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How an LLM reads text.

"The quick fox"
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From Text to Tensors

How an LLM reads text.

TOKENIZER
"The quick fox" [46,812,19]
text input discrete tokens
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From Text to Tensors

How an LLM reads text.
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Text: a finite vocabulary of subword tokens, so every token is one lookup.
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From Text to Tensors

How an LLM reads text.

VECTOR

—_—

0.34
~1.28
0.85
"The quick fox" [46,812,19] ~ row 46 -
0.91
0.07
~0.61

TOKENIZER EMBEDDING

Backbone

text input discrete tokens vocabulary

continuous

Text: a finite vocabulary of subword tokens, so every token is one lookup.

Physics: part discrete, part continuous. One token per hit needs a huge vocabulary or a learned codebook.
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Dataset & Geometry

v-showers

High-granularity ILD ECAL (simplified) %/
A 30x30x30 grid of sensor cells

Incident energy range: 10-100 GeV
Hits per shower: 100-1700

Structure: 4D, sparse

Buhmann et al. 2005.05334 (2020)

ILD Collaboration 2003.01116 (2020)
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Dataset & Geometry

v-showers

High-granularity ILD ECAL (simplified) %/
A 30x30x30 grid of sensor cells

Incident energy range: 10-100 GeV

TN
Hits per shower: 100-1700 r .
Structure: 4D, sparse RS
ONE HIT
Buhmann et al. 2005.05334 (2020) [z: 5, x: 14, y: 22, E: 2.1 MeV]

ILD Collaboration 2003.01116 (2020)
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Splitting the Vocabulary s(pld

SPLIT

/\ Granularity Bottleneck COMBINED VOCABULARY
1 CELL = 1 TOKEN ID
ID = x + y:Ny + Z:'Ny'Ny
COMBINED VOCABULARY

One token per cell. The size is a product:

Nvocab = Nx x Ny x N;
o A

VOCABULARY SIZE

30x30x30 grid 27,000
Real ILD ECAL [ ~30 M
ONE HIT
ILD Collaboration 2003.01116 (2020) [z: 5, x: 14, y: 22, E: 2.1 MeV]
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Splitting the Vocabulary s(pld

SPLIT

Split Vocabularies SPLIT VOCABULARIES

ONE PER COORDINATE

One vocabulary each for z, x and y. E stays continuous. y4 -
The size is a sum:

Nvocab = Nx + Ny + N; X -
v

VOCABULARY SIZE

30x30x30 grid 90 (vs 27,000)
Real ILD ECAL 2] hundreds (vs ~30 M)
ONE HIT
ILD Collaboration 2003.01116 (2020) [z: 5, x: 14, y: 22, E: 2.1 MeV]
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Delaying the Streams JOI

DELAY

NO DELAY: FOUR PARALLEL STREAMS

Y4 Zq Z2 Z3
X X1 X2 X3

Y v y2 y3

(@)[e) =

all four emitted at the same step - sampled independently

Parallel: P(z) -P(x) -P(y) -P(E) each given the previous hits
The four features of a hit are sampled independently, so the correlations within a hit are lost.
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DELAY

Delaying the Streams JOI

SPLIT-AND-DELAY: EACH STREAM ONE STEP BEHIND THE ONE ABOVE
ya @ 2 2 step 1 emits
zi Xi-1 Yi-2 Ei-3
Y y2 y3
E oBiE

Split-and-Delay: P(z)-P(x|z)-P(y|z,x)-P(E|z,x,y) each also given the previous hits
Exact chain rule within each hit, still one step per hit. One token per feature would need 4x the steps.
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Delaying the Streams

SPLIT-AND-DELAY:

EACH STREAM ONE STEP

z

r4|

Z2 Z3
X1 X2 X3
s\
\\ Yya Y2 Y3

N Eq =)

BEHIND THE ONE

step i emits
Zi Xi-1 Yi-2 Ei-3

=

one hit = a diagonal

Split-and-Delay: P(z)-P(x|z)-P(y|z,x)-P(E|z,x,y) each also given the previous hits
Exact chain rule within each hit, still one step per hit. One token per feature would need 4x the steps.

Henning Rose - University Hamburg

SPADE

+ arXiv:2606.11304

ABOVE

JO0

DELAY

4 / 11


https://arxiv.org/abs/2606.11304

Embedding spl@p]E

SPLIT & DELAY

VECTOR

0.54
0.28
0.57
"The quick fox" [46,812,19] ~ row 46 <
0.25
0.31
1.42

TOKENIZER EMBEDDING

Backbone

text input discrete tokens vocabulary

continuous

Text: a finite vocabulary of subword tokens, so every token is one lookup.
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Embedding spl@p]E

SPLIT & DELAY

VECTOR
0.34
TOKENIZER PER FEATURE
Emb(z) e
z: 5
x: 14 l . Emb (x) 0.17
. no loss o
g information Emb (y) -
E: 2.1 MeV Proj (E) 0.85 Backbone
. i 0.91
hit features embeddings
-0.42

continuous

Physics: one lookup per cell index, one projection per energy, no codebook.
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Embedding spl@p]E

SPLIT & DELAY
VECTOR
0.34
TOKENIZER PER FEATURE
Emb(z) e
z: 5
x: 14 Emb (x) 0.17
. no loss of
g information Emb (y) -
E: 2.1 MeV Proi (E) Backbone
Eic: 50 GeV ) o8
AEE Proj (Einc) 0.91
hit features embeddings :
-0.42

continuous

Physics: one lookup per cell index, one projection per energy, no codebook.
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One Generation Step

BACKBONE

One hidden state, four heads: categorical for z, x and y, a mixture of Gaussians for E.

Henning Rose -

University Hamburg

VECTOR
-0.27
0.64
0.17

1.32
0.08
-0.69

Head(z) l
Head (x) B

Head(y) [}

Head (E) /\/\ MoG

SPADE - arXiv:2606.11304
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One Generation Step s/pl@pE

SPLIT & DELAY

VECTOR
i-3 i-2 i-1 i
-0.27 "
oca | |Meed® - ’ ]
S—
/W Head (x) l X Xi-1
- J
S—
BACKBONE Head(y) [ Y Yi-2
1.32 el
0.08
' Head (E MoG E Ei-
- (B) /N i3

One column, four hits. Each value emitted in this step belongs to a different hit.
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One Generation Step s/pl@pE

SPLIT & DELAY

VECTOR
1=5 i-2 =l i

-0.27 R
0.64 Head(z) l y4 Z;

N,

~
0.17 Head (x) l X Xi-1
> -

~,

BACKBONE - Head(y) [ Y [s)’\i‘—ss) Yi-2
0.08 Head (E) /\/\ MoG E ~Ei-3
< -0.69

append, then step i+l

One hit completes per step. A shower of N hits takes roughly N steps instead of 4N.
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Energy Fidelity: Hit Spectrum s(p|@o]E]

SPLIT & DELAY

@a» Geantd
5 Full detector simulation. All ratios are relative to it.

s 105
)
= 3
) i
= 10
O

101 i
© 1.051
I
oc 0.95

1077 T Il o
Hit energy [MeV]
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Energy Fidelity: Hit Spectrum s(p|@o]E]

SPLIT & DELAY
(
a» Geant4 TRUTH
Full detector simulation. All ratios are relative to it.
" 1()5_
c ( [3]
S 103 — OmniJet-oc TOKENIZED
o Autoregressive like SPADE, but a VQ-VAE codebook
O . . :
1 turns each hit into a discrete token first.
10° -
9 1.05-
©
¢ 0.95+

S (A ()
Hit energy [MeV]

[31Birk et al. 2501.05534 (2025)
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Energy Fidelity: Hit Spectrum

105_

103+

Counts

101 i

1.054

o954,y A T
1071 10° 10!
Hit energy [MeV]

Ratio

n
vvvvvvv

[31Birk et al. 2501.05534 (2025)

(

(

s|[p|@o]E]

SPLIT & DELAY

@& Geantd TRUTH

Full detector simulation. All ratios are relative to it.

— omniJet-ag 3] TOKENIZED

Autoregressive like SPADE, but a VQ-VAE codebook
turns each hit into a discrete token first.

— Al1lShowers [4] STATE OF THE ART

Conditional flow matching on the continuous hits,
without tokens.
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Energy Fidelity: Hit Spectrum

105_

1034

Counts

101 i

1.054

o954ty T T
1071 10° 10!
Hit energy [MeV]

Ratio

vvvvvvv

[31Birk et al. 2501.05534 (2025)

(

(

s|[p|@o]E]

SPLIT & DELAY

&= Geant4 TRUTH

Full detector simulation. All ratios are relative to it.

— omniJet-ag 3] TOKENIZED

Autoregressive like SPADE, but a VQ-VAE codebook
turns each hit into a discrete token first.

— Al1lShowers [4] STATE OF THE ART

Conditional flow matching on the continuous hits,
without tokens.

— SPADE THIS WORK

Autoregressive with no codebook. Its energy head is
continuous, never quantized.
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Spatial Fidelity: Center of Gravity s/Pi@b[E

SPLIT & DELAY

== Geantd4 (truth) — SPADE

— OmniJet-og 3! — AllShowers 4]
C
(
n
= 103; RATIO TO GEANT4
)
) 1 ® Core: SPADE within a few percent,
O 10 = OmniJet-o and AllShowers
. I T about 10 to 15% high
@)
e 1.21 _ ® Tails: all three fall below Geant4,
e 0.81 e | E| - SPADE follows it furthest out
13.6 14.4 15.2 .

Center of gravity x [cells]

[31Birk et al. 2501.05534 (2025)
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Jets: Kinematics 8Q2006

SPLIT & DELAY

KktClass 10-class mixture - < 128 const.

—— Simulation 10° 106 3
106 4 —— Omnidet-a (2025) 1 5 ]
—— SPADE 105 - 0”3
@ 4]
c 105 ; 107 5
3 ]
8 10% 4 108 1
10* :
102§
10° 3 ]
10° ; 10" 5
1.251 r’ T[] 125 1.251 L rl‘
o
T 1.00 = THI 1.00 - = 1.00 J[Iu:-“u-% e "L’r‘=‘5ﬂl'JL
T 5751 U CL | o7s 0.751 | .
0] 50 100 150 200 -0.5 0.0 0.5 -0.5 0.0 0.5
constituent pr [GeV] constituent Anto jet axis constituent Ag¢to jet axis

Preliminary. Same method as for the showers, with jet constituents in place of hits.
Baseline in blue: OmniJet-a (2025), a different model from the OmniJet-oc on the shower slides.
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Jets: Beyond Kinematics s/pl@pE

SPLIT & DELAY

KktClass 10-class mixture - tracked = charged

x 108
3l — Simulation
—— OmniJet-a (2025) . 108 4 106 1
—— SPADE 10° 4
@ 5 5 5
5 10 105
o
o 4
1] 10° 4 10% 4 104 4
3 4
10 103 i
0 ; ; . . . . . — : . . . : : . . . ;
1.25 1.25 1.25 1 1.25
i) |
= 1.00 1.00 1.00 ﬂufhﬁlh_' [HJ'—”-U—JAELF. 1.00 -2l e | P
T 0751 0.75 A 0.75 1 MLL L 0.75 A
-1 0 +1 h* RO y et -0.50 -0.25 0.00 025 050 -0.50 -0.25 0.00 0.25 050
constituent charge PF candidate type do [cm] (tracked) d, [cm] (tracked)

Preliminary. Discrete features get their own small vocabularies, continuous ones a continuous head, as for the showers.
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Conclusion 8Q2006

SPLIT & DELAY

] —— Simulation
10° 1 —— OmniJet-a (2025)
] —— SPADE

Each feature gets its own small vocabulary.

1033

Every feature is predicted with increasing
delays, and the sequence stays short.

1.25 1
1.00 1-
0.75

Ratio

0 50 100 150 200
constituent pr [GeV]
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