Statistical inference with BAT .jl and
measure theory

Oliver Schulz on behalf of the BAT team

Sl % BAT..Jl

Analysis Toolkit

MAX-PLANCK-GESELLSCHAFT

oschulz@mpp.mpg.de

JuliaHEP2025, Princeton, July 29th 2025



e
Bayesian inference in Julia

» Several Bayesian sampler implementations in the Turing
project.

» Rxinfer.jl has interesting approach via Bayesian graphs, but
not applicable to all problems.

» Quite a few other sampler packages like
ZigZagBoomerang.jl, AdaptiveMCMC jl, MGVI jl and so on.

» BAT jl (led by yours truly, see later) aims to be a
common-API wrapper for existing samplers, plus some
BAT-native samplers.
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Stochastic models

» Turing and RxInfer (see later) both come with "fancy"
model DSLs with Bayesian focus. Also interest in building
bridges between them, but technically not so easy.

» HS3.jl (very much work in progress)
» Any function that maps parameters to data distributions

(equivalent to a Markov kernel)
can be a (forward) model in Julia.

» MeasureBase.Likelihood(v -> datadist, data)
automatically builds likelihood functions from forward
models and data.
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BAT .jl, the Bayesian Analysis Toolkit in
Julia

» Predecessor: BAT-C++, developed at MPP

[DOI: 10.1016/j.cpc.2009.06.026 (2009).]
» Very successful over the years, > 250 citations (INSPIRE)
» Written in C++, based on CERN ROOT
» Gained wide user base, esp. HEP /nuclear/astro-physics
» Had reached limit of original software design,
needed a complete re-write.
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[DOI: 10.1016/j.cpc.2009.06.026 (2009).]
» Very successful over the years, > 250 citations (INSPIRE)
» Written in C++, based on CERN ROOT
» Gained wide user base, esp. HEP /nuclear/astro-physics
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» Successor: BAT jl, written in Julia.
[DOI: 10.1007/542979-021-00626-4 (2021).]

» MPP (A. Caldwell): O. Schulz (lead), M. Dudkowiak

» TU-Dortmund (K. Kréninger): C. Grunwald, S. Lacagnina,
» ORIGINS ODSL: F. Capel, P. Eller, J. Knollmiiller

» ...and many contributions from past students (thank you!)%
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BAT.jl Features

» Typical tasks: Given a set of data and prior knowledge

» estimate parameters
» compare models (Bayes factors)

» MCMC sampling via Metropolis-Hastings, HMC, MGVI,
nested sampling and importance sampling (more to come)

» Posterior integration with nested sampling, bridge sampling,
or Cuba. Will add SciML Integrals.jl.

» Automatic plotting and reporting functionality (will switch
from Plots.jl to Makie.jl)




Simple BAT.jl example: Histogram Fit
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BAT .jl plotting: Posterior projections

-090 1 - - 054
= 0015 —_ —
= o010 I o, —095 c. N2 g o5
e | 5 -100 3 4 * 5050
& 0005 . E -105 - E I k * 048
0.000 L= -110 b TR 96 [ " TTERWTS. 046 L——==—
450 500 550 600 450 500 550 600 450 500 550 600 450 500 550 600 450 500 550 600
af1] a[l] a[l] a[l] a[l]
a0 .
N0 . N i =) =
S T4 i 2 E
w0 | wmet SRS L 00w [T S LR | TR [T
450 500 550 600 90095(1000050100 100150 S 100150 100150
alll al2] al2] af2] al2]
_ 090 . _ —090 =15 3 . 054 e
= =095 | - = = -095 = 10 | o 2 g 052 |
S 100 S 100 g ] . 5050 |3
E 105 o - E 105 Es | E fad -7 T G 048
-110 = -110 2o ! R - 04 L——=
450 500 550 600 9009501000050100150 ~1106-105-1.06-095-090 ~1161051.06-095090 ~116-105106-095090
a[l] al2] mufl] mu[l] mufl]
. =5
~ ~ ~ o~
o o d =15 !
= 3 E > > g1 |
£ 1 £ E £ :
£ = - o =] 1 46 =
450 500 550 600 9009501000050100150 ~116-105-1.08-095-0.90 196 92.00.02.04.08.08 198.92.02.02.0208.08
a[l] a[2] mu[1] mu[2] mu(2]
054 054 e 054 054 a = e
E 052 g 052 g 052 | 7 g 052 £ 30 |
© 050 . 5050 |7 5 050 L 050 220 |
048 = - B 048 = G 048 ~ @ 048 & 10 i
046 b—-—F—— 046 - 046 046 z 20
450 500 550 600 9009501000050100150 ~116-105-108-095-0.90 196.98.02.02.02.08.08 046 048 050 052 054

af1] a[2] mu[1] mu[2] sigma




New BAT .jl release

» BAT jl v4.0.0 released today.

» Robust Adaptive Metropolis (RAM) tuner replaces old
MCMC tuner, much faster convergence now

» Changed whole MCMC machinery from tuning proposals
to tuning space transformations,
basis for using normalizing flows in the future

» New sampler: Metric Gaussian Variational Inference (MGVI),
algorithm can handle high-dimensional problems,
implementation will need further tuning
(mainly related to autodiff)

» Rewrote main parts of MCMC machinery to support
ensemble samplers (Adding MALA ensemble sampler first)

» New package LazyReports.jl now powers BAT jl reports



(Probability) Measures

» Clean path to deal with non-normalized posteriors
non-homogeneous Poisson point processes
("extended PDFs") and more.

» Bayes' theorem for discrete probability distributions:
P(B|A)
P
P(B) (A)

» Same Bayes' theorem for both continuous and discrete
probability measures:

Lo(a) = ifg(b) ap(A) = / £o(a)da(a)

» Still working on Distributions.jl extension and more,
but making progress.

P(A|B) =
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Bayesian Guided Maximum Likelihood
(BGML)

» Maximum likelihood optimization doesn't always converge
» Often helps: transform to different space - but which one?

» Approach: Choose a prior that supports
all physically possible parameters

» BAT jl automatically generates space transformation f
between multivariate-normal and that prior

» Run optimizer on £ o f in unconstrained space:
unbiased, only excludes impossible parameter values,
but optimizer has shorter path to favored values.

» Powers large parts of LEGEND Julia analysis.
» Still have to add as a push-button tool to BAT jl.




Some BAT .jl use cases ...
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HP Ge-Detector impurity profile inference
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Cap./vol.-curves measured and simulated, ML surrogate,
complex prior [eu. phys. 1. c 83, 352 (2023)], Metropolis-Hastings
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KATRIN m? posterior, simulated data
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NETRIUM DNN model (eur. phys. 3. c 82, 439 (2022)] ported to Julia %
Sampled with AdvandedHMC backend using Zygote-AD.
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ZEUS ep-collision parton PDF fit

4 -
—~3r
Mﬁ [ Prior 68 %
= 2+ [ Prior 95 %
Q. ! B Posterior 68 %
[ Posterior 95 %
0

01,
K, P(A,)

QCDNUM (Fortran) wrapped in Julia [pr.130.141001)
Sampled with adaptive Metropolis-Hastings backend.
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MADMAX simulated peak
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Sampled with Ultranest backend

[arXiv 2306.17667]
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Final Results of GERDA

> T2p > 1.4 x 10% yr (90% Cl)
(equiprobable signal strengths)

> T2p > 2.3 x 107 yr (90% Cl)
(equiprobable Majorana
neutrino masses)

Hierarchical prior,
sampled with adaptive Metropolis-Hastings backend.

[PRL 125, 252502 (2020)]
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New development: Posterior
approximation

» Experiment: KATRIN
(cooperation with MPIK Heidelberg and Uni Bonn)
» Linear transformation plus
spline-based marginal transformation
seems to provide very decent posterior approximation
» Used to feed posteriors back into BAT as priors for Bayesian
knowledge update (P. Kronert, Uni Bonn).

» Well definitely add this to BAT

Max-Planc ot fir Physik
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Monotone Rational-Quadratic Splines

Rational Quadratic Spline

=== Forward Spline function
@ Knots
K Segments
y Characterized by
5 {zksyr}s {0k}
Yk
T x

[Conor Durkan et al. Neural Spline Flows]
MonoticSplines.jl: Based on "Neural Spline Flows" eurps 2019, %
high-performance CPU+GPU via KernelAbstractions.jl. e
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New development: fast adaptive
importance sampling

» Experiment: ICECUBE (cooperation with TUM, P. Eller)
» Combining MVGI (high-dim approximate sampling)
with importance sampling (low-dim-problems IID samling)
works surprisingly well,
can handle multi-model posteriors (v-hierarchy).

» Pull request in preparation,
new master student will improve algorithm further




New development: noise-model
tempering

» Experiment: COSINUS and CRESST
(cooperation with MPP groups and TU Vienna)

» Problem: very low-noise data leads to very sharp likelihood
» Approach: artificially increase noise of physics model,
then temper down to actual noise level

» Worked very will in manual steps,
needs to automatize and add to BAT
several infrastructure changes for tempered MCMC
now in place

19
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Conclusions and Outlook

» New BAT jl release v4.0.0.

» New use cases have inspired new algorithms (work in
progrees)
» Next steps:
» New measure evaluation API ("mathematical knowledge
update")
» Polish and add posterior approximation, adaptive
importance sampling and noise tuning
» Add more algorithms from ecosystem (e.g. Pathfinder.jl and
Pigeons.jl)
» Finally add BGML (and some other "frequentist" tools)
» Upstream several things to MeasureBase

» Will aim try to limit breaking changes
for next release BAT V5.




