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Schedule

• Today
• ML’s relationship to Science
• Intro of Machine Learning (this)
• Quick guided demo of ML using the JAX framework
• Tutorial: Signal and Background Separation in 𝐻 →
𝑊𝑊 → 2ℓ2𝜈

• Tomorrow
• The Data Pipeline
• More formal introduction to neural networks and

advanced applications
• Auto Encoders
• Tutorial: Auto Encoder with HEP data
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History of “Light Matter”

Empirical Observations

The First “Dark Matter”

Mathematical Modeling

Dark Matter’s N-Body Evidence

Numerical Methods

Challenging Dark Matter theory with XENON

Data-Intensive Science

What goes here?

AI-Enabled Science

Discovery through the Ages



1st Paradigm: Empirical Observation 
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Dark Matter and Quantum Sensing
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2nd Paradigm: Mathematical Modeling
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3rd Paradigm: Numerical Methods
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“The underlying physical laws necessary for the mathematical 
theory of the whole of chemistry are thus completely known, and 
the difficulty is only that the exact application of these laws leads 
to equations much too complicated to be soluble.”
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3rd Paradigm: Numerical Methods
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Galactic accretion requires Dark Matter.
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4th Paradigm: Data-intensive Science

Hey, T., Tansley, S., & Tolle, K. (Eds.). (2009). The Fourth Paradigm: 
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5th Paradigm: AI-enabled science
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Casual Forward Model
Particle physics
Dark matter mass m,
interaction strength σ

Astrophysics
Density ρ, Velocity v

Nuclear physics
Radioisotope 
contamination

Scattering theory
Energy E transferred to microscopic 

degrees of freedom in detector, 
sometimes 3-Position x and time t from 

MC

Summary

Figure 2: The processes leading to scintillation light. Direct excitation (left panel) and
recombination (right panel) first produce a molecular excited state (excimer), which then
decays and emits scintillation light.

rameters that are correlated when fitting a pulse shape model. In addition, the
time behavior of recombination is not well known, and models are usually derived
based on approximations that do not always hold. The model shown in figure 3, for
instance, is based on high-energy electronic recoils at zero electric field. To counter
these difficulties, an effective model is often used. In this model, the singlet and
triplet times are allowed to vary to capture the slower tail of the observed pulse
shape. We apply this model to data taken with XAMS, which includes ER and NR
data going down to energies of a few keV, and at three different electric fields.

The results of the pulse shape measurements show a difference between ER and
NR pulses that is smaller than expected, and decreases at the lowest energies. Es-
sentially, the lower the energy gets and the higher the field gets, the smaller the
difference between ER and NR pulse shapes. This makes the PSD performance
worse than initially expected. Based on a pulse shape simulation, the increase in
sensitivity using PSD corresponds to an effective increase in exposure of at most
6.8 % for large dark matter experiments, and only if the time resolution is improved.
The minor increase in exposure likely does not justify the effort to improve the time
resolution for the next generation of xenon-based dark matter detectors.

Apart from the gloomy conclusion about PSD, the measurements of chapter 5 tell
us more: since the pulse shape depends on the dynamical behavior of electrons, it
gives us information about the recombination process. For instance, the recombina-
tion time for low-energy ERs was previously assumed to be < 1 ns, but our results
show an increase of the effective triplet time from 22 ns up to 25 ns, even when the
field is relatively high. This suggests a recombination time that is at least approx-
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2.3. Light and charge generation

Figure 2.2: After an energy deposition in liquid xenon, different processes lead to ionization,
scintillation and heat. The quenching process indicated by the gray dashed line is only
relevant for high ionization density recoils. Figure adapted from [2] (chapter 5).

2.3.1 Direct luminescence

There are two paths that can cause scintillation light: direct excitation or recombina-
tion. In the first of these, excited xenon atoms are directly formed by the recoiling
particle in the original track. In less then 1 ps after the excitation, the excited xenon
atom (exciton) forms a bound state with a stable xenon atom through the self-
trapping process Xe� + Xe ! Xe�

2. The bound dimer state Xe�
2 is called an excimer.

The excimer can be in two spin states: a singlet or a triplet state, referring to the
combined spin state of the electron and the angular momentum due to the molecu-
lar orbit. The singlet and triplet states have decay times of approximately 4 ns and
22 ns, respectively [51]. When the state decays, the molecule dissociates and the
energy is emitted in the form of a 178 nm ultraviolet (UV) photon. Since the dimer
state is at a lower energy level than the excitation energy of an individual xenon
atom, the medium is transparent to the UV light so that the scintillation light can
be detected over significant distances.

37

Figure 3: Following energy deposition, the atomic and molecular interactions by which said energy is converted into
scintillation light and ionization electrons [340]. (Top) Shows the two main processes by which light is produced,
either by excimer de-excitation or electron-ion recombination. (Bottom) Shows how deposited energy is converted to
measurable quantities such as ionization electrons, scintillation photons, or heat phonons.

electrons (e�) or nuclei to recoil, which we observe as they loose energy in the medium. This energy loss

results in an excited Xe⇤, Xe+ ions, and unbound ionization e� (Fig. 3). The excited Xe⇤ will combine with

a neutral Xe to form an excimer state Xe⇤2. This short-lived molecule Xe⇤2 will de-excite into two Xe while

emitting scintillation light, where this so-called S1 light emission is proportional to how much energy was

initially deposited and can be observed. Additionally, the e� energies are normally greater than the Coulomb

binding energy, which means there is some probability that they escape the volume containing the ions. If

they escape, there is an electric field that extracts the e
� from the interaction point, which is recorded as

the S2 ionization signal (Fig. 2). A major challenge for modeling photon and electron emission from energy

deposits in xenon relates to the e�s that do not escape. Recombination is ionization e�s recombining with

Xe+ ions, resulting in light emission not corresponding to the S1 molecular excimer de-excitement. Modeling

this e↵ect is critical as recombination pollutes the S1 light emission, where the relative amount of S1 light

emission and S2 ionization e� is used to infer how much energy was deposited in the medium and the initial

particle type.

Understanding the atomic and molecular states of xenon produced by radiation deposits has been an

extensive area of research for decades. The foundational works built models of these e↵ects that serves

as the basis of all applications of this technology [354–356]. There is also an extensive body of work in

understanding these models in the context of lab-based measurements [357–362]. Currently, the leading

group trying to reconcile various models at a range of energies depositions (10 keV to 10 MeV) across a

range of datasets is the NEST collaboration [363], which has had a series of works developing a universal

model [364–366], where the most recent model that the PI’s group co-developed was released in 2019 [367,

368]. These models are critical to understanding the signals observed in dark matter detectors as the key

challenge is di↵erentiating between 222Rn daughters and keV nuclear recoils (Fig. 4).
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Figure 4: The model that we have developed for understanding the detection reactions. Specifically, I show the
example of how we can predict the number of scintillation photons (Left) or ionization electrons (Right) resulting from
the process of an electron interacting with liquid xenon. This process will induce atomic and molecular changes in
the medium that produce detectable light and electrons, as explained in the text. The yields shown depend on our
models of these atomic and molecular processes. The results are shown for di↵erent electric fields as the probability
that an electron recombines with a Xe+ depends on the electric field.

3 Research Proposal Details

The main point of this proposal is that aforementioned excess shown in Fig. 1 and publication [6] used a

simplified model of the reactions that occur within the detector between new particles from the Sun and

liquid xenon, whereas a first-principles chemical model of the quanta would allow us to better understand

what e↵ect we are observing (e.g. is it dark energy or not per [5]?). More specifically, it has been claimed

by others in our field that we can improve our energy resolution at the energy of this excess by using and

improving upon the NEST modeling tool [271], which would allow us to resolve di↵erence in the energy

spectrum from various proposed theoretical model. As my team consists of scientists in both the NEST

modeling community and XENON, we have a unique opportunity to pursue this study.

The first step of the research is to improve the existing NEST model for the atomic and molecular

processes within XENON, and constrain this model on calibration data. There are two phases to improving

the model. The first phase is developing a model that is parameterized by the ratios of ion and excitons

ratio such that we can model the various reactions that excited xenon atoms can perform. A first-principle

model will allow us to measure key parameters, such as the occupancy of singlet and triplet states after an

excitation. The second phase is building an N-body simulation to model the dynamics of incident radiation

separately from the individual reactions that a single xenon atom or molecule can perform, where initial

studies indicate that we can model the yields shown in Fig. 4 using relatively small simulations. Such an

approach allows us to work with other chemists who specialize in xenon scintillators such that we can put

their models of individual atoms and molecules into our simulation. Additionally, we will constrain these

models by using well-known calibration datasets, such as radioactive tritiated methane.

The second step of the research is to apply this new model to our existing data to better understand the

excess. At present, we have accumulated a significant amount of new data with our upgraded detector. As

indicated in [271], using chemistry-aware modeling techniques will allow us to better discriminate statistically

between particles from our Sun and backgrounds such as tritium 3H. Our group is currently responsible for

the modeling of the e↵ects of 222Rn within our detector, which is the main background for observing the

solar core as Pb daughters may also � decay. We will use the new techniques that we are developing above

in the statistical analysis mentioned above such that we are constraining both properties of the anomaly

and the underlying chemical processes simultaneously. This would be the first such study.
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of the neutron model. The second modification improved
this model to correctly describe events with enlarged S1 due
to additional scatters in the charge-insensitive region below
the cathode. These events comprise 13% of the total neutron
rate in Table I. Third, we implemented the core mass
segmentation to better reflect our knowledge of the neutron
background’s Z distribution, motivated again by the neutron-
like event. This shifts the probability of a neutron
(50 GeV=c2 WIMP) interpretation for this event in the
best-fit model from 35% (49%) to 75% (7%) and improves
the limit (median sensitivity) by 13% (4%). Fourth, the
estimated signal efficiency decreased relative to the preun-
blinding model due to further matching of the simulated S1
waveform shape to 220Rn data, smaller uncertainties from
improved understanding and treatment of detector system-
atics, and correction of an error in the S1 detection efficiency
nuisance parameter. This latter set of improvements was not
influenced by unblinded DM search data.
In addition to blinding, the data were also “salted” by

injecting an undisclosed number and class of events in
order to protect against the fine-tuning of models or
selection conditions in the postunblinding phase. After
the postunblinding modifications described above, the
number of injected salt and their properties were revealed
to be two randomly selected 241AmBe events, which had
not motivated any postunblinding scrutiny. The number of
events in the NR reference region in Table I is consistent
with background expectations. The profile likelihood
analysis indicates no significant excesses in the 1.3 tons
fiducial mass at any WIMP mass. A p-value calculation
based on the likelihood ratio of the best fit including signal
to that of background only gives p ¼ 0.28, 0.41, and 0.22
at 6, 50, and 200 GeV=c2 WIMP masses, respectively.

Figure 5 shows the resulting 90% confidence level upper
limit on σSI, which falls within the predicted sensitivity
range across all masses. The 2σ sensitivity band spans an
order of magnitude, indicating the large random variation
in upper limits due to statistical fluctuations of the back-
ground (common to all rare-event searches). The sensitivity
itself is unaffected by such fluctuations, and is thus the
appropriate measure of the capabilities of an experiment
[44]. The inset in Fig. 5 shows that the median sensitivity of
this search is ∼7.0 times better than previous experiments
[6,7] at WIMP masses > 50 GeV=c2.
Table I shows an excess in the data compared to the total

background expectation in the reference region of the
1.3 tons fiducial mass. The background-only local p value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration of
alternate signal models. This choice is conservative, as it
results in a weaker limit.
In summary, we performed a DM search using an

exposure of 278.8 days × 1.3 t ¼ 1.0 ton yr, with an
ER background rate of ½82þ5

−3ðsystÞ & 3ðstatÞ' events=
ðton yr keVeeÞ, the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section σSI at
4.1×10−47cm2 for a mass of 30 GeV=c2, the most stringent
limit to date for WIMP masses above 6 GeV=c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 tons. The sensitivity will improve upon
this result by more than an order of magnitude.
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FIG. 5. 90% confidence level upper limit on σSI from this work
(thick black line) with the 1σ (green) and 2σ (yellow) sensitivity
bands. Previous results from LUX [6] and PandaX-II [7] are
shown for comparison. The inset shows these limits and corre-
sponding &1σ bands normalized to the median of this work’s
sensitivity band. The normalized median of the PandaX-II
sensitivity band is shown as a dotted line.
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