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Overview

* | will approach the topic of data analysis from the perspective of global fits

* No strong evidence for an axion signal yet, but e.g. “White Dwarf cooling
hints” (+ R parameter, solar searches, ...) demonstrate how combining
different searches can lead to substantial insights into axion models

* N.B. For axions, there isn’t one single experiment that will tell us everything!
Data combination and analysis is unavoidable for this field



The rationale for global fits

* Overlaying contours is okay, but
throws away excluding power, can
lead to inconsistencies, neglects
correlations

» Caveat: global fits usually require
HPC, powerful optimisers, sampling
algorithms [arXiv:2012.09874]

 Example tools exist, such as
GAMBIT [arXiv:1705.07908], various
cosmo codes (MontePython,
Cosmosls, ...)
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What do we need for a combined analysis?

 The most commonly used statistical paradigms in physics are frequentist
(classical) and Bayesian statistics

» Both rely on one ingredient: the likelihood function L(f) = p(data | 0)

 Need only data (experimentalists’ job) and model prediction (theorists’ job) to
compute it for some model parameters 67

* Not quite: need to know the experiment’s response to a signal (detector
efficiency, PSF, detector size, observation time, ...) and the background/dark
count rates (if possible; needs to be fitted or removed otherwise)



Example: Global fits of axion models [arXiv:1810.07192]

GAMBIT 1.3.0
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Overplotted limits might have issues with A global fit ensures
* consistency of assumptions  self-consistent combination/analysis of data

* effects of "hidden parameters” » likelihoods to include all relevant parameters

e connecting to UV models



Example: Global fits of axion models [arXiv:1810.07192]
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* Access to the likelihood (its individual
ingredients) ensures full flexibility; we
can do both Bayesian and frequentist
analyses

o Left plot: the most probable QCD axion
models in a Bayesian analysis in the
pre-inflationary PQ breaking scenario

 N.B. haloscope limits disappear in the
“unnatural” region for axion DM;
contours include the marginalised
uncertainties on local DM abundance



My personal opinion on the current state of axion data

e “Test”: if an experimental collaboration published w/e exclusion curve, a non-
collaboration member should be able to reproduce your results with the paper
and an internet connection

o Sadly, lots of axion studies fail this test; claim: the majority axion results is not
reproducible with a reasonable effort (in particular haloscopes, astro)

o Situation slowly improving, more funding agencies require data accessibility
(sadly not enforced). Really embarrassing since axion searches are typically
not as complicated as the LHC (unless you’re looking for ALPs in LHC data



Thoughts on data formats, good practices

 Hard to provide general guidelines/force everyone to adopt certain formats,
but luckily axion data is usually not too complicated

 Other communities are doing better (cosmology, parts of astrophysics) and try
to establish good practices (direct detection); see e.g. [arXiv:2105.00599] or
larXiv:2203.10057]; inspiration from Zenodo and other data repos

Recommended conventions for reporting results from direct
dark matter searches
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Thoughts on data formats, good practices

e Collaboration should archive low-level (“raw”) data if possible and provide
data products on the analysis level (they have to produce these anyway!)

 Some details contained in the raw data are very (too?) difficult for an outsider
to understand; produce a higher level data set to prevent outsiders to make a
mistake: data level should be “as low as sensible”

* Recall: theorists can compute raw signals (e.g. spectral flux), so it is crucial to
provide details on the instrument response function!



Representative example: the CAST likelihood

e Data: photon counts in detector energy bins (multiple runs, detectors)
 Background: rate estimated from “off * data series

* |nstrument response: effective geometrical and detector efficiencies (depend on
energy) estimated over the course of the experiment — this makes it easy to use
but for annual modulations etc. it might be useful to save more info

* All provided as simple, human-readable tables since files are small

* Missing steps: estimate solar axion flux [e.g. arXiv:2101.08789], convolve with
efficiencies and multiply by exposure to compute expected number of counts
(for a given mass/coupling)

* This is very straightforward; again, essentially no extra work for experiments!



The future: emerging statistical techniques

Axion data can typically be analysed with frequentist/Bayesian analyses

Still: might not be true in the future or we might want to include many

nuisance parameters or possible configurations (e.g. in case of a detection,
astrophysical B-field models, ...)

One example: simulation-based inference (SBI) [e.g. arXiv:2010.06439], esp.
for cases where we can only simulate mock data but not evaluate the
likelihood; becomes more common in HEP, astro, cosmo communities

Writing emulators for a known likelihood is usually not difficult, but it might be
good to make data products more “future-proof” by asking if enough info is
provided to simulate a signal



