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• astroparticle physics connects particle physics, astrophysics and cosmology, 
searching for signals such as dark matter, neutrinos, cosmic rays, gamma rays, 
gravitational waves and rare decays.


• many of these searches operate in an ultra-rare or ultra-weak signal regime: signals 
can be sparse, transient or extremely small, and are often hidden by detector, 
environmental or physical backgrounds.


how can we reliably measure a very small signal? 

can we demonstrate that a signal-like observation is not explained by detector 
effects, environment or known backgrounds? 

• this is why diagnostics are part of the physics measurement.

what we are talking about?
diagnostics in astroparticle physics



search paradigms in rare-event experiments

diagnostics improve sensitivity and reliability by reducing background leakage while preserving 
signal acceptance and, in favorable cases, recovering the background-free 1/E sensitivity scaling



diagnostics vs sensitivity
A signal-like fluctuation becomes physics only after independent controls agree

diagnostics determine sensitivity and reliability: not only how small a signal can be measured, but 
how confidently instrumental and background explanations can be constrained



some examples…
sensitivity tells us what we can see; diagnostics tell us whether we can trust it.

QUAX-FLASH  
the noise floor directly sets the  

smallest extractable signal

XENONnT/LZ	  
purity, electron lifetime, gains, liquid level and 

channel status determine stable detector response

CTAO/CYGNO 
environmental conditions affect detector response

KM3NeT 
ns timing and continuously reconstructed detector 
geometry enter directly into event reconstruction

CUPID 
heat/light discrimination, pulse shape and vetoes 

directly control ϵ_s and r_b

LIGO / Virgo 
auxiliary channels, state vectors,  

vetoes and DQ flags are  
essential to validate candidates



intrinsic detector noise 
FLASH/QUAX — resonant detector for HFGW & axion searches 

intrinsic noise sets the ultimate sensitivity, while diagnostics provide the reliability needed to 
establish that the noise floor is stable and understood
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axion search at QUAX

where Tsys, is the system noise temperature, ∆ν 
is the bin width (500 Hz) and ∆t is the integration 
time (3764 s) 

operating

2028

noise characterization provides the sensitivity and reliability required to turn a weak spectral excess 
into a statistically interpretable signal or upper limit



detector health
XENONnT — dual-phase liquid Xe TPC for dark matter search

detector-health diagnostics preserve reliability and comparability by keeping the detector response 
stable, measured and correctable over the full exposure
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NR

ER

grey — event outside  
fiducial volume

calibration

LUX-ZEPLIN (LZ) signal-like event!
LZ high-energy candidate: intriguing, but not yet evidence

• different analysis strategy: the standard XENONnT DM search is optimized for 
low-energy elastic nuclear recoils, with significant efficiency mainly below ∼60−70 
keVNR; it is therefore not directly sensitive to the LZ candidate at∼248 keVNR 

• LZ deliberately extends the NR search to high energy: the response is 
calibrated with high-energy neutron data and the analysis window and 
background model are extended up to ∼270 keVNR, targeting NREFT and 
inelastic-DM scenarios.


• no obvious instrumental or background explanation was found: detector 
response, calibration history, muons, accidentals, neutron backgrounds and ER 
leakage were all explicitly checked.


• but one event is still one event: the excess (3.4σ local / 2.6σ global) is intriguing, 
not evidence. Confirmation requires more LZ exposure and, ideally, an 
independent high-energy NR analysis by XENONnT/PandaX.

reliability requires that a signal-like event survives detector diagnostics, background checks 
and independent controls before it can be interpreted as physics



environment
CTAO — cherenkov telescope array observatory studying Universe through gamma radiation 

atmospheric diagnostics preserve reliability and comparability by keeping the detector response 
calibrated under changing observing conditions
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run-to-run normalization
CYGNO - directional dark matter search

diagnostics provide comparability by normalizing data taken under different conditions, increasing 
usable exposure and reducing systematic uncertainties
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calibration & timing
KM3NeT — a deep-sea neutrino telescope: nanosecond timing and dynamic geometry calibration
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timing and geometry calibration provide the reliability required to reconstruct when and where 
each photon was detected



background identification & rejection
CUPID — search for neutrinoless double-beta decay (0νββ) in Li2MoO4 scintillating crystals

particle identification and vetoes improve sensitivity and reliability by keeping signal acceptance 
high while suppressing background leakage
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CUPID pile-up control
while CUORE has achieved world-leading sensitivity to 0νββ decay, CUPID (CUORE Upgrade with Particle IDentification), based 
on 100Mo, must address a new background near Qββ: pile-up from unresolved 2νββ decays.

• problem: the slow thermal response can merge two 
independent 2νββ decays into a single event with E1+E2 ~ Qββ


• why it matters: 100Mo has a relatively high 2νββ rate; 
unresolved coincidences can become an irreducible-looking 
background in the 0νββ ROI.


• solution: use the faster scintillation-light channel for pulse-
shape discrimination;


• goal: reduce pile-up from 3x10-4 to 5x10-5 counts/(keV kg yr).

why CUORE is much less affected: 130Te has a much longer 2νββ half-life, 
T1/2 ~ 7.7x1020y, versus 7.1x1018 y for 100Mo. Together with the natural \ 130Te 
abundance in CUORE, this gives a 2νββ rate of only ~ 0.03 mHz/crystal, 
compared with ~2.6 mHz/crystal in CUPID. Thus 2νββ pile-up is not a 
dominant CUORE background.

fast-light diagnostics improve sensitivity and reliability by identifying unresolved 2νββ pile-up 
that can mimic a 0νββ event



data quality
LVK - gravitational-wave observatories
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data-quality diagnostics provide reliability by excluding instrumental explanations and 
validating the data around a strain transient



offline computing 
from acquisition to reproducible physics

calibration, conditions, simulation and reprocessing provide reproducibility, turning raw detector 
output into a traceable and repeatable physics measurement



conclusion
diagnostics turn detector performance into physics
• sensitivity: the smallest measurable signal is set by the detector noise, but the effective sensitivity also 

depends on usable exposure, efficiency, background knowledge and systematic uncertainties. 

• reliability: detector health, environment, calibration, timing, background rejection and data quality are 
therefore not ancillary systems, but they determine which data can be trusted and used for physics. 

• comparability: diagnostics also make data taken at different times and under different conditions 
comparable, increasing usable exposure and reducing systematic uncertainties.


• reproducibility: calibration, detector conditions, simulations, templates, data-quality information and 
reprocessing turn raw detector output into a reproducible physics measurement.


diagnostics turn detector performance into sensitivity, reliability, comparability and reproducibility  
the conditions required for an ultra-rare signal to become a physics result
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