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https://link.springer.com/article/10.1140/epjc/s10052-026-16142-9

https://link.springer.com/article/10.1140/epjc/s10052-026-16142-9


Some general considerations as guidelines:
- building a tagger for object/polarization from jet substructure needs to limits the dependence from the 

production process, i.e, we want to learn from X → jet  and not from pp → XY → jet Y
- systematics can be large under different theoretical assumptions (Pythia vs Herwig vs Sherpa vs 

Generator X ) and different inputs  [1]
- AUC is not the only thing to look, hopefully a tagger should be resilient. [2]
-

Some particular consideration for polarized LHC analyses (why we included the polarization task?):
- Polarization tagging is now an active field for VBS: test EWSB and possible BSM effects [3] [4]
- No available measurements of polarized VBS-like processes in semileptonic/fully hadronic channel 

from CMS/ATLAS collaborations
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VBS

rarest observed EWK process at LHC! (~fb)

https://scipost.org/10.21468/SciPostPhys.17.6.166
https://arxiv.org/pdf/2509.19431
https://indico.cern.ch/event/1601346/contributions/7098462/attachments/3306250/5915613/Polarization_COMETA.pdf
https://th.ifj.edu.pl/poncelet/assets/talks/2024.05.09-Rome-SM@LHC-poncelet.pdf
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Polarization Tagging: (old) Lund Plane?

VBS WWLL excess

POLARIZATION

Lund Plane 
implementation

- It decluster a jet by undoing the last step of the C/A clustering 
algorithm to have two subjets 

- at each step,  define the following variables and follow the 
harder subjet

- back to step 1 with the harder branch  of step 2 until we reach 
the end of the tree

Figure from here



4

Polarization Tagging: (old) Lund Plane?

- It decluster a jet by undoing the last step of the C/A clustering 
algorithm to have two subjets 

- at each step,  define the following variables and follow the 
harder subjet

- back to step 1 with the harder branch  of step 2 until we reach 
the end of the tree

this is the 
polarization 
proxy 

VBS WWLL excess

POLARIZATION

Lund Plane 
implementation

Figure from here
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Lund Plane for Polarization Tagging…
and standard object tagging

Lund Plane is a well known tool already used for a lot of different application in jet substructure, 
starting from traditional log-likelihood fit to GNN LundNet architecture

top/W 

Some advantages:
- declustering is purely geometric (C/A)
- For polarization..the umbalance is already encoded in the declustering history (direct link to physic proxy)
- It is Infrared and Collinear Safe  (nice to be fulfilled for whatever jet observables)
- It does not contain “raw” particle informations and most of the informations is in the first splits of the declustering ( nice to 

have if we can express jet properties with a lower number of parameters  )

can we move to a quantum implementation that can be feasible for near-term NISQ, 
i.e, with a low number of qubits? 

Figure taken here

https://arxiv.org/abs/2012.08526
https://link.springer.com/article/10.1140/epjc/s10052-025-13924-5


Quick Quantum Computing 

6



7

Lund-Plane has some advantages:
- declustering is purely geometric (C/A)
- For polarization..the umbalance is already encoded in the declustering history (direct link to physic proxy )
- It is Infrared and Collinear Safe  (nice to have for whatever jet observable)
- It does not contain raw particle informations and most of the informations is encoded in the first splits of the 

declustering ( nice to have, lower number of parameters )

can we move to a quantum implementation that can be feasible for NISQ…moving 
from a plane to a sphere?

ILLUSTRATION PURPOSE ONLY (FIXED 𝛌, ⍵=1)

LundPlane2Bloch
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- Empty nodes are automatically encoded to the North-Pole, such that noise is not introduced and we 
are still IRC safe and we can handle with sparse data (depth of the jet-tree not a-priori known). 

- Trainable parameters in the encoding and specialized for each node of the tree such that we can span 
the Bloch Sphere to represent QCD phase space

LundPlane2Bloch
Lund-Plane has some advantages:

- declustering is purely geometric (C/A)
- For polarization..the umbalance is already encoded in the declustering history (direct link to physic proxy)
- It is Infrared and Collinear Safe  (nice to have for whatever jet observable)
- It does not contain raw particle informations and most of the informations is encoded in the first splits of the 

declustering ( nice to have, lower number of parameters)

can we move to a quantum implementation that can be feasible for NISQ…moving 
from a plane to a sphere and without losing these properties?
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LundPlane2Bloch
Lund-Plane has some advantages:

- declustering is purely geometric (C/A)
- For polarization..the umbalance is already encoded in the declustering history (direct link to physic proxy)
- It is Infrared and Collinear Safe  (nice to have for whatever jet observable)
- It does not contain raw particle informations and most of the informations is encoded in the first splits of the 

declustering ( nice to have, lower number of parameters)

can we move to a quantum implementation that can be feasible for NISQ…moving 
from a plane to a sphere and without losing these properties?

- Truncation of the Lund Tree to D=3 such that information is contained in N=7 qubits. Additionally,  
lnKt(1) > 1 cut to move upwards the tree the relevant splittings.



Building the Quantum ansatz with a tree-tensor-network by reproducing the Lund Tree Graph 
structure
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Quantum-Tree-Tensor-Network

Tree entanglement via controlled CRY gate, node updated with rotations (repeat L-1 times) 



Building the Quantum ansatz with a tree-tensor-network by reproducing the Lund Tree Graph 
structure
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Quantum-Tree-Tensor-Network

Tree entanglement via controlled CRY gate, node updated with rotations (repeat L-1 times) 

measurement 
Pauli-Z 
at the root node

Number of Parameters:



Datasets
In order to train and test the model we produced different samples, with the aim to be independent from the production, 
i.e, we want a tagger that take information from the jet structure only and not form high-level variable.
Produced Samples for Polarization Task (MadGraph5+MadSpin+Pythia+Delphes with PU):

1- pp > G > W+W-  (Randall Sundrum Model, resonant decay)
2- pp > W+W- (Standard Model, Born level)
3- same-sign Vector Boson Scattering samples in fully hadronic final state (to test 
the training performed with the previous two samples)

Samples Used for Object Tagging, from JetGame dataset:
1- W vs. Top tagging
2-W vs QCD tagging
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figure adapted from here

https://github.com/JetsGame/data
https://th.ifj.edu.pl/poncelet/assets/talks/2024.05.09-Rome-SM@LHC-poncelet.pdf


Results: Polarization and 
Object tagging
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W tagging top tagging Polarization (WW) Polarization (Graviton)

- The QTTN is competitive against the other benchmarks (LundNet, 1P1Q…)
- In the Polarization task, the same results as the modified-LundNet2* (with 3 orders less of 

parameters)

MLP, BDT with equal or higher number of parameters as additional benchmarks to test quantum approach 

*LundNet2 (lnktMin>1, max-depth=3, using (ln(1/z), ln(1/R))

https://arxiv.org/abs/2012.08526
https://arxiv.org/abs/2502.17301


Systematics From the Different 
Showering Assumption
We investigate the systematics from the showering algorithm adopted by implementing three of the available showering evolution 
models on the market (pT-ordering, angular ordering, dipole) and taking Pythia8 as reference
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Measuring the transfer gap: model assumptions can 
give large uncertainties*

*Up to 40% for low-level variables [https://scipost.org/10.21468/SciPostPhys.17.6.166]

https://scipost.org/10.21468/SciPostPhys.17.6.166


We investigate the systematics from the showering algorithm adopted by implementing three of the available showering evolution 
models on the market (pT-ordering, angular ordering, dipole) and taking Pythia8 as reference
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- MLP, QTTN and LundNet2 have similar transfer gap, compatible with zero
- LundNet5 is always the second with highest transfer-gap

Systematics From the Different 
Showering Assumption



Additional: same-sign
VBS fully-hadronic samples 
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Results with “standard” VBS selection:
- invariant mass of the tagging jets (500 GeV) 
- rapidity separation of the tagging jets (2.5) 
- exactly 2 AK8



Application on a real hardware 
A simplified QTTN version (D=2, L=1) was validated on a real quantum hardware (SpinQ triangulum) with the 
polarized samples.
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Conclusions

We introduce the L2B encoding with a QTTN, reproducing the LundJet 
history 

-comparative results w.r.t other benchmarks for jet tagging
-test on a real quantum hardware
-inclusion of the polarization task for EW processes
-low parameter count

Thanks to UniNuvola

https://indico4.twgrid.org/event/33/contributions/1409/


THANKS A LOT FOR YOUR ATTENTION!
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BACKUP
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LundNet
A GNN based on the LundPlane is already available: LundNet
Historically: between ParticleNet and ParT, but used only for jet-tagging
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https://arxiv.org/abs/2012.08526

https://arxiv.org/pdf/2012.08526
https://arxiv.org/abs/2012.08526


1P1Q
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https://journals.aps.org/prd/abstract
/10.1103/l8y2-87vq

https://journals.aps.org/prd/abstract/10.1103/l8y2-87vq
https://journals.aps.org/prd/abstract/10.1103/l8y2-87vq
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Polarization V-boson related variables

https://link.springer.com/article/10.1
140/epjc/s10052-023-12118-1

https://link.springer.com/article/10.1140/epjc/s10052-023-12118-1
https://link.springer.com/article/10.1140/epjc/s10052-023-12118-1
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PARETO PLOT
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LOW-DATA REGIME
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Performance vs Layers
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PARAMETER SALIENCY
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TRAINING DYNAMICS
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