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What actually happens in a 
collision?
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incoming beam particle

intermediate particle 
(quark or gluon)

final particle (hadron)

Event evolution spans 7 orders of 
magnitude in space-time

http://panscales.org/videos.html 
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The essence of interpreting collider data (1)
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Given hundreds of measured particles from a collision,  
which of these two reactions occurred?



A proton-proton collision: INITIAL STATE

proton proton



A proton-proton collision: FINAL STATE
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(actual final-state multiplicity ~ several hundred hadrons)
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pure QCD event event with Higgs & Z boson decays

e



Did the jet of particles come from a quark or a W-boson? → Use machine learning

11

graphic from https://github.com/jet-universe/particle_transformer



Did the jet of particles come from a quark or a W-boson? → Use machine learning
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Convolutational Neural Networks and Jet Images

I Project a jet onto a fixed n ⇥ n pixel image in rapidity-azimuth, where
each pixel intensity corresponds to the momentum of particles in that
cell.

I Can be used as input for classification methods used in computer
vision, such as deep convolutional neural networks.

[Cogan, Kagan, Strauss, Schwartzman JHEP 1502 (2015) 118]
[de Oliveira, Kagan, Mackey, Nachman, Schwartzman JHEP 1607 (2016) 069]
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Particle Transformer for Jet Tagging
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Figure 3. The architecture of (a) Particle Transformer (b) Particle Attention Block (c) Class Attention Block.

of particles, in a shape (N, N,C →). The particle and inter-
action inputs are each followed by an MLP to project them
to a d- and d→-dimensional embedding, x0

→ RN↑d and
U → RN↑N↑d→

, respectively. Unlike Transformers for NLP
and vision, we do not add any ad-hoc positional encodings,
as the particles in a jet are permutation invariant. The spatial
information (i.e., the flying direction of each particle) is
directly included in the particle inputs. We feed the particle
embedding x0 into a stack of L particle attention blocks
to produce new embeddings, x1, ...,xL via multi-head self
attention. The interaction matrix U is used to augment the
scaled dot-product attention by adding it as a bias to the
pre-softmax attention weights. The same U is used for all
the particle attention blocks. After that, the last particle
embedding xL is fed into two class attention blocks, and a
global class token xclass is used to extract information for
jet classification via attention to all the particles, following
the CaiT approach (Touvron et al., 2021). The class token
is passed to a single-layer MLP, followed by softmax, to
produce the final classification scores.

Remark. ParT can also be viewed as a graph neural network
on a fully-connected graph, in which each node corresponds
to a particle, and the interactions are the edge features.

Particle interaction features. While the ParT architec-
ture is designed to be able to process any kinds of pairwise

interaction features, for this paper we only consider a spe-
cific scenario in which the interaction features are derived
from the energy-momentum 4-vector, p = (E, px, py, pz),
of each particle. This is the most general case for jet tagging,
as the particle 4-vectors are available in every jet tagging
task. Specifically, for a pair of particles a, b with 4-vectors
pa, pb, we calculate the following 4 features:

! =
√

(ya ↑ yb)2 + (ωa ↑ ωb)2,

kT = min(pT,a, pT,b)!,

z = min(pT,a, pT,b)/(pT,a + pT,b),

m2 = (Ea + Eb)
2

↑ ↓pa + pb↓
2,

(3)

where yi is the rapidity, ωi is the azimuthal angle, pT,i =
(p2x,i + p2y,i)

1/2 is the transverse momentum, and pi =
(px,i, py,i, pz,i) is the momentum 3-vector and ↓ · ↓ is the
norm, for i = a, b. Since these variables typically have
a long-tail distribution, we take the logarithm and use
(ln !, ln kT, ln z, ln m2) as the interaction features for each
particle pair. The choice of this set of features is motivated
by Dreyer & Qu (2021).

Particle attention block. A key component of ParT is the
particle attention block. As illustrated in Figure 3(b), the
particle attention block consists of two stages. The first
stage includes a multi-head attention (MHA) module with
a LayerNorm (LN) layer both before and afterwards. The

Qu, Li & Qian, 
arXiv:2202.03772

https://arxiv.org/abs/2202.03772


using full jet/event information for H/W/Z-boson tagging
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The essence of interpreting collider data (2)
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Collider physics is quantitative. 
To test a hypothesis (e.g. Standard Model), you ask: 

How many Higgs bosons will be produced? 
How many of those will be correctly identified? 

→ compare that expectation to data
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The paradigm: Feynman diagrams and perturbation theory
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The standard paradigm: Feynman diagrams and perturbation theory
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The problem: real events and power-house calculational tool look totally different

17

next-to-leading order

quark

quark

quark

quark

gluon

+≠



SMoTP, Oxford, October 2025Gavin Salam

What a NLO calculation gives you (here, Event2, )e+e− → qq̄

18

LO (2-particle) tree-level event
 with weight     1.00000
 px, py, pz, E =   -1.32   -1.38  -49.96   50.00
 px, py, pz, E =    1.32    1.38   49.96   50.00

NLO (3-particle) tree-level event
 with weight   893.22103, multiplying (alphas/2pi)
 px, py, pz, E =   -1.60   -1.75  -49.87   49.93
 px, py, pz, E =    1.31    1.36   49.25   49.29
 px, py, pz, E =    0.30    0.39    0.62    0.79       

NLO (2-particle) virtual subtraction event
 with weight   -84.49299, multiplying (alphas/2pi)
 px, py, pz, E =   -1.32   -1.38  -49.96   50.00
 px, py, pz, E =    1.32    1.38   49.96   50.00

NLO (2-particle) virtual subtraction event
 with weight  -808.58646, multiplying (alphas/2pi)
 px, py, pz, E =   -1.61   -1.75  -49.94   50.00
 px, py, pz, E =    1.61    1.75   49.94   50.00

NLO (2-particle) virtual finite event
 with weight     2.66667, multiplying (alphas/2pi)
 px, py, pz, E =   -1.32   -1.38  -49.96   50.00
 px, py, pz, E =    1.32    1.38   49.96   50.00
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NLO event, with real emission  
~ LO event + extra soft gluon
and large positive weight 

LO event ( )qq̄
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event weights are ~ probabilities
➤ real life doesn’t have negative probabilities 
➤ real life doesn’t have (near-)divergent probabilities 
➤ you can evade these problems in perturbation theory if you ask very limited 

kinds of questions, i.e. nearly always summing real & virtual divergences 
(infrared safe observable, single momentum scale)  

➤ but experiments don’t limit themselves to those kinds of questions

*

19

 though there can still be nasty surprises, cf. Chen et al 2102.07607, GPS & Slade 2106.08329*

http://arxiv.org/abs/2102.07607
https://arxiv.org/abs/2106.08329
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dP3(v)
dv

= − [f qg
2→3(v) + fgq̄

2→3(v)] P3(v)

Start with quark ( ) antiquark ( ) state.  

Throw a random number to determine down to 
what scale state persists unchanged
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q
_
g

At some point, state splits (2→3, i.e. emits 
gluon). Evolution equation changes 

gluon ( ) here is drawn as two parallel linesg



QCD parton shower: an evolution equation (in evolution scale v, e.g. trans.mom.)
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A new concept is opening up
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A new concept is opening up
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Comparing to LEP event-shape data

NNLL brings 20% 
effects ( ) 

Dramatically 
improves agreement 
with data, using a 
“normal”   

NB: 3-jet @ NLO still 
missing for robust 
pheno conclusions

∼ αs

αs = 0.118

29

4

FIG. 2. Test of NNLL accuracy of the PanGlobal (PGsdf

ω=0)
shower for the cumulative distribution of the Cambridge y23

resolution variable, compared to known results for Z →
qq̄ [52] (left) and H → gg [77] (right). The curves show the
di!erence relative to NNLL for various subsets of ingredients.
Starting from the red curve, DS additionally includes double
soft contributions and 2-jet NLO matching; 3ω includes 3-loop
running of εs and the K

resum

2 term. B2 in the legend refers
only to its resummation part, Bint,NLO

2
. Including all e!ects

(blue line) gives a result that is consistent with zero, i.e. in
agreement with NNLL.

just involve the Sudakov non-emission probability) to
the shower’s double-soft emissions, as anticipated below
Eq. (3). The connection with the ARES NNLL formal-
ism [51, 52, 58] is discussed in Ref. [72], § 4.

Besides the analytic proof, we also carry out a series
of numerical verifications of the NNLL accuracy of sev-
eral parton showers with the above elements, using a
leading-colour limit 2CF = CA = 3. These tests help
provide confidence both in the overall picture and in our
specific implementation for final-state showers. Fig. 2
shows a suitably normalised logarithm of the ratio of the
cumulative shower and resummed cross sections, for a
specific observable, the two-to-three jet resolution pa-
rameter, y23, for the Cambridge jet algorithm [73] in
Z → qq̄ (left) and H → gg (right) processes. Focusing
on the PGsdf

ωps=0
shower, the plots show results with vari-

ous subsets of ingredients. A zero result indicates NNLL
accuracy. Only with 2-jet NLO matching [74], double-
soft corrections [29], B2 [67, 68] terms, 3-loop running of
ωs [75, 76], K2 contributions [58, 66], and the drift cor-
rection of this Letter does one obtain agreement with the
known NNLL predictions [52, 77]. For this shower and
observable, the drift correction dominates.

Tests across a wider range of observables and shower
variants are shown in Fig. 3 for a fixed value of ε =
ωs ln v = ↑0.4. With the drifts and all other contribu-
tions included, there is good agreement with the NNLL
predictions [45–52, 58, 61, 77].

Earlier work on NLL accuracy had found that the co-
e!cients of NLL violations in common showers tended
to be moderate for relatively inclusive observables like
event shapes [5]. In contrast, here we see that non-NNLL

FIG. 3. Summary of NNLL tests across observables and
shower variants. Results consistent with zero (shown in green)
are in agreement with NNLL. The observables correspond to
the event shapes used in Ref. [5] and they are grouped accord-
ing to the power (ϑobs) of their dependence on the emission
angle. All showers that include the corrections of this Letter
agree with NNLL.

FIG. 4. Results for the Thrust and Durham y23 [78] ob-
servables with the PanGlobal showers compared to ALEPH
data [79], using εs(MZ) = 0.118. The lower (middle) panel
shows the ratios of the NNLL (NLL) shower variants to data.

showers di”er from NNLL accuracy with coe!cients of
order one. That suggests a potential non-negligible phe-
nomenological e”ect.
Fig. 4 compares three PanGlobal showers with ALEPH

data [79] using Rivet v3 [80], illustrating the showers in
their NLL and NNLL variants, with ω

ms
s (MZ) = 0.118 for

both. We use 2-jet NLO matching [74], and the NODS
colour scheme [6], which guarantees full-colour accuracy
in terms up to NLL for global event shapes. Our showers
are implemented in a pre-release of PanScales [81] v0.2.0,
interfaced to Pythia v8.311 [3] for hadronisation, with
non-perturbative parameters tuned to ALEPH [79, 82]
and L3 [83] data (starting from the Monash 13 tune [84],
cf. Ref. [72] § 5; the tune has only a modest impact on the

NNLL

van Beekveld et al, 2406.02661
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Predictions involve the quantum strong force – a.k.a. Quantum Chromodynamics (QCD)
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e‒
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Predictions involve the quantum strong force – a.k.a. Quantum Chromodynamics (QCD)
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q

q

q

QCD: 3 variants or 
“colours” of charge, 
red, green, blue

You always get 
quantum superpositions 
of different colours 
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Predictions involve the quantum strong force – a.k.a. Quantum Chromodynamics (QCD)
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q q

gluon (colour-charged)

QCD: emitting a 
gluon changes the 
quark’s colour 



SMoTP, Oxford, October 2025Gavin Salam

Predictions involve the quantum strong force – a.k.a. Quantum Chromodynamics (QCD)
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q q

gluon (colour-charged)

 
There are 8 gluons 
Each acts differently 
on quark colour

q q

gluon (colour-charged)

QCD: emitting a 
gluon changes the 
quark’s colour 
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for a quark, anti-quark & N gluons, how many quantum-superposed states?

34

q + q̄ 3 states (red+anti-red, green+anti-green, blue+anti-blue)

 + 1 gluonq + q̄ 17 states

 + 2 gluonsq + q̄ 75 states

 + 20 gluonsq + q̄ 1,997,388 states

An event can easily have 30-40 gluons 
The quantum mechanical density matrix involves the  

square of the number of states
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add one gluon to an ensemble of quarks and gluons

35

a huge 
simplification
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add one gluon to an ensemble of quarks and gluons

35

conservation of colour charge 
net colour charge of full ensemble of quark + gluons  

= colour charge of incoming quark

a huge 
simplification
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add one gluon to an ensemble of quarks and gluons

35

conservation of colour charge 
net colour charge of full ensemble of quark + gluons  

= colour charge of incoming quark

emission 
from 
a single 
quark

coherent emission from a 
set of smaller-angle 
quarks and gluons

≡

a huge 
simplification
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Quantum v. “colour coherence” calculations of QCD energy flow

36

approximate, exploiting colour 
coherence, ~ 300 CPU core hours

full quantum colour treatment, 
~ 40,000 CPU core hours

Hatta & Ueda 2011.04154 (full quantum) 
Hamilton, Medves, GPS, Scyboz, Soyez, 2011.10054

https://arxiv.org/abs/2011.04154
https://arxiv.org/abs/2011.10054
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Outlook
➤ we’re learning how to reformulate “Feynman rules” or standard perturbative 

Quantum Field Theory approach 

➤ goal is a systematically improvable framework, that expands around a different 
starting point: one with an arbitrary number of particles 

➤ important for the ultimate goals of particle physics at colliders (e.g. making full use 
of machine learning) 

➤ inevitably quantum, but many quantum aspects can be simplified
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Backup
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