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In last year’s meeting…

Introduced spin-density mode in MadSpin to handle 
(extension of work started in UCL) 

& extension to MadSpin of 2510.17730 

Features back then: 
✓was working as expected for simple processes 
• 4 times slower than other run modes for  
• was not working for decay chains 
• not tested for interference and loop-induced processes 
• prohibitively slow for complicated final states like 

tt̄

pp → tt̄tt̄

 single decaytt̄

Onshell 
Density

 decay chain 
not working

tt̄

plots from last year

https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://dial.uclouvain.be/downloader/downloader.php?pid=thesis:43543&datastream=PDF_01&cover=cover-mem&ved=2ahUKEwj-z5_ymfyKAxWNzwIHHTWsEvYQFnoECBcQAQ&usg=AOvVaw1z5ZJIsYcqc9s8l15StpWY
https://arxiv.org/pdf/2510.17730
https://indico.cern.ch/event/1452599/contributions/6301181/attachments/3007972/5302668/MGdev_density.pdf
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Today

Current status of spin-density mode 
- bug-fixes and validation 
- spin-correlations in interference processes 

Profiling results 
- speed-ups and potential future improvements 

Let’s start from a brief reminder about spin-density matrix computation in MadSpin
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Introduction: spin correlations

Consider decay  with  produced via the decay of an intermediate 
heavy resonance. 

In general if spin(P)  
if  depends on  momenta  decay spin correlations 

if  depends on ,  momenta  production spin correlations 

How can we evaluate  with the best possible accuracy?

ab → d1d2 + X d1, d2

≠ 0
ℳ d1 ⋅ d2 →

ℳ a ⋅ di, b ⋅ di →

ℳ(ab → d1d2 + X)

a

b

P
d1

d2



5

The two extremes

Full ME - complete final state in MG5aMC

• Most accurate:  
✓ full set of NLO corrections (productions & 

decay) 
✓ spin correlations in production & decay 
✓ off-shell effects 
๏might be practically impossible for high final-

state multiplicities 
• e.g. generate p p > l+ l- l+ l- [QCD]

ℳfull = ℳ(ab → d1d2 + X)

a

b

P
d1

d2

Decay Chain Approximation

• Least accurate:  
•  
๏  only LO accurate 
๏production spin correlations lost 
๏no off-shell effects 
• e.g. generate p p > z z [QCD] + Pythia

|ℳdca |2 = |ℳprod |2 |ℳdec |2

ℳprod = ℳ(ab → P), ℳdec = ℳ(P → d1d2)
ℳdec

P

a

b

d1

d2

P
×
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Production spin correlations via FLMW

To keep production spin correlations one can simply 
• generate events (@ NLO) keeping intermediate resonances on-shell 
• generate resonance decays separately 
• unweighting step re-introduces production spin correlations at LO 

keep event if:  

• FLMW [hep-ph/0702198]: analytical calculation of maximum weight 
• MadSpin [1212.3460]: max weight calculated by sampling  ratios

|ℳprod+dec |2

|ℳprod |2 > r max
|ℳprod+dec |2

|ℳprod |2

|ℳ |2

https://arxiv.org/pdf/hep-ph/0702198
https://arxiv.org/pdf/1212.3460
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MadSpin modes

spinmode = full

• Use , full = prod+dec 

✓ spin correlations in production & decay 
✓ off-shell effects via BW smearing 
• Most accurate mode in MadSpin 
๏cannot compute 3-body decays 
๏cannot do loop-induced/interferences

|ℳfull |
2

|ℳprod |2

spinmode = onshell

• Use , full = prod+dec 

✓ spin correlations in production & decay 
✓ can compute 3-body decays 
๏no off-shell effects (but they can be added) 
๏cannot do loop-induced/interferences

|ℳfull |
2

|ℳprod |2 |ℳdec |2

Different ratios used because decay events are weighted (“full”) or unweighted (“onshell”) 
In both cases  calculated by MG5aMC 
➡ MadSpin fails if it cannot compute  (e.g. loop-induced, amplitude squared restrictions (for 

interference terms or BSM samples))

ℳ
ℳfull
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Spin-density formalism

• Spin-density: avoid calculating  to lift MadSpin restrictionsℳfull

<latexit sha1_base64="aC2QzYd6qcggESFzj9Cwbw3fJaM=">AAACNXicbVDLSsNAFJ3UV62vqEs3wSK4KolIdSMU3bhQqGAf0MQwmUzaoTOTMDMRSshPufE/XOnChSJu/QUnbRe29cIwh3PO5d57goQSqWz7zSgtLa+srpXXKxubW9s75u5eW8apQLiFYhqLbgAlpoTjliKK4m4iMGQBxZ1geFXonUcsJIn5vRol2GOwz0lEEFSa8s0bl0E1QJBmt7mfRSml+cUMlYg4zB8yl6V50y8+l6f5jCPEqDBo2jerds0el7UInCmogmk1ffPFDWOUMswVolDKnmMnysugUARRnFfcVOIEoiHs456GHDIsvWx8dW4daSa0oljox5U1Zv92ZJBJOWKBdhbrynmtIP/TeqmKzr2M8CRVmKPJIJ2MpWKriNAKicBI0ZEGEAmid7XQAAqIlA66okNw5k9eBO2TmlOv1e9Oq43LaRxlcAAOwTFwwBlogGvQBC2AwBN4BR/g03g23o0v43tiLRnTnn0wU8bPLw6+r0I=</latexit>

Mfull = Mµ
prodPµωMω

dec

rewrite propagator with 
the help of completeness 

relation

P

a

b

d1

d2

P
×

<latexit sha1_base64="M+Tb/MRdkFXeJj73U+9Qn6CLKKU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiQi1WXRjRuhgn1AG8JkMmmHTmbCzEQsIb/ixoUibv0Rd/6NkzYLbT0wcDjnXu6ZEySMKu0431ZlbX1jc6u6XdvZ3ds/sA/rPSVSiUkXCybkIECKMMpJV1PNyCCRBMUBI/1gelP4/UciFRX8Qc8S4sVozGlEMdJG8u36KEZ6ghHL7nI/S6QIc99uOE1nDrhK3JI0QImOb3+NQoHTmHCNGVJq6DqJ9jIkNcWM5LVRqkiC8BSNydBQjmKivGyePYenRglhJKR5XMO5+nsjQ7FSszgwk0VStewV4n/eMNXRlZdRnqSacLw4FKUMagGLImBIJcGazQxBWFKTFeIJkghrU1fNlOAuf3mV9M6bbqvZur9otK/LOqrgGJyAM+CCS9AGt6ADugCDJ/AMXsGblVsv1rv1sRitWOXOEfgD6/MHyACU8Q==</latexit>

Mprod
<latexit sha1_base64="XrphPSsbojXS6R3+pXNPBnyVi+Q=">AAAB+nicbVDLSsNAFJ34rPWV6tJNsAiuSiJSXRbduBEq2Ae0IUwmN+3QySTMTJQS8yluXCji1i9x5984abPQ1gMDh3Pu5Z45fsKoVLb9baysrq1vbFa2qts7u3v7Zu2gK+NUEOiQmMWi72MJjHLoKKoY9BMBOPIZ9PzJdeH3HkBIGvN7NU3AjfCI05ASrLTkmbVhhNWYYJbd5l4WAMk9s2437BmsZeKUpI5KtD3zaxjEJI2AK8KwlAPHTpSbYaEoYZBXh6mEBJMJHsFAU44jkG42i55bJ1oJrDAW+nFlzdTfGxmOpJxGvp4sgspFrxD/8wapCi/djPIkVcDJ/FCYMkvFVtGDFVABRLGpJpgIqrNaZIwFJkq3VdUlOItfXibds4bTbDTvzuutq7KOCjpCx+gUOegCtdANaqMOIugRPaNX9GY8GS/Gu/ExH10xyp1D9AfG5w/L1pRe</latexit>

Mdec

propagator with helicity λ

<latexit sha1_base64="p/9bW7GtxAt0dG/HCt62fWABEcc="></latexit>

Pµω =

∑
ε(ω

ε
µ)

→ωεω
(q2 →m2) + im!

MG5aMC provides colour-ordered amplitudes 
for production and decay separately MadSpin performs convolution

<latexit sha1_base64="Ljo13Qs3c1D9HZTmSn+5FwyDszU="></latexit>

|Mfull|2 =
1

m2!2

∑

ω1,ω2

(Mω1
prod)

→Mω2
prod(M

ω1
dec)

→Mω2
dec

• “onshell” mode:  calculated 
by MG 

• “density” mode:  
calculated by MG & convolution 
performed in MadSpin 

• note that currently the on-shell 
approximation is taken but this 
need not be the case

|Mfull |
2

ℳprod, ℳdec

ℳλ ≡ ℳμϵλ
μ
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The new “density” mode

• Use ,  calculated via density matrix 

✓ spin correlations in production & decay 
✓ can compute 3-body decays 
✓ can do loop-induced/interferences 
๏no off-shell effects (but they can be added)

|ℳfull |
2

|ℳprod |2 |ℳdec |2 ℳfull

In principle should be the best mode to use in all cases, unless resonance width is large.
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Validation

Features validated: 
✓ LO/NLO ME 
✓ QCD/Weak/BSM processes  
✓ BSM resonance decays 
✓ Final states with identical particles 
✓ Decay chains (also nested) 
✓ 3-body decays 
✓ multiparticles 
✓ interference

•  LO/NLO (with decay chains & 3-body decays) 
•  LO 
•  LO (with decay chains) 
•  (leptonic & hadronic decays) 
•   
•  
•  (leptonic & hadronic decays) 
•  
•  
•  
•  (leptonic & hadronic decays) 
•  
•  in SMEFT (interference contribution)

pp → tt̄
pp → tt̄j
pp → tW
pp → ZZ
pp → W+H
pp → ZZZ/ZZZZ
pp → W+W−W+W−

pp → tt̄Z
pp → tt̄HH
pp → tt̄tt̄
pp → W+W−W+W−

pp → Zjjj
pp → tt̄

Optional check implemented comparing  against  event-by-eventℳfull ρprod ⋅ ρdec
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Validation results

✓ Exact agreement between on-shell and density as expected
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One issue

pp → Z(dd̄)jjj pp → Z(dd̄)uūu

• Due to identical particles in production and decay 
• Need to decide how to solve this
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Spin-correlations in processes with interference

• Look for a SMEFT operator that affects spin 
correlations 

• Chromomagnetic dipole operator for top: 
 

• After symmetry breaking this induces an 
anomalous  vertex where the spin of the 
quarks interacts directly with the gluon field  
➡changes spin correlations [2012.11343, 2309.16758] 

• Turn on only Wilson coefficient of the 
chromomagnetic moment operator 

• plot  in lab frame

𝒪tG = gs(Q̄LσμνTatR)ϕ̃Ga
μν

tt̄g

Δϕ(ℓ+ℓ−)
✓ Density mode works as expected 
✓ Important to consider spin-correlations

generate p p > t t~ NP=1 NP^2==1

https://arxiv.org/abs/2012.11343
https://arxiv.org/abs/2309.16758


14

Performance improvement over last year

• Density code optimised with caching and 
removal of nested loops  

• In some cases speed-ups by more than a 
factor of 10 

• Generally “density” mode is now about as 
fast as “onshell” mode and for some cases 
faster 

• Debug mode (calculation of ) adds 
about 40-60% on running time

ℳfull
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Computation bottlenecks Time [s] Function

542 lhe_parser::next_event

408 readline

220 lhe_parser::unweight

113 get_density

• Results from profiling  (fully hadronic) process 
- dominated by LHE parsing and I/O 

• Fundamental difference between full and onshell/density 
• full: unweighting is performed on-the-fly in fortran (no need to 

pre-generate events) 
• density: pre-generate decay events for each decay - this takes 

up most of the time in complicated processes 
• when decay events run out, we can have multiple calls to 

generate events 

• Example:  (density/full) 
• Time for decay event generation: 156s / 0s 
• ME generation: 6.6s / 14.6s 
• max(weight) calculation: 10s / 90s 
• Generation of fully decayed events: 187s / 568s

pp → W+W−W+W−

pp → W+W−W+W−
11 calls to 
event 
generation 
for the last 
1000 events
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• For simple processes full mode is always significantly faster 
• For more complicated processes (  particles in final state) density mode usually wins≥ 3

Preliminary
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Summary and outlook

✓ Density mode has been extensively validated 

✓ Will allow lifting current restrictions of onshell mode 

Next steps 
‣ fix issue with ambiguous particles in production and decay 
‣ loop-induced processes 
‣ further optimisation of LHE parsing/decay event generation? 
‣ inclusion of off-shell effects?


