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Motivation for Precision Higgs Measurements

Following the Higgs boson discovery at the LHC in 2012, precision
measurements of its mass, width and couplings remain essential. Rare and
Invisible decays provide complementary probes of physics beyond the

Standard Model.

One-to-One Particle Mapping at the ILC

One-to-one matching of reconstructed and visible truth particles requires efficient
reconstruction with minimal ambiguity. The relatively low event multiplicity at
lepton colliders provides a favorable environment for particle mapping and

identification.

Typical visible-particle multiplicity: 0(1()())

Training Settings
Setting Configuration
Training sample nnHuussdd

Evaluation sample

Decision / truth mask

Same 24,000 validation events

score > 0.5/ known labels

Particle Transformer (ParT)

Self-attention learns relations among
particles from reconstructed-PFO, track
and calorimeter-cluster features. ParT
provides the shared backbone for our
pileup and PID classifiers [1].
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Inputs and Classification

Table A.2: Input variables of ParT.

Object level | Observable variables

4-momentum (E, py, py, p;)
Direction (6, ¢)
Number of tracks and clusters

Reconstructed
particle

Number of hits
Endpoint position

Track
3-momentum (|7, px, py, Pz» PT)

dE/dx (mean of 5-85% truncation and quartiles)

Number of hits

Energy

Position of shower starting point
Position of center of gravity
Fractal dimension [56]

Second moment (M;)

Cluster

Distance between ECAL inner surface and shower starting point

Distance between ECAL inner surface and center of gravity

Distance between ECAL inner surface and the innermost hit

Distance between ECAL inner surface and the outermost hit

Maximum distance between cluster hits and the track helix (for charged particles)

Maximum distance between cluster hits to the axis from the innermost hit to the center of gravity
Average distance between cluster hits to the axis from the innermost hit to the center of gravity
Hit time spectrum (the fastest time and quintiles)

Closest
charged
cluster

Number of hits
Energy
RatiO Of Ec]uster to Ptrack

Minimum distance between cluster hits of each other

A/B/C Model Performance
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Model Count AUC

A 0.95420

B 0.95312

C 0.95427

Model Signal kept Pileup rejected
(count) (count)

A 95.31% 70.85%

B 94.89% 72.26%

C 95.84% 68.68%

= energy: AUC=0.9929
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Signal loss (false positive rate)
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T T T T
0.2 0.4 0.6 0.8 1.0
Signal loss (false positive rate)

Energy AUC

0.99285

0.99259

0.99292
Signal kept Pileup rejected
(energy) (energy)
99.06% 80.06%
98.98% 80.79%
99.20% 78.00%

nnHuussdd | Training data & event details

01 Physics sample & production

ete- —=vvH, H-ui/dd/ss

02 What is inside one event?

Full PandoraPFQOs, before LCFIPlus removal

Kept Removed
A Signal 95.31% 4.69%
Pileup 29.15% 70.85%
B Signal 94.89% 9.11%
Pileup 27.74% 72.26%
c Signal 95.84% 4.16%
Pileup 31.32% 68.68%
Signal 81.04% 18.96%

LCFIPlus
Pileup 31.49% 68.51%

Confusion Matrices: 24,000 common validation events
PFO counts (ABC cut =0.5)

Energy (ABC cut =0.5)

Signal
A

Pileup

Signal
B

Pileup

Signal
C

Pileup

Signal
LCFIPlus

Pileup

Same 24,000 events; 1,339,978 PFOs. Truth-row normalized.

Kept Removed

99.06% 0.94%

19.94% 80.06%
98.98% 1.02%
19.21% 80.79%

99.20% 0.80%

22.00% 78.00%
91.77% 8.23%
16.99% 83.01%

Vs = 250 GeV: detector: ILD_I5_01_v02

120,000 events from 300 SLCIO files
ud / dd / s5: 40,000 events + 100 SLCIO files each

55.89 reconstructed PFOs/event; range: 7-169

391.12 MC particles/event; 149.35 labelled overlay

PFO truth labels: signal / pileup / unknown

Production codes nlnlh / n23n23h: 60,000 events each
Helicity labels eL.pR / eR.pL: 60,000 events each

03 Dataset split & supervised labels

Overlay MC particle counts are not interaction counts

Split Events PFOs Signal PFOs Pileup PFOs Unknown PFOs

Train 72,000 4,024,160 3,311,161 707,817 5,182
Validation 24,000 1,339,978 1,101,851 236,431 1,696

Test 24,000 1,342,897 1,105,407 235,766 1,724

Global event shuffle, seed=42; disjoint 60 / 20 / 20 splits.
Test data are excluded from training and checkpoint selection.

Training-event composition (udi / dd / s3): 23,774 / 24,210 / 24,016.

COMMON BACKBONE ARCHITECTURE

Same design; separate weights for A, B and C

PFO features
N x 77

Particle embedding
77 —+ 128 - 512 — 128

x10
Particle attention block
Per-PFO
> Norm — 8-head attention — residual T embeddings
Norm — feed-forward — residual Nx 128

Four-momenta
N x 4

Pair embedding (e*e’)
6 >64 +64 >64 — 8

Physical-PFO mask; N = 200. Segmentation mode: no CLS pooling.

8 pairwise attention-bias maps

THREE INDEPENDENTLY TRAINED MODELS

Visible and Removed Energy: A/B/C and LCFIPlus

== MC signal, no overlay (mean 140.48 GeV)
-+ Before removal (mean 145.98 GeV)
- A after removal (mean 138.37 GeV)

8000 1 — B after removal (mean 138.21 GeV) [ |
— ( after removal (mean 138.73 GeV) :‘

= | CFIPlus after removal (mean 128.08 GeV) |:

I

I

1|

N

| |

6000 |
> H
(0] I
Q I
N I
~ I
0 I
c Ll
o 4000 - I
> I
L I
Al
I

2000 -
.\.
. \.
0 T 1 =4 T ' -‘.h_'|="'-— \
60 80 120 140 160 180 200

Visible energy per event [GeV]

10000 1

8000 1

6000

Events / 2 GeV

4000

2000 +

== MC overlay, no acceptance cuts (mean 389.04 GeV)
-+ Reco PFO truth pileup (mean 7.88 GeV)

= A removed (mean 7.61 GeV)

- B removed (mean 7.77 GeV)

— (C removed (mean 7.25 GeV)

= | CFIPlus removed (mean 17.91 GeV)

——

_—m

0 10

20 30 40 50

Removed / reference pileup energy [GeV]

24,000 matched validation events; ABC cut = 0.5. Means include all events.

a N\ N
Al 17-class B | Binary C | Dual-head
Joint signal PID and pileup classification Dedicated pileup identification Shared backbone within model C
Independent ParT backbone Independent ParT backbone Independent ParT backbone
N x 128 embeddings N x 128 embeddings N x 128 embeddings
I I |
R ) v . v
MLP (3 x 128) — 17 logits MLP (3 x 128) — 1 logit MLP — 1 logit MLP — 16 logits
Per-PFO output head Per-PFO output head 3 x 128 hidden units 3 x 128 hidden units
\ J
Softmax: 16 PID + pileup Sigmoid: pileup score Sigmoid: pileup Softmax: PID
) BCE: known PFOs CE: signal only
Cross-entropy: known PFOs BCE: known PFOs (weight = 1)
J L JER Loss=BCE+ACE(A=1)
-

Truth: O = signal, 1 = pileup, —1 = unknown. Unknown is retained as context; unknown and padding are excluded from supervised losses.
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Conclusion

e A/B/C achieve similar discrimination: count AUC
0.9531-0.9543 and energy AUC 0.9926-0.9929.

e AtcutO.5, signal retention is 94.89-95.84% by count

and 98.98-99.20% by energy.

* Onthesame 24,000 validation events, ABC retains
more signalthan LCFIPlus at the displayed operating

points. Rejection rates differ.

Future Goals

Keep the training
dataset fixed.

Evaluate performance
at different
pileup ratios.




