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Intro

* Trained per-object tokenizers for event-level inputs.
* Objects: jets, electrons, muons, photons, taus, tracks.
* Each object is tokenized separately with a residual VQ-VAE.

* Final aim: combine object tokens into event sequences for downstream foundation model
training.

* Objects: jets, electrons, muons, photons, taus, tracks.

* |nput features per objects:

common/muons/pt
common/muons/eta common/photons/pt

common/muons/phi common/photons/eta
common/muons/charge common/photons/phi
atlas/muons/ptvarcone30 atlas/photons/i1sTignht
atlas/photons/ptconez®
atlas/photons/topoetconel®
atlas/electrons/LHT1ght atlas/photons/topoetconed®
atlas/electrons/ptvarcone3g

common/electrons/pt
common/electrons/eta
common/electrons/phi
common/electrons/charge

common/jets/pt
common/jets/eta
common/jets/phi

common/jets/mass

- tlas/muons D nez
common/jets/n trk atlas/electrons/LHMedium B RS SIONS AL OP S ECONE L2

atlas/jets/QG_nTracks
atlas/jets/QG tracksWidth

atlas/jets/QG _tracksCl atlas/electrons/topoetconeld common/tracks/pt
atlas/jets/DL1d pb
atlas/jets/DL1d pcC
atlas/jets/DL1d pu
atlas/jets/GN2 pb
atlas/jets/GN2 pc
atlas/jets/GN2_ pu

common/tracks/eta
common/taus/pt common/tracks/phl
common/taus/eta common/tracks/do
common/taus/phi common/tracks/z@
common/taus/charge atlas/tracks/qOverP

atlas/taus/RNNJetScore
atlas/taus/RNNE leScore

atlas/tracks/nDoF
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* MC
> Jets

0o

0o

» electrons events=27,892,7

events=2/,892,7"

muons
photons

taus

Data
> Jets
» electrons events=30,870,322 o
muons events=30,870,322 o

taus
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events=27,892,710 objects=103,392,186

atlas/jets/ — all features

events=27,892,710 objects=14,698,617
events=27,892,710 objects=16,386,180

events=30,870,322 objects=99,158,868

photons events=30,870,322 objects=4,096,533
events=30,870,322 objects=5,753,068 ]
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atlas/electrons/ — all features
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atlas/muons/ -

common/muons/ -
ptvarcone30
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atlas/tracks/ — all features
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common/met/ — all features

phi pt
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m— Signal = ttbar (non-allhad) m—— Data

sumet

0.020 A

0.015 A

0.010 A

0.005 A

L P~

0.000

100 20 300 400 500 600
sumet



|

* Scanned:

» codebook dimension: 4, 8, 16 for jets; 4/8 for others.

» codebook sizes: mostly 4096 and 8192.

» quantizers: mainly g4 after g4 showed better reconstruction.

* Compared:
» overall MAE/RMSE,
» selected feature RMSE,

» g0 and final quantizer utilization.
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object current preferred setup

jets dim8_cb4096_q4

electrons  dim8_cb4096_qg4

muons dim8_cb4096_q4

photons dim8_cb4096_q4

taus dim8_cb4096_qg4 or dim8_cb8192_qg4
tracks dim8_cb8192_qg4, no log on nDoF



* Trained the chosen setup per object on MC+Data

* Compared the resolutions on each tokeniser training in data and MC only setups

* For some objects, Data+MC training gives weaker reconstruction than MC only training

» Including real data improves jet tokenization, likely because jets have broad detector-level structure and
oenetit from additional phase-space coverage.

» For electrons, the MC-only tokenizer gives better pT resolution, suggesting that the current MC+data training

either introduces domain-shift/noisy tails or spreads limited codebook capacity over regions that do not
improve the core electron reconstruction.
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On MC samples

On data samples

metric MC only MC+data better metric MC only MC+data better

mean codebook used 78.63% 96.66% MC+data mean codebook used 78.67% 96.59% MC+data

pT RMSE 2.26 1.84 MC+data pT RMSE 2.80 2.20 MC+data

eta RMSE 91 77 MC+data eta RMSE 101 75 MC+data

mass RMSE 265 407 MC only mass RMSE 293 446 MC only

n_trk RMSE 200 150 MC+data n_trk RMSE 214 141 MC+data

GN2_pc RMSE 0.0084 0.0052 MC+data GN2_pc RMSE 0.0083 0.0052 MC+data

jets: pr resolution jets: GN2 p. resolution
MC sample real-data sample MC sample real-data sample

2 0,040 [ o] Eotg YOO KRG A —~ Fs T p e MG-only tokenizer
C_U - ] F o~ MC+data tokenizer ] C_U 151 ~ B -0~ MC+data tokenizer "
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On MC samples On data samples

metric MC only MC+data better metric MC only MC+data better

mean codebook used 38.17% 26.98% MC only mean codebook used 36.73% 26.16% MC only

pT RMSE 3.03 3.68 MC only pT RMSE 2.71 3.64 MC only

eta RMSE 41 58 MC only eta RMSE 44 61 MC only

ptvarcone30 RMSE 2.00 2.77 MC only ptvarcone30 RMSE 617 1.720 MC only

topoetcone20 RMSE 1.21 2.68 MC only topoetcone20 RMSE 377 487 MC only

electrons: pt resolution electrons: ptvarcone30 resolution
MC sample real-data sample MC sample real-data sample

D1 A0 00 0 Y A O A =~ [ e T g MC-only tokenizer -
(0] [ ] I ~o- MC-+data tokenizer - O 0.14 B 7] B -0~ MC+data tokenizer 7]
- ] - - [
§) 0.04 1 F .
o | 1 : O
\E0.0S_— —_ _— —_ C
T 1 [ : =
3 oo2f 1T - k5 : 1 I
g ”I25”IISO””75IHI1OO”II125””150“”175” III2OIIIISOIIII4OIIII50 II.6OIII g 2I55I07151(;012IS151017I52(;0225 ééiéé;é
~ Original pt Original pt ~ Original ptvarcone30 Original ptvarcone30
= G
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On MC samples On data samples

metric MC only MC+data better metric MC only MC+data better

mean codebook used 45.05% 27.45% MC only mean codebook used 40.18% 26.13% MC only

pT RMSE 3.23 6.17 MC only pT RMSE 3.80 8.88 MC only

eta RMSE 34 42 MC only eta RMSE 73 67 MC+data

ptvarcone30 RMSE 5.34 11.05 MC only ptvarcone30 RMSE 85.83 86.09 MC only, tiny

topoetcone20 RMSE 847 1.818 MC only topoetcone20 RMSE 3.41 9.08 MC only

muons: pr resolution muons: ptvarcone30 resolution
MC sample real-data sample MC sample real-data sample

/\O_O4O—I L L L e e : -'_' L L L .. '_: /__\012_—' ' | ' ' ' | ' ' ' | ' ' ' | ! ' b _—'_.I_ I\I/ICl-onllytlok(Ieni'zerl L DL L B L '—-
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On MC samples

metric MC only MC+data better

mean codebook used 33.01% 21.55% MC only
pT RMSE 1.15 1.31 MC only
eta RMSE 22 28 MC only
charge RMSE 0.00067 0.00239 MC only
NNDecayMode RMSE 0.0118 0.0191 MC only

taus_8k: pr resolution

real- data sample

On data samples

-0- MC onIy tokenlzer
[ ~&~ MC+data tokenizer

MC sample
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Original pt

metric MC only MC+data better
mean codebook used 32.33% 21.14% MC only
pT RMSE 1.57 1.36 MC+data
eta RMSE 26 29 MC only
charge RMSE 0.00092 0.00255 MC only
NNDecayMode RMSE 0.0212 0.0226 MC only

taus_8k: RNNJetScore resolution
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Photons

On MC samples

metric MC only MC+data better
mean codebook used 40.42% 38.32% MC only
pT RMSE 5.37 3.70 MC+data
eta RMSE 63 58 MC+data
isTight RMSE 0.0084 0.0098 MC only
ptcone20 RMSE 37.96 47.10 MC only
topoetcone20 RMSE 1.49 2.64 MC only
topoetcone40 RMSE 2.21 3.61 MC only

photons: pt resolution

MC sample real-data sample
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On data samples

metric MC only MC+data better

mean codebook used 40.13% 38.08% MC only

pT RMSE 7.03 6.52 MC+data
eta RMSE 73 58 MC+data
isTight RMSE 12 0.0077 MC+data
ptcone20 RMSE 7.02 7.03 MC only, tiny
topoetcone20 RMSE 836 1.685 MC only
topoetcone40 RMSE 3.77 4.41 MC only

photons: ptcone20 resolution

©

—_

AN
|

©

—

w
T

ian(original)
TI |
+ 4

©

—

N
T

_MC sample

___real-data sample __

10 15 20

1al) / |medi

25

Original

3

35

0
ptcone20

10

15

25 30

20
Original ptcone2

15



o o o
o o o
w BN (&)]

Idl) / |Imediali\ Origirial )|

On MC samples

metric MC only MC+data better

mean codebook used 79.01% 26.26% MC only
pT RMSE 5.72 8.12 MC only
eta RMSE 32 MC only
phi RMSE 56 MC only
do RMSE 0.0057 0.0105 MC only
z0 RMSE 0.0858 0.1550 MC only
nDoF RMSE 217 375 MC only

tracks: pt resolution
_MC sample real-data sample _

[ o MC-only tokenizer
[~ MC+data tokenizer

50
Oiri

60

70.-
ginal pt
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On data samples

I |

metric MC only MC+data better

mean codebook used 78.68% 26.24% MC only

pT RMSE 8.36 12.03 MC only

eta RMSE 15 30 MC only

phi RMSE 31 54 MC only

d0 RMSE 0.0053 0.0094 MC only

z0 RMSE 0.0853 0.1525 MC only

nDoF RMSE 204 354 MC only

tracks: nDoF resolution
MC sample real-data sample

T OUF ] o Mordata tokanizer 3
- i ]
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O o.02f - -
5 f f
'_6 0.01F ] —:
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Summary/next steps

Summary

* Compared object tokenizers trained on MC only vs MC+real data using fixed MC and data
samples.

* Adding real data does not automatically improve reconstruction for all objects.
* MC-only tokenizers give better reconstruction for electrons, muons, taus, and tracks.

* MC+data tokenizers improve or remain similar mainly for jets, and partly for photons.

* Ditterences are object-dependent and likely reflect data/MC composition, feature tails, and
training balance.

* Next Steps

* Use MC-only tokenizers as the baseline for the H—=+ZZ—4{ downstream studies.

* Check whether MC+data training needs reweighting or balanced sampling across MC and
real data.

* Check preprocessing of the data samples.
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* Codebook utilisation per object/top scans.

Codebook utilization for top tokenizer scans
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Summary Plots

* binned pT resolution vs truth pT
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Summary Plots

* Binned features resolution vs truth
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