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(i.e. same as classifying cat/dog)
Tree-like data
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applications limited)

Public data releases with docs Limited data release, often 
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Toolchain more friendly to ML ROOT

Cutting through the hype



What new measurement does ML open?

Within direct-detection DM, limited impact.

I will discuss one neat example (which 
coincidentally first plenary said used widely 

elsewhere but not in HEP)



What is XENON?
Liquid XENON dark matter detector
instrumented with 248 photomultipliers
and 10-ns flash ADCs. We make a world-
leading new experiment every few years.

arXiv:1805.12562

https://arxiv.org/abs/1805.12562
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FIG. 4: Background and 200 GeV/c2 WIMP signal best-fit
predictions, assuming �SI = 4.7⇥10�47 cm2, compared to DM
search data in the 0.9 t (solid lines and markers) and 1.3 t
(dotted lines and hollow markers) masses. The horizontal
axis is the projection along the ER mean (µER), shown in
Fig. 3, normalized to the ER 1� quantile (�ER). Shaded bands
indicate the 68% Poisson probability region for the total BG
expectations.

diogenic neutrons originating from detector materials,
coherent elastic neutrino nucleus scattering (CE⌫NS)
mainly from 8B solar neutrinos, and cosmogenic neutrons
from secondary particles produced by muon showers out-
side the TPC (negligible due to the muon veto [11]). The
CE⌫NS rate is constrained by 8B solar neutrino flux [26]
and cross-section [27] measurements. The rate of radio-
genic neutrons is modeled with Geant4 MC [28, 29]
using the measured radioactivity of materials [30], as-
suming a normalization uncertainty of 50% based on the
uncertainty in the Sources 4A [31] code and the di↵er-
ence between the Geant4 and MCNP particle propa-
gation simulation codes [32]. Fast neutrons have a mean
free path of ⇠15 cm in LXe and produce ⇠5 times more
multiple-scatter than single-scatter events in the detec-
tor, allowing for background suppression. A dedicated
search for multiple-scatter events finds 9 neutron candi-
dates, consistent with the expectation of (6.4 ± 3.2) de-
rived from the Geant4 and detector response simulation
described below, which is used to further constrain the
expected single-scatter neutron event rate in DM search
data.

The detector response to ERs and NRs is modeled sim-
ilarly to the method described in Refs. [5, 33]. All 220Rn,
241AmBe, and neutron generator calibration data from
both science runs are simultaneously fitted to account for
correlations of model parameters across di↵erent sources
and runs. To fit the 220Rn data, the parameterization
of the ER recombination model is improved from [5] by
modifying the Thomas-Imel model [34]. These modifica-
tions include a power law field-dependence similar to [35]
to account for the di↵erent drift fields in each science

run, an exponential energy dependence to extend the
applicability to high-energy (up to ⇠20 keVee), and an
energy-dependent Fermi-Dirac suppression of the recom-
bination at low-energy (. 2 keVee). The resulting light
and charge yields after fitting are consistent with mea-
surements [33, 36–38]. The fit posterior is used to pre-
dict the ER and NR distributions in the analysis space of
the DM search data, achieving an ER rejection of 99.7%
in the signal reference region, as shown in Table I. ER
uncertainties in (cS1, cS2b) are propagated for statisti-
cal inference via variation of the recombination and its
fluctuation, as these show the most dominant e↵ect on
sensitivity (here defined as the median of an ensemble
of confidence intervals derived under the background-
only hypothesis [39, 40]). For WIMP signals, the uncer-
tainties from all modeled processes are propagated into
an uncertainty of 15% (3%) on the total e�ciency for
6 (200) GeV/c2 WIMPs.

TABLE I: Best-fit expected event rates with 278.8 days live-
time in the 1.3 t fiducial mass, 0.9 t reference mass, and 0.65 t
core mass, for the full (cS1, cS2b) ROI and, for illustration,
in the NR signal reference region. The table lists each back-
ground (BG) component separately and in total, the observed
data, and the expectation for a 200 GeV/c2 WIMP prediction
assuming the best-fit �SI = 4.7⇥ 10�47 cm2.

Mass 1.3 t 1.3 t 0.9 t 0.65 t

(cS1, cS2b) Full Reference Reference Reference

ER 627±18 1.62±0.30 1.12±0.21 0.60±0.13

neutron 1.43±0.66 0.77±0.35 0.41±0.19 0.14±0.07

CE⌫NS 0.05±0.01 0.03±0.01 0.02 0.01

AC 0.47+0.27
�0.00 0.10+0.06

�0.00 0.06+0.03
�0.00 0.04+0.02

�0.00

Surface 106±8 4.84±0.40 0.02 0.01

Total BG 735±20 7.36±0.61 1.62±0.28 0.80±0.14

WIMPbest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2

Energy deposits in light- or charge-insensitive regions
produce lone S1s or S2s, respectively, that may acciden-
tally coincide and mimic a real interaction. The lone-S1
spectrum is derived from S1s occurring before the main
S1 in high energy events and has a rate of [0.7, 1.1] Hz.
The uncertainty range is determined from di↵ering rates
of single electron S2s and dark counts in the time win-
dow before the event. The lone-S2 sample is composed of
all triggered low-energy events containing S2s without a
validly paired S1 and has a rate of (2.6±0.1) mHz (with-
out requiring the S2 threshold). The AC background rate
and distribution are estimated by randomly pairing lone-
S1s and -S2s and simulating the necessary quantities for
applying the event selection defined above.

222Rn progeny plate-out on the inner surface of the
PTFE panels may decay and contaminate the search re-
gion if the reconstructed position falls within the fiducial
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We report on a search for Weakly Interacting Massive Particles (WIMPs) using 278.8 days of
data collected with the XENON1T experiment at LNGS. XENON1T utilizes a liquid xenon time
projection chamber with a fiducial mass of (1.30 ± 0.01) t, resulting in a 1.0 t⇥yr exposure.
The energy region of interest, [1.4, 10.6] keVee ([4.9, 40.9] keVnr), exhibits an ultra-low electron
recoil background rate of (82+5

�3 (sys)± 3 (stat)) events/(t⇥ yr⇥ keVee). No significant excess over
background is found and a profile likelihood analysis parameterized in spatial and energy dimensions
excludes new parameter space for the WIMP-nucleon spin-independent elastic scatter cross-section
for WIMP masses above 6 GeV/c2, with a minimum of 4.1 ⇥ 10�47 cm2 at 30 GeV/c2 and 90%
confidence level.

PACS numbers: 95.35.+d, 14.80.Ly, 29.40.-n, 95.55.Vj
Keywords: Dark Matter, Direct Detection, Xenon

An abundance of astrophysical observations suggests
the existence of a non-luminous, massive component of
the universe called dark matter (DM) [1, 2]. The Weakly

Interacting Massive Particle (WIMP) is one of the most
promising DM candidates, motivating numerous terres-
trial and astronomical searches [3, 4]. The most suc-
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1. The optics and response 
isn’t uniform for S2s

1. Hard to measure 
reflectivity Teflon ex 
situ

2. There is no internal 
calibration

3. When doing ML, including 
what we do know is not 
straightforward
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Table 1 Specifications of the five TPC electrodes. The bottom screening electrode features a single wire installed perpendicularly mid-way to all
others to minimize elastic deformation of the frame. The last column indicates the vertical position of the electrodes inside the TPC. The distance
between the top (bottom) screen to the top (bottom) PMTs is 11 mm (12 mm).

TPC Electrode Type Material Wire Diameter Pitch/Cell opening Transparency Position
Top screen hex etched stainless steel 178 µm 10.2 mm 96.5% 63 mm
Anode hex etched stainless steel 178 µm 3.5 mm 89.8% 5 mm
Gate hex etched stainess steel 127 µm 3.5 mm 92.7% 0 mm
Cathode parallel wires Au plated stainless steel 216 µm 7.75 mm 97.2% �969 mm
Bottom screen parallel wires Au plated stainless steel 216 µm 7.75 mm 97.2% �1017 mm

bottom), were optimized by means of electrostatic simula-
tions, using finite element (COMSOL Multiphysics [28])
and boundary element methods (KEMField [29]). The high-
voltage configuration realized during science run 0 is shown
in figure 3. Most S1 light is detected by the photosensors
below the target. The electrodes were thus designed for
S1 light collection by optimizing the optical transparency
of the gate, the cathode and the bottom screening elec-
trodes. The details are summarized in table 1. The circu-
lar stainless-steel frames supporting the electrodes are elec-
tropolished and optimized for high-voltage operation. The
etched meshes were spot-welded to the frames, while the
single wires were pre-stretched on an external structure and
fixed by wedging them between the upper and lower parts
of the frames. Gold-plated wires were used to increase the
work function of the metal.

The cathode is negatively biased using a
Heinzinger PNC 150000-1 NEG high-voltage supply
via a custom-made high-voltage feedthrough. The latter
consists of a conducting stainless-steel rod inside an ultra-
high molecular weight (UHMW) polyethylene insulator,

Fig. 3 Finite element simulation of the electric field configuration in-
side and outside of the TPC, separated by the gate and cathode as
well as the field-shaping electrodes. The figure shows the field lines
as well as the equipotential lines for cathode, gate and anode biased
with �12 kV, 0 kV and +4 kV, respectively, as realized during science
run 0.

cryofitted into a 25.4 mm diameter stainless-steel tube to
make it vacuum tight. Before installation, the feedthrough
was successfully tested to voltages exceeding �100 kV. The
total length of the feedthrough is about 1.5 m, out of which
1.2 m are located inside the cryostat. This ensures that the
connection point to the PTFE insulated metal rod, which
supplies the voltage to the cathode frame, is covered by
LXe. The anode is positively biased by a CAEN A1526P
unit via a commercial Kapton-insulated cable (Accuglass
26 AWG, TYP22-15). The gate electrode is kept at ground
potential and the screening electrodes can be biased to
minimize the field in front of the PMT photocathodes.

A “diving bell” made of stainless steel, which is directly
pressurized by a controlled gas flow, is used to maintain a
stable liquid-gas interface between the gate and anode elec-

Fig. 4 The top and bottom PMT arrays are equipped with 127 and
121 Hamamatsu R11410-21 tubes, respectively. The top array is in-
stalled inside a diving bell, used to maintain and precisely control the
LXe level. The bottom image also shows the cathode and the bottom
screening electrode, installed in front of the PMTs.

Each photosensor represents 
input dimension

Looking for embedding
ℝ¹²⁸→ℝ²
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Fig. 16 Low-energy single-scatter NR event recorded by XENON1T during a 241AmBe calibration run. All panels show the sum of all TPC PMT
waveforms. An S1 signal of 4.3 PE (blue marker) is followed by an S2 signal of 250 PE (red), where the quoted numbers do not yet take into
account corrections. The drift time of 529.7 µs corresponds to a depth of Z = �75.9 cm. The lower panels focus on the main S1 and S2 peak,
respectively. The smaller signals on the event trace are uncorrelated pulses from PMT dark counts, which are only seen by single PMT channels.
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Event 2963 from 161021_1814

Fig. 17 Distribution of the S2 signal on the top (left) and the S1 signal on the bottom PMT array (right) of the event shown in figure 16. The color
scales are given in uncorrected PE. The S2 signal is very localized and allows for the reconstruction of the lateral (XY ) event position (star-shaped
marker). This low-energy single-scatter NR event is located well inside in a fiducial volume containing 1 t of LXe.

Each photosensor represents 
input dimension
Looking for embedding
ℝ¹²⁸→ℝ²

Key insight: sensors near in 2D see similar 
signals, so sensor dimensions correlated



Dimensionality reduction
Often have higher dimensional data that we know 
has a low-dimensional representation 

3Dà2D: how to flatten? i.e. preserve neighbors

Twin peaks

Swiss roll
“Manifold learned”



Baseline



Dimensionality reduction:
Principal Component Analysis



Dimensionality reduction:
Local linear embedding

Scale off…. now can use physics knowledge!!



Stretching image

Triangulation interpolation from known positions in learned and lab space



Applications / Conclusion

• DAQ: can find flipped channels 
• Can “learn” optics/response of uncalibratable

detector
• Can be used for detector alignment
• Only assumption neighborhoods preserved
• P.S. ask me about spatial statistics and Ripley K functions 

if you ever want to check your manifold after learning on  
‘uniform’ distribution


