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Part 1

Review of Prior Progress
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Inclusive PV t; Reconstruction with EM-layers

(d Use All Cells in EM-layers (EMB&EMEC)
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== Alllayers Fit: g = -25.13 £ 1.33, 0= 171.24 = 2.06 ps
= = EMB-only Fit: p = -6.59 + 0.45, 0 = 118.99 + 0.53 ps
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Incorporating Track/Jet Matching Information

— — Cell-Track Matching O

» AR(cell, track) < 0.05, choosing highest p; track O
» Classification of cells:
e Matched to a Hard-Scatter (HS) track
Matched to a Pile-Up (PU) track U

(O Unmatched Cells

Inclusive Reco.

best: 119 ps  Unmatched to any track
HS
— — Cell-Jet Matching Apply Cell-Jet Matching
———————>
} All reco. jets that SatiSfy: A Total cells: 150 4 Total cells: 30
120 [ Leading pt jets 120
. pr 230 GeV 3 3
*  Matched to truth HS jets 2 R Rl 2. 100
» AR(cell, jet) < 0.3 cells for t, reconstruction | .- I - @ "
E _ET'DGEV
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Summary of Cell-Track Matching

(J Selected Optimal Strategies
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The best timing resolution achieves ~93 ps with only 0.02% reconstruction failure rate.
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+ Unmatched-emle

[ HS-only (PU-removed) }

Increasing the cell energy cut improves resolution slightly.
No significant improvement from lower cell significance or AR(cell, track) cut.
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(O Unmatched Cells
Delta t0
6000 { | Al layers Detat0
[0 EMB-only Delta th
- Al layers Fit: 4 = -4.52 £ 0.43, 0 = 93.17 + 0.65 ps
== EMB-only Fit: g = -1.58 £ 0.53, 0 = 96.68 + 0.83 ps
5000 4
2 GeV cell, cut
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.E —
é 3000 4 0_93 pS
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= Sub-100 ps At, resolution with HS-only cells
= Using all EM-layers did help!
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Summary of Cell-Jet Matching

[ All Jets vs 2 Leading Jets
=  Reaching ~90 ps level

Delta t0

2GeVecellocut | w  varying the AR doesn’t help:
0.15 --> 90.97 ps;

0=91 ps 0.30 --> 90.91 ps; |
(All EM Layers) 0.40 --> 91.25 ps PV t, Reconstruction Summary

. Best At, Resolution 119.0

m e [ps]
“““““ A 2 GeV cell, cut
uuuuu Layers EMB-only EMB & EMEC EMB & EMEC

0=93 ps
(All EM Layers) Cell Energy Cut 2.0 2.0 2.0
2 leading jets [GeV]
| Mean Cells Used 11.0 15.7 21.7

-----

0
Time [ps]

ML is coming in for the next step.
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Part 2

Impact of Shower Physics/Topology



Shower Physics Impact on t, Resolution

J Motivation
* Do showers with different topologies exhibit

1 Jet Physics Impact

different time resolution performance? . : o
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Jet-width Summary with Fixed Jet p; Bins

Jet Width Summary
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Jet-width Summary with Fixed Jet p; Bins

Jet Width Summary
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Jet-width Summary with Fixed Jet p;

Bins

Jet Width Summary
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Jet-width Summary with Fixed

Jet p; Bins

Jet Width Summary
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Jet-width Summary with Fixed Jet p; Bins

Jet Width Summary
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Jet-width Summary with Fixed Jet p; Bins

Jet Width Summary
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Jet-width Summary with Fixed Jet p; Bins

Jet Width Summary
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Jet-width Summary with Fixed Jet p; Bins
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Jet Width Summary
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Jet Longitudinal Impact

d Jet-EM Layer Fraction

» Evaluating Energy Deposition Ratios in Front-End EM Layers

Jet EM1&2 Energy Fraction Summary
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= Higher EM1&2 fraction indicates shallower showers,

which provides better time resolution.
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Part 3

Machine Learning Attempts



Machine Learning Approach for PV t,

(d Objective

Leverage ML to predict primary vertex t, for each event

Utilize cell-level data along with reco-track/jet info to further enhance time resolution

 Challenges with Conventional Methods
 e.g. Track-matching Result

Delta t0
| Cell energy = 2.0 GeV
6000 -

1 All layers Delta t0
[0 EMB-only Delta to

= = All layers Fit: | = -4.52 £ 0.43, 0 = 93.17 = 0.65 ps
== EMB-only Fit: p=-1.58 £ 0.53, o= 96.68 + 0.83 ps
5000 1

2 GeV cell, cut - Fittings exclusive to the core area

Counts

3000 1 0-=93 pS
(All EM Layers)

7« Long tails leads to non-Gaussian shapes
HS-only Cells

2000 A

1000 4

May not fully utilze all info to get the best resolution yet?
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Starting Point: ML Regression Using Matched Cells

 Input Features

all_cell_features: — Cell-Track Matching & ysing leading energy cells (default: 40 cells)

- Cell : : : . g :

_ E:uj (if applicable) »= 30 time significance cut for cell times (175ps®o.,)

- Cell z track_features: - ing:

- Cell eta — - matched_track pt Snjart Pﬁdqmg' d:

- Cell_phi — matched_track_deltaR Cell_time_TOF_corrected: 0.0

- Cell_Barrel * Cell _e: 0.0, Cell _significance: 0.0

- celllaye — _ e Position features: All coordinates use 0.0

" Cell e — Cell-Jet MatChmg * (lassification features: Cell_Barrel: -1, Cell layer: 0

- Cell_significance (if applicable) * Track matching: matched track pt: -1.0, matched track deltaR:-1.0
jet_features:  Jet matching: matched jet pt:-1.0, matched jet eta:-999.0,
- matched_jet_pt matched_jet phi: -999.0

- matched_jet_eta

- matched_jet_phi

- matched_jet_width
- matched_jet_deltaR

—> C(Calibrated before being provided to the ML model

J Two Architectures

[ TWO_Stage DNN Model = Transformer Model

 Stage 1: Cell-level MLP = Cell representations  Stage 1: Cell features - Dense projection - Positional encoding
e Stage 2: Masked Attention Pooling = Event representation * Stage 2: Embedded sequences - Transformer Blocks

 Stage 3: Event-level MLP = Vertex time e Stage 3: Transformer outputs - Pooling - Event representation

 Stage 4: Event-level MLP- Vertex time
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ML Regression Using Jet-Matched Cells

. Model LOSS Model MAE
(d Model 1: Two Stage DNN e T

* Use cells following conventional cell-jet matching : -
 Calibrate cell times prior to inputting them into the model
e Loss function: huber (6=100)

1 2

5y — f(z)) for |y — f(z)| <4, . | o

Ls(y, f(z)) = 1 | N |
J - (|y — f(x)] — 56) , otherwise. I e —
dnn_with_jets: Error Di?trihutiun
_ Ti;nzz,?;:;g - c.a:::;r{a&d;:.'g?ﬂl.;g T‘éliﬁﬁgiumfﬁh'ﬁ“l"?a’??é Cells . = Fﬂ:tn::::i::n_jets: Predicted vs Actual Values (2D Histogram)

Correlation = 0,5866
RMSE = 198.3047

RMSE = 102.2482
MAE = 74,7505
Correlation = 0.B168
N = 4,196 paints

== Normal Distribution

MAE = 122.0543
N = 169924

250 4 1500 -

At,resolution |
~226 ps ’

200
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f=]
LY
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- 1000
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&
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—G00 4
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=2000 T T T T T T T o ra v - - - - - ™
=2000 =1500 =1000 =500 0 500 1000 1500 2000 —&0D —400 —200 i 200 00 600
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= Was the model just randomly guessing?

T
=750 =500 =250 1] 250 500 750 1000
Prediction Error (Predicted - Actual)
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ML Regression Using Jet-Matched Cells

J Model 2: Transformer

* Use cells following conventional cell-jet matching
 (Calibrate cell times prior to inputting them into the model

* Loss function: huber (6=100)

Lt‘i(ya f(fﬂ)) -

transformer_with_jets: Error Distribution
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200 4
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30+

=750

el A
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Was the model just randomly guessing?
Perhaps too many 'bad events' hindered the model
from learning the correct reconstruction mode?
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ML Regression Using Jet-Matched Cells

] Exhibition of some “bad events”

Truth time: -200.8873 ps

Reconstructed time: 5572.0681 ps

Error: 35772.9554 ps

Absolute error: 5772.9554 ps

Number of cells: 1

Cell energies: mean=1.00, std=0.00, min=1.00, max=1.00 GeV
Original cell times (before calibration): 5618.3 ps
Calibrated cell times (after calibration): 5572.1 ps

Cell time statistics - Original: mean=5618.29, std=0.00 ps
Cell time statistics - Calibrated: mean=5572.07, std=0.00 ps
Layer distribution: {np.int32(2): 1}

Detector region: {'Barrel': 1}

Truth time: -70.1644 ps

Reconstructed time: -5334.2371 ps

Error: -5264.0727 ps

Absolute error: 5264.0727 ps

Number of cells: 1

Cell energies: mean=1.10, std=0.00, min=1.10, max=1.10 GeV
Original cell times (before calibration): -5288.0 ps
Calibrated cell times (after calibration): -5334.2 ps

Cell time statistics - Original: mean=-5288.01, std=0.00 ps
Cell time statistics - Calibrated: mean=-5334.24, std=0.00 ps
Layer distribution: {np.int32(2): 1}

Detector region: {'Barrel': 1}

1AL

o b M\
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Truth time: -9.0438 ps

Reconstructed time: -5768.3108 ps

Error: -5759.2670 ps

Absolute error: 5759.2670@ ps

Number of cells: 1

Cell energies: mean=1.28, std=0.00, min=1.28, max=1.28 GeV
Original cell times (before calibration): -5722.1 ps
Calibrated cell times (after calibration): -5768.3 ps

Cell time statistics - Original: mean=-5722.09, std=0.00 ps
Cell time statistics - Calibrated: mean=-5768.31, std=0.00 ps
Layer distribution: {np.int32(2): 1}

Detector region: {'Barrel': 1}

Truth time: 68.1768 ps

Reconstructed time: —-4358.8383 ps

Error: -4427.0151 ps

Absolute error: 4427.0151 ps

Number of cells: 2

Cell energies: mean=1.38, std=0.05, min=1.32, max=1.43 GeV
Original cell times (before calibration): -2992.7, -5632.6 ps
Calibrated cell times (after calibration): -3038.9, -5678.8 ps
Cell time statistics - Original: mean=-4312.61, std=1319.96 ps
Cell time statistics - Calibrated: mean=-4358.84, std=1319.96 ps
Layer distribution: {np.int32(2): 2}

Detector region: {'Barrel': 2}

Lots of them come from EMB1&EME?2
Excluding these bad timing cells leaves no
usable cells
May need either more events or additional
information as input for the model to learn
how to mitigate the effects of PU

EMB1
2000- EMB?
o EMB3
W EME1
o
E e EME3
< 1000 |
E =B Cell Timing
— —a— .
g —+=*_ RMS
5001 = =B
—— S
e ——
e o
0+— | |
10° 10! 10?
Cell Energy [GeV]
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Model LOSS Model MAE

ML Regression Guided by Baseline Method

d Obijective | Emm) - —.
* ML model should perform at least as well as the baseline! | ot |

* Instead of predicting vertex t, directly, predicting correction to the baseline result.
110
T000
Reco. t0 » ol |
Events: N = 8,242 and |
7 ML model 5000 4
400 - ML data: p = -2.28, 0 = 114,76 ps , : : : . . . : : . . .
- = ML fit: M= 2{]2' o =78.78 ps ] 10 20 EWC:D 40 50 ¥ 10 20 EFOE:D 40 50
71 Baseline method
350 A Baseline data: u = -21.02, 0 = 280.62 ps
- = Baseline fit: up = -6.81, 0 = 85.78 ps
300 - baseline_guided_dnn_with_tracks: Predicted vs Actual Values (2D Histogram) baseline_guided_dnn_with_tracks: ML Model Corrections vs Truth Vertex Time
_-- Perfect Prediction "’ w?%muﬂ:; # ML Corrections (N=8242)
- - | | n*:u.=5?33. ﬂﬂ:"'z'-m_-”':‘ . | == Mo Correction
Baseline-guided-DNN R , L.“..:;ifm:f.: | S
250 N = 8,242 point ¢ .
" - =8, paints // |5 .
-I-l L] # . R - .
= Cell-track Matching At, resolution ~79 ps S IR
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Actual Vertex Time Truth Vertex Time [ps]

= Now improvement of ~7ps is observed with the ML
= The ML results exhibit a more Gaussian peak
= Cuts applied: Cell, 2 2 GeV, 30 time significance cut

= The correlation between predicted&true values has markedly improved
= No distinct preference for corrections on specific vertex times; further
investigation is needed
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ML Regression w/o Matching Info

Counts

. . Model LOSS Model MAE
D Ob ectlve et AU DB Tons o || (Gest 93,6387 (epoch 1) T
J i = —— Validation LOSS : 120 - = Validation MAE
. . . - g » 7500 - :
* Input more info (cell+HS jet+ HS track) to ML to enable it to learn how to mitigate PU :
7000 i 1
(New features: HS jet p,n,¢,width; HS track p,n,$,d0,z0) g
. B - . - o . - - - m : :‘EJ 004 |
* No pre-selection of track/jet matching, only inclusive calibration of cell times. = o ; = |
5500 - :
I a0 -
Reco. t0 5000 - i
Events: N = 8,404 4500 - i 80 i —
0 ML model - :
ML data: u = 0.80, 0 = 105.31 ps - = s = - = : s pa o B
= = ML fit: u = 0.87, 0 = 71.62 ps Epoch Epoch
400 1| = Baseline method
Baseline data: p = 13.73, 0 = 161.27 ps
= = Baseline fit: p = 22.60, 0 = 111.32 ps multi_input_dnn_with_jets_tracks: Predicted vs Actual Values (2D Histogram) multi_input_dnn_with_jets_tracks: ML Model Corrections vs Truth Vertex Time
_-—R:P:r;f;ts :;r.di:tim ) 1 mi%mp;mn; . _-_ :I;E:;::::::s (N=B,404)
] [ Rz © e B
w{  Multi-input-DNN , 2
- 400
No Cell Matchin : o
& At, resolution ~71 ps
@ 200 A 7;
200- (basline ~111 ps)
°f3
= s E
. 0
Ty ¥ [ E
100 4 =
—400 o L]
20 —400 4 . ':" -. - !_. e,
.
u . . _ . ' | —E00 4 Correlation with Truth: 0. 1580
—2000 ~1500 ~1000 -500 0 500 1000 1500 2000 60 I N %9 600 ) ~600 -400 = R e (b4) 200 00 o0

Time [ps]

= The correlation between predicted&true values has markedly improved

' ~ | - : . .
" Now |mpr0\fement up to ~70ps seen from ML! = Nodistinct preference for corrections on specific vertex times; further
= More gaussian peak from ML investigation is needed

= Cuts applied: Cell, 2 1 GeV, 30 time significance cut
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ML Regression w/o Matching Info

J Objective

* Input more info (cell+HS jet+ HS track) to ML to enable it to learn how to mitigate PU

(New features: HS jet pI,n,cb,width; HS track pI,n,cb,dO,zO)
* No pre-selection of track/jet matching, only inclusive calibration of cell times.

Reco. t0

Events: N = 8,404
1 ML model
ML data: p = 8.72, 0 = 106.59 ps
= = ML fit: g = 5.09, 0 = 72.54 ps
[ Baseline method
Baseline data: u=13.73, 0 = 161.27 ps
= = Baseline fit: p = 22.60, 0 = 111.32 ps

400

300 A

Multi-input-Transformer

No Cell Matching At, resolution ~72 ps

(basline ~111 ps)

Counts

200 A

100 A

1000 1500

-500 0 500
Time [ps]

—2000 —1500 —1000

= Now improvement up to ~72ps seen from ML!

= More gaussian peak from ML
= Cuts applied: Cell, 2 1 GeV, 30 time significance cut
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multi_input_transformer_with_jets_tracks: Predicted vs Actual Values (2D Histogram)

== Perfect Prediction
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MAE = TB.34564
Correlation = 0.7931

N = 8,404 paints

Bdas = §.7209
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— Training LOSS
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1[Best: 148.1816 (epoch 7))

— Training MAE
= Validation MAE
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multi_input_transformer_with_jets tracks: ML Model Corrections vs Truth Vertex Time

GO0 1

Mp 5.01 ps ]

RMSE: 124.98 p=
Range: [-530.5, 701.3] ps

ML Model Cormrections to Baseline [ps]

s ML Corrections (N=8,404)
== HNo Comection

Correlation with Truth: 0.2123

T
=204

0 200
Truth Vertex Time [ps]

400 GO

The val-loss exhibits significant fluctuations, need further investigation
Why does the transformer perform worse than the DNN?
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Summary

[ The baseline method utilizing track/jet matching achieves approximately 90 ps level
PV t, resolution in MC data, and a better understanding of these results will aid in
effectively mitigating pile-up effects.

. The impact of jet topological features on timing is observed clearly for the first time,
requiring dedicated consideration.

J ML-based methods show promising performance in PV t, reconstruction. The
baseline-guided correction approach achieves ~80 ps resolution. The ML model
utilizing cell, HS jet&track information for PU removal yields ~70 ps resolution, with
the transformer model having potential for further improvement.
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Pushing the Limits of LAr Timing

J We’ll have the HGTD in Run 4

= ~30 ps resolution for reconstructed tracks J But, LAr is everywhere!

= Require precise HS vertex time (ty) knowledge »  Good intrinsic timing resolution =
O(100 ps)/better of best cells  wsecromagen

= |nclude barrel timing for
optimal t, determination

"Active
area
120-640 mm

HGTD

Tile barrel

Tile extended barrel

"n.-__..._m:-._?_ 13 — _‘m‘:‘“— e
— e |
| .i

M 77,

¥ R

LAr elechomagnetic
barrel

LLP searches using delayed photons
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g. VVBF H— invisible -
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..‘ﬁ_‘ . 24 <™ <38 =
g 200 ldeal ve rtex tOR"T discriminant E LSP
8 150 Reconstruction ]
IE JooF - ] ITk+HGTD (t) LSF
. o Monte Carlo truth t, R
50 ‘*---b__._"_'--»-._..*. ----- ITk + HGTD (™) 3
. HGTD f
= Limited by its n acceptance e S
= Challenging when only few forward HS 2 1'ﬁ?ﬁfff:f'f'f'ﬁf'T'_'T_"Tfffffffffffﬁ-fEfﬁ?ﬁ?ﬁfﬁ{%ﬁf{-if..':'_'f':':ff"";'";"","i‘:':':':':':f-f:é E 05|
tracks are available g r 0ss 08 poss S
E 0.35:—
0.3:
= Room for better PU jet suppression 028
1 Ar~ . . 0.2f
o~ ATLAS5D Calorimetry Meeting Y ST
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ATLAS simulation Preliminary
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30ps vertex t,
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Inclusive Calibration for EM-layers

» Cell Timing Distribution (EM Barrel 2)
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Counts
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== u=27.40,0=739.33

—3000—2000—1000 0 1000 2000 3000
Cell Time [ps]

250

" Fitrange: mean = 2.0 std
"= Some non-Gaussianity for low E
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Inclusive Calibration for EM-layers

» Cell Timing Distribution (EM End-cap 2)
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Fit range: mean = 2.0 std
Some non-Gaussianity for low E
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Calibration with Tracking Info

» Cell Timing Distribution (EM Barrel 1, HS)
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Calibration with Tracking Info

» Cell Timing Distribution (EM Barrel 1, PU)
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Fit range: mean = 2.0 std
More non-Gaussianity
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Calibration with Tracking Info

» Cell Timing Distribution (EM Barrel 1, Unmatched)
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Calibration with Tracking Info

» Occupancy Statistics

Layer: EMB, Layer number: 1
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" Most cells with sufficient high energy are HS-matched.
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Calibration with Tracking Info

» Cell Timing Off-set & RMS
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Cells matched to a HS track result in a better resolution. (especially in lower-energy bins)

o |
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Entries
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Inclusive Cells Count

» Cells Used Per Event

eventCell Comparison

hist1Clone
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PV t, Reconstruction with Tracking Info

» Using PU-removed Cells:
Once a cell is matched to PU-track during AR(cell, track) selection, remove it

Delta t0 Delta tO
Cell energy = 1.0 GeV Cell energy = 2.0 GeV
1 All layers Delta t0 1 All layers Delta t0
1 EMB-only Delta tO 1 EMB-only Delta tO
= = All layers Fit: L =-61.73 £ 1.84, 0 = 123.26 + 1.83 ps 1 Gev Ce" energy CUt = = All layers Fit: 4 =-18.16 = 0.69, 0 = 107.58 + 1.08 ps 2 Gev Ce" energy CUt
4000 - = == EMB-only Fit: g = -7.89 = 0.58, 0 = 102.80 = 0.94 ps 4000 A = == EMB-only Fit: g = -3.65 = 0.54, 0 = 98.59 + 0.85 ps
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u u
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" No obvious improvement by combining the neutral events.
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Summary of Tracking Info Combination

> A Lot Attempts
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Summary of Cell-Track Matching

» Varying the AR(cell, track)
» Varying the Cell Significance
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the timing resolution, but relatively stable
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= No significant improvement from lower
significance cut
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Incorporating Cell-Jet Matching Info

» Event Display (2 Leading Jets)

All Cells - Jets2
Total cells: 155
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Separating Electrons from “Real” Jets

= Jet-p; Impact

" Jet-width Impact
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Electron Resolution [ps]
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Core Jet Resolution [ps]

Jet-width Summary

» Excluding the Forward Jets

Jet PT Summary: Comparison with/without Jet Eta Cut
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Slightly Improvement but no significant difference.
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Jet Efficiency [%]
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Jet Width Summary: Comparison with/without Jet Eta Cut
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Jet Longitudinal Width (c.0.e) Summary

Jet Longitudinal Width Summary
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Core Jet Resolution [ps]

Jet Longitudinal Width Summary
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Jets

Jet Longitudinal Width Distribution

Jet Longitudinal Width Distribution Jet Longitudinal Width Distribution Jet Longitudinal Width Distribution
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Reconstruction Error [ps]

ML Regression Using Jet-Matched Cells

[ Exhibition of At, vs Cell Info
us Cell Energy Spread
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= More cut on the cell energy spread?
= Adjust Minimum cell number for each event?
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250

Reconstruction Error [ps]

Reconstruction Error vs Number of Cells

6000 -

4000 A

2000 A

—2000 -

—4000 A

—6000 ~

[N = 188,799 events]

0 50

100

150
Number of Cells per Event

200

250

46

300




Reconstruction Error [ps]

ML Regression Using Jet-Matched Cells

d Exhibition of At, vs Cell Info

Reconstruction Errorjvs Layer 1 Cell Fraction Reconstruction Error vs Cell Time Spread
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= |nteresting pattern here in Fraction of Layer 1 Cells plot.
= Cell time std=0 usually means only 1 cell is available after cuts.
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ML Regression Using Jet-Matched Cells

(d Comparing 1,000 best and worst events (in terms of At,)

Feature Comparison: Cell_e

Feature Comparison: Cell_significance
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= Lower cell energy and significance and also much lower #cells to use in worst events.
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Cell_significance
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Best: u=33.551, 0=49.470
Worst: p=11.002, 0=4.938

B Best events (N=42912)
B Worst events (N=3427)
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ML Regression Using Jet-Matched Cells

(d Comparing 1,000 best and worst events

Feature Comparison: Cell_eta

Best Events: nvs g

Worst Events: n vs ¢
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ML Regression Using Jet-Matched Cells

J Comparing 1,000 best and worst events

Best Events: Layer vs Barrel
(N cells = 42912)
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= No obvious conclusion here...
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ML Regression Using Jet-Matched Cells

(d Comparing 1,000 best and worst events

Feature Comparison: Cell time_TOF corrected
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= More fraction of cells for worst events have time ~+-2000ps?
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