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Muon detector showers

Long-lived particles decaying inside the endcap muon system

A long-lived particle (LLP) can decay in the steel of the CMS return yoke,
and the shower is sampled by the gas layers of the cathode strip chambers
(CSCs).

The reconstructed hits (RecHits) are clustered into a muon detector
shower (MDS): at least 50 hits per cluster.

The CMS muon system, with the chambers interleaved with the iron return yoke [1]

An LLP shower in the endcap muon detectors, next to a prompt muon signature
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Muon detector showers

Long-lived particles decaying inside the endcap muon system

A long-lived particle (LLP) can decay in the steel of the CMS return yoke,

and the shower is sampled by the gas layers of the cathode strip chambers
(CSCs).

The reconstructed hits (RecHits) are clustered into a muon detector
shower (MDS): at least 50 hits per cluster.
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An LLP shower in the endcap muon detectors, next to a prompt muon signature

Of the

cluster variables the search selects on, the hit

multiplicity Nyt is the strongest [2]. It is counted in

dense showers, a regime the CSC reconstruction was not
designed for.
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How a CSC hit is made

Cathode strips measure ¢, anode wire groups measure r [3,4]
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Each strip cluster and each wire-group cluster is taken as one particle; strip—wire pairs become the RecHit candidates.
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How a CSC hit is made

Cathode strips measure ¢, anode wire groups measure r [3,4]

1 Chamber

(RN

L

L

\\\\\

|
|

|
|
|
|

—

six layers, each a gas gap
with strips across the wires

cathode
(strips)

wire

cathode
(plane)

2 One layer

48

induced charge
A}
1
1

\
1

. \
lons + 1

)

/.

\ avalanche
+ 1

3 Strips—> o

5 RecHit

8 samples, 50 ns apart; the three around the peak (red) are summed

strip hit

strip 43 strip 44 strip 45
1

om B — i

wire
® hit
(p from the ratio of the three charges
4 Wires=r
group 24 /
23
sroup r = centre of
group 22 ] ] fg_ra‘é't‘/ of the the strip-wire crossing,
group 21 Ired groups one per layer and particle
group 20

16 time bins, 25 ns each

Each strip cluster and each wire-group cluster is taken as one particle; strip—wire pairs become the RecHit candidates.
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Ghost hits

A hit is a strip—wire crossing: N fired strips and N,, fired wire groups give Ng X Ny, candidates

A B C
One particle Two particles A shower
one fired strip, one fired wire the pairing is already ambiguous hundreds of channels fire at once
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1 x 1 =1 candidate, 1 is real 2 X 2 = 4 candidates, 2 are real 7 x 9 = 63 candidates, 20 are real

e fired cathode strip e fired anode wire group + true hit <{> ghost candidate

Charge matching removes part of them.
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Ghost hits

A hit is a strip—wire crossing: N, fired strips and N,, fired wire groups give Ng X Ny, candidates

CMS Simulation Preliminary 2023 (13.6 TeV) CMS Simulation Preliminary 2023 (13.6 TeV)
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A simulated LLP shower in two chambers: 491 RecHits for 229 Geant4 SimHits. The excess comes from strip—wire crossings that pair signals of different particles.
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Inputs and target

One token per fired channel, carrying its full time series

Strip tokens 8 ADC (Analog-to-Digital Converter) samples x 50 ns
the full pulse shape of charge deposit

Wire-group tokens 16 occupancy bins x 25 ns
the timing measurement

Geometry, per token begin and end in (X, y, z) coordinates

plus the DetID (which chamber and layer) and the strip or wire-
group number

Target - SimHits one gas volume/ o target vector, per hit
N 2 SimHit —» = X, Y z t E
/. -
entry / exit

Geant4 SimHits with position, timing, and deposited energy
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Both token types carry a time series. Each bin is lifted to c
channels, given a sinusoidal encoding in ns, passed
through a small Convld stack along the time axis and
mean-pooled, then merged with the geometry projection.



Architecture, block form

Geometry-aware cross-attention transformer [5,6], 1.34 M parameters

Wire digis
(N, 28)

Strip digis
(Ng, 20)

Two token streams, one encoder mixing them inside a readout neighbourhood, one decoder of query slots per layer, and three heads:
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B e =

existence, SimHit and a per-layer count. The attention masks are block-sparse, implemented with FlexAttention [7].
The next three slides walk through the same diagram one stage at a time.
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Encoder: wires and strips

Wire tokens are the queries, strip tokens the keys and values

STRIP TOKENS
keys / values
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WIRE TOKENS
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16 time bins x 25 ns + geometry

adjacent layers
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1.34 M parameters

- embedding 128 - 3 encoder + 3 decoder blocks -

8 heads



Decoder: hit queries

A learned embedding per slot, plus a summary of the layer, attending to the encoded wire tokens
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8 ADC bins x 50 ns + geometry
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DOC SUMMARY

mean of the encoded wire tokens, per layer
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QUERY SLOTS
up to 512 per layer

® slot1
o slot2
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o slot 6

o slot7

[ ]
[ ]
per chamber

DECODER x3
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COUNT HEAD

+ layer and chamber occupancy — NB(p, a)

budget = p + 20, snapped up to
one of {4, 16, 64, 256, 512}

1.34 M parameters

- embedding 128 - 3 encoder + 3 decoder blocks - 8 heads



Heads, and counting the hits

Simit head
[y
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COUNT HEAD

+ layer and chamber occupancy — NB(p, a)
budget = p + 20, snapped up to
one of {4, 16, 64, 256, 512}

1.34 M parameters - embedding 128 - 3 encoder + 3 decoder blocks - 8 heads



Samples

f
2023 detector conditions, 13.6 TeV, powheg + pythia8, Geant4 [8]
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Signal Twin-Higgs H = SS > 4b [9], with myy = [125, 1000] GeV,
mg = [15,50] GeV, ctg = 1 m, decaying inside the CSCs.
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Background-like Drell-Yan = 2, prompt-muon bremsstrahlung showers,

MWfrom 50 GeV to above 6 TeV.

signal, EXO-25-005 [9]

Training set DBSCAN clusters [10] on MDS RecHits with at least 50 hits:
~260k training, =32k validation, =32k test,
about 62 % signal clusters.

g Y
Y /Z bremsstrahlung

QO

Prompt-muon showers are in the training mixture, so one model covers the dense and the sparse regime.

background-like



Event display: a dense LLP shower

The same cluster across 8 fired chambers

CMS Simulation Preliminary 2023 (13.6 TeV)  CMS Simulation Preliminary 2023 (13.6 TeV)  €MS Simulation Preliminary 2023 (13.6 TeV)
- Fired chambers: 8 —Fired chambers: 8 —Fired chambers: 8
® RecHits: 2439 + SimHits: 803 ® MLHits: 867

RecHit SimHit MLHit

2439 803 867
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Hit multiplicity
Reconstructed against true cluster multiplicity, LLP signal

CMS Simulation Preliminary 2023 (13.6 TeV)
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The RecHit count is biased and broad. The MLHit count follows the diagonal and turns over only where the 512-slot per-layer budget runs out.

*Half-width of the central 68% interval (16th to 84th percentile) of lOglo(NHit/NSimHi‘r)
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Prompt-muon showers

The same model, no retuning: Drell-Yan muon bremsstrahlung

CMS simulation Preliminary
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These clusters come from muon bremsstrahlung rather than an LLP decay, and they are part of the training mixture.
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*Half-width of the central 68% interval (16th to 84th percentile) of lOglo(NHit/NSimHiT)
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Efficiency and fake rate

Hit matching against true cluster multiplicity, LLP signal

CMS Simulation Preliminary 2023 (13.6 TeV) CMS Simulation Preliminary 2023 (13.6 TeV)
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RecHits are better below N = 800. Above that there are fewer RecHits per layer than SimHits,
so both the efficiency and the fake rate favour the MLHits.
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Cluster shape

n and ¢ spread, rebuilt from each hit collection, LLP signal

CMS Simulation Prellmmary 2023 (13.6 TeV) CMS Simulation Preliminary 2023 (13.6 TeV)
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Both spreads enter the search selection. The MLHit ¢ spread sits on the SimHits and the n spread follows it closely;
the RecHit distributions are broader in both.



Deposited energy

Summed cluster energy, from the SimHit head; no RecHit baseline exists

CMS simulation Preliminary 2023 (13.6 TeV) CMS simulation Preliminary 2023 (13.6 TeV)
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Correlation with the true summed deposited energy. The RecHits carry no calibrated energy, so this is an observable the search does not have today.

*Half-width of the central 68% interval (16th to 84th percentile) of lOglo(NHit/NSimHit)
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Next steps

All in progress

Into the barrel

Extension to the drift tubes (DTs), for MDS coverage beyond the
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Quadrant of the CMS muon system: DTs in the barrel, CSCs in the endcaps [11]
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High-pT muons

The same hits build CSC segments and standalone muons, so the
method is being studied where showering degrades muon
reconstruction.

Search sensitivity

What all of this does to the single-cluster category of the MDS

searc h : CMS Preliminary 160-170 ' (136 Tev) + 138 16' (13 Tev)
1) i
T
T107'E
[8a)
o=
o
E107 ¢
)
.43l
§10 _
3 S—bb
X104k — mg=15GeV [[]+ 1o Expected §
0 i oo Expected
o E P — mg=40GeV [_|+ 16 Expected
Observed — mg=55GeV ||+ 10 Expected
10—5 vl vl vl
1072 107" 1 10 102
ct[m

MDS search: limits on B(H = SS) against ct [9]
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Summary

Learning CSC hit reconstruction from the raw readout

A cross-attention transformer over the raw CSC strip and wire signals, trained against

Geant4 SimHits with no per-hit labels.

It recovers the main observable the search cuts on, the cluster hit multiplicity,

together with the matching efficiency, the shower shape and timing, and a deposited-

energy sum that the RecHits do not provide.

Full details in the CMS Detector Performance Summary [12]

i igi (N,,, D) . . SimHit head
Wire digis Temporal w Hit queries ) [t E])
(N, 28) Embedding ENCODER Hmax learned slots DECODER

Cross-attention T;até‘gt (Nayer e D Cross-attention
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B | petiD : Chamber EXIStenc.e fead
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i
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! 1
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! i
! 1
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1 !
______ A |
| Count head :L””,”,,,”,”””,,”,,””””””””,””,””j
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N e e 1
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CMs simulation Preliminary

SimHit
803 hits

CMS Simulation Preliminary

MLHit
867 hits

CMs Simulation Preliminary

RecHit
2439 hits

[12] CMS Detector Performance Summary

2023 (13.6 TeV)

—Fired chambers: 8
# SimHits: 803

<&
X
X*) &
% 1>
2023 (13.6 TeV)

~Fired chambers: 8
® MLHits: 867

2023 (13.6 TeV)

~Fired chambers: 8
= RecHits: 2439
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https://cds.cern.ch/record/2970436

Backup

References, the loss and its ingredients, training, attention masks, temporal encoding, extra event displays, timing
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Prompt-muon shower cluster

Four fired chambers

CMS Simulation Preliminary 2023 (13.6 TeV) CMS Simulation Preliminary 2023 (13.6 TeV)

- Fired chambers: 4
® MLHits: 552

- Fired chambers: 4
& SimHits: 558

700 700

&

SimHit 558 MLHit 552

A prompt-muon shower rather than an LLP decay: 552 MLHits against 558 true deposits, 629 RecHits.
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CMS Simulation Preliminary 2023 (13.6 TeV)

- Fired chambers: 4
= RecHits: 629

700

RecHit 629
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Timing

Cluster time and time spread, rebuilt from each hit collection, LLP signal

CMS Simulation Preliminary 2023 (13.6 TeV) CMS Simulation Prel/mlnary 2023 (13.6 TeV)
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Cluster time is the mean of the hit times in the cluster, and it is the handle the search uses against beam-induced background.



Distribution-level agreement

FPD and MMD? between reconstructed and true hit clusters, LLP signal

CMS Simulation Prehmmary 2023 (13.6 TeV) CMS Simulation Preliminary 2023 (13.6 TeV)
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FPD 3.2 x 10™*against 1.4 x 1073 MM D?
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Loss (DP note)

Set prediction with no per-hit labels: the version behind the results shown

Assignment Geometry
Greedy mutual-nearest matching on transverse distance, up to four Squared transverse distance on the matched pairs; time and energy
rounds. z is pinned by geometry and the matching carries no gradient enter the matching cost as tie-breakers.

to the heads.

L =/\ex Efoca|+/\ pOS ﬁpos +At £t“ + /\E EE +AN ﬁcount

Existence and order Count
Focal loss [13] on a binary per-slot target: a slot either holds a A Negative-Binomial fit to the number of true hits in each layer. At
matched hit or it does not. inference the K best slots per layer are kept, with K taken from that fit.

Every term is reweighted per layer, « (Ntruth + 1)_p, so the dense layers do not dominate the sparse ones.



Loss (current)

What changed after the DP note, in the dashed boxes

Assignment Geometry

Sinkhorn optimal transport [14] spreads each true hit over nearby Distances weighted by those assignment weights, plus each true hit's
slots, with a dustbin column [15] for slots that match nothing. distance to its nearest slot, so no deposit is ignored.

was: greedy mutual-nearest matching was: distance on the matched pairs

Existence and order Count
Focal loss [13] against the assigned mass rather than yes or no, plus A Negative-Binomial fit to the number of true hits in each layer. At
ListNet [16] on the slot scores, since only the top-K are kept. inference the K best slots per layer are kept, with K taken from that fit.

was: focal on a binary target, no ranking term

The results shown were produced with the previous version.

Asu Guvenli - ML4Jets 2026 - ML hitreconstruction in the CMS muon detectors [13] Focal loss - [14] Sinkhorn - [15] SuperGlue dustbin - [16] ListNet



Training and inference

The configuration behind the results shown

Samples

258 248 training, 32 281 validation, 32 282 test clusters, about 62 % signal.

Schedule

30 epochs, 10 h training time on 4 x Tesla V100-SXM2 32 GB, one process per
GPU.

Batching

Dynamic token budget rather than a fixed batch: about 1200 strip tokens per
step, = 3.4 clusters per step and = 18 900 steps per epoch. Full precision.

Learning rate

AdamW, 1 x 1075, with a 1 x 107° delta on the newly added parameters.

Model

1.34 M parameters. Embedding 128, three encoder and three decoder
blocks, 8 heads, 512 query slots per layer, MLP width 512, dropout 0.1.

Loss weights

A geo5.0,A ex0.1, A t0.01, A EO0.01, A _count 0.1; focal a =0.75,y = 2.0;
per-layer reweighting exponent 0.3; time and energy tie-breakers at 0.1.

Inference

6.9 ms per event on a V100 at batch 1.



Attention masks

Physical adjacency written into the attention pattern

Asu Glvenli -
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Encoder: strips in adjacent layers of the same chamber

dec_mask mode=chamber
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Decoder: the whole chamber
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200

Blue marks the pairs a token
may attend to. In the encoder
a wire group sees only strips
in adjacent layers of its own
chamber; in the decoder
every query slot sees the
whole chamber.
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Temporal Encoding

How each token's time series becomes part of its embedding

Window for t3 Window for t7
Input '— ________ ' '_ ________ '
[N,E)F,C] ‘ t | to ‘ ‘ t3 | ty ’ ‘ ts |
Shared kernel w
then ReLU
After Conv
IN.Tc] ‘ "L ta t4 O

Mean pool over T

[ [N c]

the shared kernel sliding over the time bins

Lift. Each time bin value goes to c channels through one Linear(1, c), shared over the bins.
Time. A sinusoidal encoding of the bin time in ns is added, so 50 ns strip bins and 25 ns wire bins sit on one
time axis.

Shape. Convid (kernel 3) + ReLU along the time axis: the same kernel reads the rise, peak and tail wherever
the pulse sits.

Pool. The mean over the T bins gives a c-dim pulse feature, independent of T (8 for strips, 16 for wires).

Merge. Geometry is projected to d_g, concatenated with the pulse feature, and a Linear gives the 128-dim
token.
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Input token
[N, n_bins+n_geom]

l

[ Geom projection ]

Linear (n_geom, d_g)

[N, T] [N, n_geom]
-------------- -~ N
\
Bin Lift
Linear (1, c)
[N T
E
[T, c] buffer
Y

T

Kernel 3, padding 1

[N, T, c]

Y

Mean-pool over T
Collapse time axis

B

Conv1d + ReLU }

[N, d_g]

A 4

4

Linear (d_g + ¢, embed_dim)

[ Concat + Merge ]

|

the same thing as a block diagram
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   m H =  [  125 ,   1000 ]   GeV


   m S =  [  15 ,   50 ]  GeV ,   c  𝜏 S = 1   m
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