coincidence using three layers of plastic scintillators (Sci).

Detector
Data/ SC i

@t
SR e fiE—
S
4=

RJAS5 daughter |
board

' Discr. ‘ Signal width = 40 ns

| I ; ' |
| Discr. |+ Coinc. )| NIM=>LvDS ||
r Discr. | : j t

Sci 1 AND Sci 2 AND Sci 3
Sci 1 (above Layer 1): Two large scintillators in OR logic;
Sci 2 (below Layer 3): Two large scintillators in OR logic; 4

Sci 3 (below Layer 4): One small single scintillator. Fig. Physical setup of the four-links iRPC
system for reliability testing

O Distance between 4 layer :11cm, 11cm, 117 cm

The large Layer 3—Layer 4 separation increases the measurable time-of-flight difference

[ All four links use optical fibers of the same length to minimize link-dependent propagation
delays and preserve timing consistency.

2026/9/17 2026 International Conference on Resistive Plate Chambers and Related Detectors 9
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cms- | Frontend Electronics Calibration for Reliable
time Measurement

® Frontend Electronics (FEE) Calibration

* Before time measuring, channel- B TDC Time Alignment
dependent electronics effects must € Remove channel-dependent timing offsets.
be removed or controlled. B Threshold Calibration
. . . € Equalize channel response and suppress noise.
* Goal: establish a solid baseline for B Check-Sort-Push readout
time measurements. ® Working Voltage Confirmation
i e il e ot oA 508 Lab B Ensure stable operation on the efficiency plateau
g , (AN ey G 904 Lo
? T miecome Y rmRmem. ol T el gt gt
s
Fig.Timestamp distributions before and after TDC alignment Fig.HV Efficiency Scan

2026/9/17 2026 International Conference on Resistive Plate Chambers and Related Detectors 10
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Data taking and analysis process
RAW TDC data
e Cosmic ray muon at ground level: l,
e are relativistic (f = 1), so they provide a natural 1. Local reconstruction
reference for timing validation. Hit preselection -> Clustering
e penetrating and approximately straight at this scale ‘

2. L1/L2/L4 reference-track reconstruction
Reference track from measured L1/L2/L4 hits; L3 as DUT Ca n_d 'da_te 'format“_)n K4
Reference track it spatial-timing ranking -
shared-cluster ambiguity resolution

2

3. Independent L3 Device Under Test(DUT)
confirmation
L4 (z=139) | e ] Track extrapolation -
-_”— T . L3 asspu.anon 9
spatial and timing consistency

with measured DUT hit

Clean four-layer muon sample

After preselection
Use clean hits/clusters

L1 (z=0) [

L2 (z=11) |

L3 DUT (z=22)

| 1. Buidreferencetiack | | 2. Project ftted track
| from measured L1/L2/14 hits 1ol3

*more detailed procedure is in backup

2026/9/17 2026 International Conference on Resistive Plate Chambers and Related Detectors 11
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Use clean hits/clusters

Reference track

Building the L1/L2/L4 reference track

[ After preselection ]

,nggerL.ab

Process to build L1/2/4 reference track

o CMS Preliminary CERN 904 Lab
L L A A )

L [ L L L
-5 0 5
L4--L1 prompt residual [ns]

(b)

/ e Form all L1-L2—-L4 cluster combinations
) CMS Preliminary CERN 904 Lab
L1 (z=0 @ T T T 1 120
(=0) | //i | £ ol 1 2
~_ e r © 1000f
L2 (z=11) | N 2 1000 132 |
/ ~_ ‘é 800( ] § 800;
L3 DUT (z=22) / ___ Reference % 800 . % i
hits 2 400 1 2%
/ ’ S 0 S ’
—— L2--L1 prompt residual [ns]
L4 (z=139) I ) @
v — * Apply broad prompt timing gates:
1. Build | At21 |, | At41 |< 4.5 ns.

. . . . . 2 . . 2
e = P“il;d . 3;tEOSTJpTa:?t « Rank candidates with spatial x* + timing x°.
from L1/L2/L4 to Wi ' . .

* select the minimum-score candidate

* L3 information is not used when selecting the reference track.

* The best L1/L2/L4 combination defines an independent reference track.
* |ts projection provides the predicted cluster position and time on L3.

2026/9/17
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cMs, Reference-track extrapolation and i
L3 DUT matching SR

[ After preselection ]

Use clean hits/clusters Reference track * L3 DUT matching

/ 1.Calculate the predicted position and time at L3.
L1 (z=0) | [ @ ) 2.0btain all the cluster on L3.
2 (z=11)| M 3.Associate the closest spatially compatible L3 cluster.
Predicted position / 4.Calculate the spatial and timing residuals.
L3 DUT (z=22) _ _ , ,
<1D @ __ Reference  * Normalized spatial-matching variable R:
DUT hit hits

2

pred pred
. (xéneas — x§ ) s <y§neas —y! )
Oy oy
L4 (2=139) |
‘ e

- ) * Selection threshold:
1. Build 2 Proiect 3. Compare
reference track - rojec =il R<3, [At3|<2 ns

from L1/L2/L4 ) to L3 with DUT hit

2

Since L3 is not used in the reference-track reconstruction, the L3 residuals
provide an independent DUT performance measurement.

2026/9/17 2026 International Conference on Resistive Plate Chambers and Related Detectors 13



CMS preliminary
> Creliminal

CERN 904 Lab
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After hit preselection
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CERN 904 Lab

CMS preliminary
- Preliminar

Events=3483 ]
N=11868

RE4/1 right

Layer 2 |

CMS Pre/imin_g_ry

20 30 40 50
X [em]

CERN 904 Lab

Events=3483 ]
N=10119
RE4/1 right
Layer 4 |

20

20

Good tracks candidates

As the selection proceeds, noise and incompatible hits are strongly suppressed, while the scintillator-
defined trigger acceptance area becomes progressively visible,retaining clean cosmic-muon tracks.

2026/9/17
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cms Measured DUT performance in W
o CMS preiiminary CERN 904 Lab ) CMS preliminary CERN 904 Lab ) CMS preliminary CERN 904 Lab
L L IR L B B ] L AL L L L N L
S [ — N=2,347 S | — N=2,347 | S 100 N=2,347 | -
AT - — Gaussian fit 2 8 — Gaussian fit 7 AT | — Gaussian fit |
100 = -0.026 cm ] [ p=0699cm /| : U =0.009 ns E
- 0=0.429cm o=1851cm [/|]i 8 6=0752ns ]
80 B 60 i - i
60 ' ! ' !
i 40 ! - I |
! - : a0l i -
“or | [ |
I 20 ! . [ |
20 B L i 20 — i -
0 :I—I- . bl bl bl bl h 0 i P N - 0 L bl i
-1.0 -0.5 0.0 0.5 1.0 -4 -2 0 2 4 -2 -1 0 1 2
Axz [cm] Ays [cm] Atj [ns]
H H o meas .
Measured residual width O (puT) = ( ) Unbiased L3 result
Ox meas — 0.429cm \/ (1 + k) o, pyr = 0.363 cm Ox typical = 0.3 — 0.6cm
' — 0.75 (Z(i=1) Zj ) y,DUT ' Ot typical & 0.5 —0.7ns
Ot meas = 0.7521ns k = . . -~=0.399 o, put = 0.637ns
(N IXINE X IR )

 These measured detector resolutions are subsequently used in the Toy MC.

2026/9/17 2026 International Conference on Resistive Plate Chambers and Related Detectors 15



cMs/.  CERN 904-Lab 1/B Reconstruction and <

. | Toy-MC Validation

Validation:
e Compare Toy MC B distribution with real

data B distribution * Toy MC:Measured x/y/timing response +
e Consistent - validated response model cosmic-angle distribution + 904-Lab geometry
CMS preliminary CERN 904 Lab
=l T e — wear ,  CMS Phase2 Simulation Prolminary ______ PYO (14 Tel)
: o 2 A oo 5 [T o oon N_5000
----- B=1 1 W0k Hoore(1/B) = 1.0071
y_core = 0.957 | i Ocore(1/B) =0.1655
L Toy MC result
i : 1
0 200 U904mc (E) =1.007
100 F 1
- 0904mc (E) =0.166
1B N R . L
| | | | | | Réconstru.cted 1/[3.
Data analysis result
ooadats (1) — 0957 * The validated 904-Lab response model can
4 be used for the CMS endcap long-distance
Govadata (%) = 0.207 projection.
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CMS Endcap Projection of 1/B Resolution

CMS

« Data-driven detector resolutions are Simulation inputs
projected to the CMS Phase-2 endcap Zrgz/1 = 975.65 cm
geometry. Zrga/1 = 1065.75 cm

X + y +t detector-response smearing
MC simulation

Ot, Oy, O >a(1/B)

2 xr Py CMS Phase-2 Simulation Preliminary PUO (14 TeV)
%] Fr "1 *r ‘1 1 T 1 T T 7]
& [ —— Buue=0.5: p(1/B)=1.9999, 0(1/8)=0.0130 ]
CMS Phase-2 Simulation Preliminary PU 0 (14 TeV) 5 12500 —— Biue=0.6: u(1/B)=1.6667, 0(1/8)=0.0131 -

@ AL S B e B B B S B S B S LA —— Buue=0.7: p(1/B) = 1.4286, o(1/B) = 0.0130
S 30000 —— PBuue=0.5: u(B)=0.5000, 6(B) = 0.0035 ] i Buue =0.8: u(1/B)=1.2500, o(1/B) =0.0130 1
o [ , —— PBiue=0.6: u(B)=0.6000, o(B) =0.0049 ] 10000 F —— Biue=0.995: u(1/B) =1.0050, o(1/B)=0.0129 ]
[ i —— Btue=0.7: p(B) =0.7000, o(B) = 0.0065 1 [ ---- Gaussian fit ]
25000 & Buue = 0.8: u(B)=0.8001, o(p) =0.0084 ] s 1
o —— Buue=0.995: u(B)=0.9952, o(B) =0.0128 ] 7500 ]
Lo ---- Gaussian fit ] i ]
20000 r ¥ IPI ] L ]
[ ¥ ] 5000 .
15000 [ I ] [ 1
2500 |- ]
10000 | . I ]
E [ B E 0 L 1 PR P T AU . NS NS R PR IR 1 i

5000 |- = . 1.0 1.2 1.4 1.6 1.8 2.0
[ FI :{ 0 ] Reconstructed 1/

0 W R W A . A ] — ] MR B P ]
0.5 0.6 0.7 0.8 0.9 1.0

* Projected performance in long distance :
o(1/B)cys =0.013 < 0.065

Reconstructed B

» With the CMS endcap geometry, the projected a(1/f) is below the DT/CSC benchmark of 0.065 and is
consistent with the CMSSW HSCP simulation , can meet with the HSCP offline B reconstruction requirement.

2026/9/17 2026 International Conference on Resistive Plate Chambers and Related Detectors 17
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Summary

(AR

COPhase-2 RPC/iRPC provides finer timing capability

COCMSSW Simulation Studies made on Trigger and DAQ window for
HSCP search

CICERN 904 Lab validation made by a 4 layer iRPC setup
C1Detector-response projection made with a Toy MC for iRPC Endcap

The study connects the measured iRPC prototype response to the
expected CMS-scale time-of-flight performance, supporting the use
of upgraded iRPC timing for slow-particle velocity reconstruction in
Phase-2 CMS.
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* Thanks for listening !
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Back up
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Backup——Cut flow

Jn:ggerLab

Nominal production: run1576 ¢ L3 DUT e cluster time-span <3 ns ¢ no L1/L2/L4 RMS hard cut

Raw decoded records

HR/LR match + geometry

Trigger-time preselection

Occupancy guard

Accepted clusters

Candidate combinations

Best candidate + shared cluster

L3 broad association

Final L3 sample

2026/9/17

7,848 events
1,120,883 hits

7,848 events
403,689 hits
7,837 events
399,321 hits
3,720 events
65,072 hits
3,720 events
25,219 clusters

3,533 events
16,630 candidates

3,533 events
3,758 reference tracks

Per-strip HR/LR calibrated hit records and physical-strip geometry

Valid two-ended hit and inside-strip acceptance

0 <LR-L1T-25ns <250 ns

Reference layers L1/L2/L4: hits/event [1,15] ; L3 is kept blind

Cluster At < 3 ns; along-strip span < 9 cm; one supported gap;L4 fiducial cut x[5,45],y[15,60]

L1 anchors x L2/L4 clusters; |Atx|, |Ata| < 4.5 ns

Minimum combined space+timing score; shared-cluster duplicates removed; RMS diagnostic
only

3,483 events Extrapolate to L3; assign nearest cluster before the final quality cuts

3,707 tracks

2,328 events R<3and |Ats] <2ns

2,347 track

2026 International Conference on Resistive Plate Chambers and Related Detectors 22
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Backup——Data-driven Toy Monte Carlo strategy

Data-driven Toy MC
Main missions
*Validate the 1/ reconstruction in the 904-Lab geometry.
*Propagate the same response to the CMS endcap geometry
Simulation inputs
*measured x/y/t resolutions in the CERN 904 data
ecosmic angular distribution from CERN 904 data
*CERN 904 geometry and CMS endcap geometry
esame 1/f reconstruction process
*In CMS endcap Toy MC ,assume Collision ty known ,and use
the long distance from IP to the detector

Jr‘lggerL.ab




CM/S, Back up——L3 associated original track quality
J-
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These plots show the L3 spatial and timing residuals after the broad L3 association in the four-layer CERN 904 iRPC telescope. In this setup, L1, L2, L3, and L4 denote
the four physical detector layers arranged from top to bottom, each consisting of an RE4/1 iRPC chamber. The vertical separations between consecutive layers are 11
cm, 11 cm, and 117 cm, respectively. L1, L2, and L4 are used to reconstruct the reference track, while L3 is treated as an independent device under test (DUT).
The L3 position and arrival time are predicted using the independent reference track reconstructed from L1, L2, and L4, and are compared with the associated L3
cluster. The left, middle, and right panels show the across-strip spatial residual Ax;, the along-strip spatial residual Ay, and the timing residual At; , respectively.

meas pred meas pred _ ,meas pred
—xk Aty = tineas _ gPred,

The residuals are defined as: Ax; = x5 ,Ays = y;3 — Y3
The along-strip residual is broader than the across-strip residual because the along-strip position is reconstructed from the double-ended timing difference and has a
poorer spatial resolution.
The remaining tails mainly come from incorrect L3-cluster associations, accidental hits. Therefore, the final requirements should be applied to obtain a cleaner Device
under test(DUT) sample.
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| Back up——L1/2/4 reference track quality N

, CMSPreimnaryy cerngo4teb . CMS Preliminary cerngosrap  ~ CMS Prefiminary  CERN 904Lab Spatial and timing quality distributions of the selected L1-
S 500f 1 3 | | S 12s0f 4 L2—-L4 reference tracks in the four-layer CERN 904 iRPC
‘é 400; = ‘é 400; ‘é 1000F Jtelescope. In this setup, L1, L2, L3, and L4 denote the four
§ 3000 E g 300; ] % 750; 7 physical detector layers arranged from top to bottom, each
° 200; 1 2o200F 1 2 500; 1 consisting of an RE4/1 iRPC chamber. L1, L2, and L4 are used
g 100; 7 : ito reconstruct the reference track, while L3 is treated as an
1 E - ] 250F Jindependent device under test (DUT). The upper-left, upper-
000 25 50 75 100 125 000 25 50 75 100 125 O ==~ middle, and upper-right panels show the spatial residuals of
Reference spatial residual Ry ; Reference spatial residual R|» Reference spatial residual R4 the L1, L2, and L4 clusters relative to the fitted straight
(a) (b) (©) . . .
reference track. Spatial residual R is
» - » (x._xm‘t))z (vi- (fit))z
CMS Preliminary  CERN 904 Lab CMS Preliminary  CERN 904 Lab CMS Preliminary  CERN 904 Lab RZ = 42 _ i Yi~Vi
g r~~rr———r T T T T g 3 L I L L L L ] g ‘: T T T T T T T T T T T T i - X(space) - Z(lEN) 0_2 + 0_2
S 300 1 80 18 1 i g
§ i E 200F E é 150k 1The lower-left and lower-middle panels show the L2-L1 and
S ool 1 8.k 1 & | 1 L4-L1 cluster-time residuals, and the lower-right panel
() I [0 [0 3
...6 "6 E E 100? n . . . .
o ool 1 toop E 1shows the combined reference-track timing-quality /)((ztime) ,
: w0 E o ; Atian\2 (A2
r E ] r 1 . . . 2 (21) (41)
! ! L1 L1 . o | PR N ol N L L L ol | L L L L I 1 . . o —_— —_—
I obete e L ot 1 R S which is defined as: X(¢ime) (0(21)> + (0(41)>
(F;‘)aference Atz [ns] (F:‘)aference Aty [ns] Referenc(%time quality v/ x2 The concentration of the selected candidates at small spatial
residuals and near-zero timing residuals demonstrates that
the ranking procedure suppresses incompatible cluster
combinations and provides a reliable extrapolation to L3 DUT.
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CMS Back up——Optimization of timing consistency in L3 5

These plots show the dependence of the selected
QMS Pfe/”n{’”?f)ﬂ _CERN 904 Lab  sample and reconstructed observables on the L3

CMS Preliminary CMS Preliminary  CERN 904 Lab
T T T I B

CERN 904 Lab
") F LI — T 1 1 — 0.415 LI — — T T
% 2500 - g i 1 g 1.901 1 timing-consistency threshold |At3]| cut in the four-
g i = 0 410i 1 = 1 - { layer CERN 904 iRPC telescope. The L3 timing
§ 2000f 1 4 | 1 3 .88 { residual i; de(fjined;s thcele differencAe betw?neer;;che
i o - ] [S) 1 measured and predicted L3 time, At; =t
2 0.405 X/\/\V? 1.86 ] ored P 3T
i i : 1 -t
9 1500 . i ] ] 3
i L . 1.84 -1 Inthis setup, L1, L2, L3, and L4 denote the four
0.400 1 .
r ] 1 physical detector layers arranged from top to
1000' 1 1 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 i : 1 1 1 1 1 l 1 1 1 l 1 1 1 l 1 1 L : 1.8zj 1 1 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 i bOttom’ eaCh conSiSting Of an RE4/1 iRPC Chamber‘
2 4 6 8 10 0-395 2 4 6 8 10 2 4 6 8 10 For each L1-L2-L4 reference track, the expected L3
L3 timing-quality threshold |Ats|cut [nS] L3 timing-quality threshold |Ats|cyt [NS] L3 timing-quality threshold |Ats|ct [nS]  time is predicted after accounting for the
(a) (b) () reference-track timing relation and calibrated layer

offsets. From upper left to lower right, the panels
show the retained events, the across-strip residual
width, the along-strip residual width, the timing

CMS Preliminary  CERN 904 Lab CMS Preliminary ~ CERN 904 Lab CMS Preliminary  CERN 904 Lab
T T T T ] TR L B A B B T T T T ]

=l i 1 ook 1 © goeok = re_5|dual width, the mean recor?str.ucte.d B and the
a"’ L 1 ] 1 width of the reconstructed B distribution.
5 | ] ] 0.255 = ,
0.6 . 0.99 1 1 Requirement of
[ 1 ] 0.250 1 |At3| < 2 nsis selected near the onset of the
o4l i 0.98] & M/f stability region, where the event yield is already
1 L ] 0.245 -1 close to saturation and the residual widths vary
i | - . 1 slowly. The reconstructed-p mean and width are
0oL P R U B 097 . PR R R B 0.240—— PRI B U B .. . .
> 4 6 8 10 5 4 6 8 10 : 5 4 6 8 10 shown only as stability diagnostics and are not
L3 timing-quality threshold |Ats|cy; [NS] L3 timing-quality threshold |Ats|eu [NS] L3 timing-quality threshold |Ats|ey [ns] ~ used directly to define the selection.

(d) (€) (f) This requiring can reject hits like accidental L3
associations, noise hits, and events with abnormal
timing.
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Back up——Optimization of spatial consistency in L3
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These plots show the dependence of the selected
sample and reconstructed observables on the L3 spatial-
consistency threshold Ry 3 .
Spatial residual Ry3 ¢yt is
. 2 . 2
(sm®) | (2)

2 2 —
Rizcut = X(space) = Z(iEN) o} o;

L1, L2, L3, and L4 denote the four physical detector layers
arranged from top to bottom, each consisting of an RE4/1
iRPC chamber. A reference track is reconstructed from
the L1, L2, and L4 clusters, assuming a straight trajectory
through the telescope. This track predicts the expected L3
position. The spatial matching variable R quantifies the
normalized distance between the predicted L3 position
and the measured L3 cluster position.

From upper left to lower right, the panels show retained
events, across-strip residual width, along-strip residual
width, timing residual width, mean reconstructed B, and
width of reconstructed B as functions of Ry 3 -

As the spatial threshold is loosened, more L3 associations
are accepted and the spatial residual distributions
naturally become broader. Around

R=3, the increase in event yield begins to slow while most
of the central, spatially compatible population is retained.
Therefore,R<3 is chosen as the spatial-matching
requirement. The reconstructed- observables are shown
only as stability diagnostics and are not used directly to
optimize the cut.
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Back up——CMSSW local version MC workflow

iRPC digitization
Simulation setup 1.A position-dependent cluster size is sampled, and the original hit is spread over neighboring strips.

«CMSSW: CMSSW_14d_1_0_pre3 2.The Geant4 arrival time is converted into a prompt-reference-subtracted delay.

Use private SimMuon/RecolMuon/EMTFTools 3.A common intrinsic timing fluctuation is applied:

eArchitecture: e'l.8_a.md6'4_gcc12 tO = tG4- + 5tintrinsiCr 5tintrinsic ~ N(O, 500 pS)
4.The along-strip position is smeared:

*Detector configuration: Phase-2 RPC/iRPC

development geometry Ysmear = YsimHit T 6Y-
.Th i le- i :
-Particle: long-lived stau, PDG ID 1000015 5.The smeared y is used to generate double-ended times
L/2 +y,

tLr = to + ————= 4 Styg,

Gu te PSimHit Usignal
enerate imHi
9 L/2 = Ysmear

tHR = tO +—+ 5tHR-
Geant4 Usignal
produces PSimHit objects 6.Each endpoint receives independent electronics jitter and independent TDC quantization.
containing the particle time of
flight, local hit coordinates 7.The time and along-strip position are reconstructed as

and detector identifiers.

tir Htur  Lstrip
treco = 2 -

2vsignal
Usignal
Yreco = 2 (tLr — tur)-

The current signal propagation speed is Ugjgna] = 0.66¢.

%@%6/@/17 2026 International Conference on Resistive Plate Chambers and
Related Detectors
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Back up——CMSSW local version MC workflow

Timing reference and BX assignment . .
Offline speed reconstruction
The digitizer stores a prompt-reference-subtracted timing quantity rather than the

full absolute Geant4 TOF. This enables delay-based reconstruction: 1 C(trec - toffset) 2 2
3 =1+ I »Lgeom = [Thit T Zhit-
1 Ctgelay reco geom

S =14

B L : *RPC performance is evaluated with four stations;
*RPC: 25 ns BX plus 1.5625 ns sub-BX;

*iRPC performance is evaluated with two stations, RE3/1 and RE4/1;

*iRPC: approximately 2.5 ns coarse time plus 9.77 ps fine TDC bins.
*measurements are combined in 1/ﬁ space.

The present reconstruction uses the straight IP-to-hit path. The current ntuple does not store the cumulative
Geant4 trajectory length; a truth-assisted “effective path” is therefore only a proxy, not a measured Geant4
path length.
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Back up--formula
« Rank candidates with spatial x* + timing x°.  Dut resolution
z = y? + y2. 2 _ 2 2
X(candidate) = X(space) T X(time) O(meas) = 9(DUT) + O(tel)
(Fit) ) (fit) z;
)(2 . (xi — X ) N (YL Vi ) k= (Z(l 1) ) :
(space) — > |
(ie{1,2,4}) O(x,1) G(y,i) (N Z(z 1) Z (Z(l 1) Zz) )
2 2 0 (meas)
At At = 7
2 _ (21) (41) O (puUT) —
(time) ( (21) ) o (a1) (1+k)
g@g@/g/g 2026 International Conference on Resistive Plate Chambers and

Related Detectors

,rlggerl_ab

30



