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1 APPENDIX A: WORK FUNCTION, EXCITON-ION RATIO, AND FANO FACTOR

This appendix presents the origins of the density-dependent work function for total quanta Wq and the
high-E asymptote of the exciton-to-ion ratio Nex/Ni implemented within NEST, as well as the Fano-like
factor for total quanta, all for ER. Note that Figure S1 uses a 21.8 eV normalization for Wi, reported as
going to 1.00 as ρ → 0 g/cm3 in [1] and [2]. That value is based upon averaging three values reported in
the same sources without recorded error bars: 21.5 and 22.1 (originally from [3], and also the ICRU value)
in the former source and 21.9 in the latter. It represents 1 / Qy as E →∞. (Wq <Wi by definition.)

Figure S1. Left: The ionization work function, Wi, as a function of the density for GXe (gaseous Xe) as
hollow red circles [2] normalized to Wi,0 = 21.8 eV, and converted to Wq in cyan based upon Nex/Ni =
0.0674 + 0.0397ρ, the simplest way to account for a value of 0.06–0.07 for room-temperature/pressure
gas [4] and the highest fit value for LXe at the highest Es in LXe, 0.20 [5]. That linear dependence of
Nex/Ni on ρ also serves to flatten the curvature of the W dependence, allowing for a linear fit, though with
densities between 0.5 and 1 still “bulging” past the line (NEST previously utilized a sigmoid but abandoned
it for simplicity, given the unknown errors on the data and an ad hoc exciton-ion ratio dependency.) Middle:
the same corrected data repeated in cyan and same fit, but with data from condensed Xe (liquid and
solid) added as solid circles. The only known data point for solid Xe [6] is the lowest / right-most, at an
unknown ρ (taken to be 3.41 [7], but with an uncertainty spanning 3.1–3.64). The high-Wq point above
3 g/cm3 without an error is part of the same [2] data set as the GXe points. A new two-point fit to only
LXe data points, those agreeing on a higher Wq near 2.88 averaged together, and the single point at 3.06,
is introduced as a solid cyan line (the original repeated as a dashed line). Due to the uncertainty in the
normalization of the hollow circles (GXe) the new steeper line may still agree with them. Right: A blow-up
of LXe data points, with all high-Wq points below 3 g/cm3 that were merged (error-weighted average) into
one point in the middle plot now separated, broken down by source in the legend: pink [6], red [8], orange
[9], yellow [4; 10; 11; 12]. The remaining, from top to bottom, are: [2; 5; 13; 14; 15; 16; 17; 18; 19].

A reduction in Wq with density and between the gaseous and condensed phases is observed in nearly
all noble elements [1], meaning it takes less E to either excite or ionize atoms as they get closer together.
Additionally, Nex/Ni appears to increase with ρ. This suggests that as mass density increases ionization
density does as well, and recombination becomes stronger, resulting in a component of it that is near-
immediate and can be modeled as direct excitation. This is known as Onsager or geminate recombination,
and is effectively the opposite of volume or columnar recombination [20]. Another possibility, as mentioned
in Section 2.2, is that Wi and Wex must be considered separately. That would complicate the definition of a
combined-E scale for energy reconstruction, useful for any phase. It relies on strict anti-correlation.
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Next, we cover the Fano-like factor Fq for variation in total quanta in greater depth than in the main
body of the text, plus the excitation / recombination fluctuations again. For the former, the origins of its
density, field, and E dependences are presented in Figure S2 from left to right. Resolution here is defined
as Gaussian width divided by median. The full width half max (FWHM) is used for the first plot, as that is
how its data were originally reported, and standard deviation is used for the others. Results from 137Cs are
displayed, one of the most common past standard candles after 57Co. Xe gas and supercritical fluid at room
temperature but distinct pressures are represented in the left pane (up to > 60 bar, corresponding to about
1.8 g/cm3) while the other two are for liquid, where the standard NEST recombination fluctuations for LXe
(σp = 0.04–0.09) are applied, dependent on E and E.

The recombination fluctuations, which become canceled out on a combined-E scale, were historically
often conflated with Fq. Effective Fph and Fe− (aka Fsc and Fi) can still be defined, with enormous but
inconsequential values: 60 and 20 for the 137Cs example, at 1000 V/cm in LXe, matching [21].

Aprile
et al.
2007/8

Figure S2. Left: The ionization-only resolution of 137Cs gamma rays in GXe at 7 kV/cm vs. density [2] in
red, with approximate error band (note: these same data feature prominently in [21]). At very low densities
there is nearly no recombination: S1 comes only from excitations at this very high field, but Nex/Ni is low
too (near 0.06). Thus, resolution in this flat region is driven almost exclusively by low Fq = 0.1− 0.2 ⪅ Fi.
To follow F ’s ρ dependence, featured in Eq. (7) in the main text, a cubic spline was fit to discrete F s
measured or predicted (calculated) for xenon as a low-pressure gas, supercritical fluid, liquid, and solid,
featured in Table 2.4 of [1]. NEST (cyan) was intentionally not fit to the red, to see if it could be predicted.
As a result it does not quite agree on the ρ at which resolution begins to depart from flatness, at O(100)
bar, and has some disagreement at moderate ρs (though no actual major experiments operate under such
conditions any longer). The dashed cyan line represents only binomial recombination fluctuations, with the
closest fit to real data achieved with a non-zero value of the non-binomial contribution (solid lines) thus
demonstrating that these matter even in a gas or a van der Waals fluid not just true liquid, at sufficiently
high densities. Energy resolution is not driven by just Fq, when considering only a single channel such as
ionization alone. Middle: Resolution as a function of E for LXe (2.9 g/cm3) for the same fixed E = 662 keV
and particle (γ) again, for both ionization (S2, green) and scintillation (S1, red) now, as well as for the
combined-E scale (blue) that merges the information from both to create the best-possible resolution
/ lowest width [22]. Default NEST options reproduce real data well, but without the Fq square-root E
dependence from Eqn. (7) in the text the final resolution is seriously underestimated: 1.1–1.2 compared to
1.5–2.0% in reality. Another option for matching data with NEST is presented where Fq ≈ 0 and linear
noise terms are added to represent unknown detector effects, which the “predicted” points from Aprile
were meant to address. In all NEST options presented, g1 = 0.05, typical for the time of data collection,
and 40 V/cm stands in for 0 V/cm (impossible to directly model within NEST, as explained in the text).
Note that [2] also has LXe data, and found 2.9% (converted from FWHM) resolution at 7000 V/cm, in
good agreement with the asymptotic behavior of the S2s seen in this plot. Right: With density (LXe) and
field (730 V/cm) both fixed now this is the E dependence, for XENON10 [15]. Two NEST options are
presented: the default, plus usage of Gaussian noise terms again, at Fq = 0.03 (no E nor E dependence,
only ρ). At 662 keV, the measured S1, S2, and total (E) resolutions were 10.8, 5.1, and 2.2%, respectively,
all comparable to the 1 kV/cm results from the middle plot.
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2 APPENDIX B: TABULATION OF NEST MODEL PARAMETERS
In this appendix, we provide tables detailing the functions and model parameters used in NEST for LXe
yields from β ER, γ ER, NR, as well as their fluctuations. NEST has additional models for 83mKr ER as
well as NR from non-Xe nuclei (including α decay), findable in code on GitHub [23].

Table S1. Table of NEST model parameters comprising the β ER yield models for charge, as shown in Equation (5), and light.

m1 Stitching-region yield for β ER charge yields between low and high energies,
depending on field and density: m1 = 30.66+(6.20−30.66)/(1+(E/73.86)2.03)0.42
at a typical LXe density. Takes values O(10 keV−1) for O(100 V/cm) fields.

m2 Low-energy asymptote of the β ER charge yield equation. Default value is
approximately 77.3 keV−1.

m3 Controls the energy-dependent shape of the β charge yields in the low-energy
(Thomas-Imel) regime: m3 = log10(E) · 0.14 + 0.53. Field-dependent function,
with values of approximately 0.8-1.5 keV for O(100 V/cm) fields.

m4 Field-dependent control on the energy-dependent shape of the β charge yields at
lower energies: m4 = 1.82 + (2.83 − 1.82)/(1 + (E/144.65)−2.81). Takes values
from approximately 2.0-2.8 for O(100 V/cm) fields.

m5 High-energy asymptote of the β charge yield model. Defined as: m5 = 1
W · [1 +

Nex/Ni]
−1 −m1 (See Ref. [24].)

m6 Low-energy asymptote of the higher-energy behavior for β ER charge yields.
Degenerate with m1 and explicitly set to 0 keV−1.

m7 Field-dependent scaling on the behavior of the β charge yields at higher energies:
m7 = 7.03 + (98.28 − 7.03)/(1. + (E/256.48)1.29). Takes values O(10 keV) for
O(100 V/cm) fields.

m8 Control on the energy-dependent shape of the β charge yields at higher energies. The
default value is a constant, 4.3.

m9 Asymmetry control on the low-energy behavior. The default value is a constant, 0.3.
m10 Asymmetry control on the high-energy behavior of the β charge yields model: m10 =

0.05 + (0.12 − 0.05)/(1 + (E/139.26)−0.66). Field-dependent function that takes
values ∼0.1 for O(100 V/cm) fields.

Table S2. Table of NEST model parameters comprising the γ ER yield models for light and for charge, reusing Equation (5) from the β ER yields.

m1 Field-dependent function controlling the transition between lower and higher energies:
m1 = 34.0 + (3.3− 34.0)/(1 + (E/165.3)0.7).

m2 Low-energy asymptote of the γ ER charge yield equation, defined as 1/Wq in units of
keV−1.

m3 Controls the energy-dependent shape of the γ charge yields in the low-energy
(Thomas-Imel) regime; a constant value of 2 keV is used.

m4 Control on the energy-dependent shape of the γ charge yields at lower energies; a
constant power of 2 is used.

m5 High-energy asymptote of the γ charge yield model. Defined as: m5 = 23.2+(10.7−
23.1)/(1 + (E/34.2)0.9).

m6 Low-energy asymptote of the higher-energy behavior for γ ER charge yields.
Degenerate with m1 and explicitly set to 0 keV−1.

m7 Field-dependent and density-dependent scaling on the behavior of the γ charge yields
at higher energies: m7 = 66.8 + (829.3− 66.8)/(1 + (ρ8.2 · E/(2.4 · 105))0.8).

m8 Control on the energy-dependent shape of the γ charge yields at higher energies.
Default value is a constant power of 2.

m9 Asymmetry control on the low-energy behavior: unused for γ ER yields and set to
unity.

m10 Asymmetry control on the high-energy behavior of the γ charge yields model: unused
for γ ER yields and set to unity.
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Table S3. Table of NEST model parameters comprising the NR mean yield models: for total quanta, charge, and light, as shown in Equations (9), (12), and (13).

a Scaling on NR total quanta. Default value is 11+2.0
−0.5 keV−b.

b Power-law exponent for the NR total quanta. Default value is 1.1 ± 0.05.
ς Field dependence in NR light and charge yields, with mass-density-dependent scaling

(Equation (11)).
ρ0 Reference density for scaling density-dependent NEST functions: 2.90 g/cm3.
v Hypothetical exponential control on density dependence in ς; the default value is 0.3.
γ Power-law base for the field dependence in ς . Default value is 0.0480 ± 0.0021.
δ Power-law exponent in the field dependence in ς; default value is -0.0533 ± 0.0068.
ϵ Reshaping parameter for NR charge yields, controlling the effective energy scale at

which the charge yield behavior changes. The default value is 12.6+3.4
−2.9 keV.

p Exponent which controls the shape of the energy dependence of the NR charge yields
at energies greater than O(ϵ). Default value is 0.5.

ζ Controls the energy dependence of the NR charge yields roll-off at low energies.
Default value is 0.3 ± 0.1 keV.

η Controls energy-dependent shape of the NR charge yields roll-off at low energies.
Default value is 2 ± 1.

θ Controls the energy dependence of the NR light yields roll-off. Default value is 0.30
± 0.05 keV.

ι Controls the shape of the energy dependence of the NR light yields roll-off. Default
value is 2.0 ± 0.5.

Table S4. Table of NEST model parameters for different types of fluctuations for ERs and NRs.

Fq Fano-like factor for statistical fluctuations. For ERs, this is proportional to
√
E · E ;

see Equation (7). For NRs, this is separated into fluctuations for Nex and Ni; the
default value is 0.4 for both in NEST v2.3.11, while the values were 1.0 in previous
NEST versions. (Fex was underestimated to be conservative for low-mass WIMPs.)

σp Non-binomial contribution to recombination fluctuations, modeled as a skew Gaussian
in electron fraction space.

A Amplitude of non-binomial recombination skew Gaussian. For NRs, this is a constant
0.04 (v2.3.11) or 0.1 (v2.3.10). For ERs, it is field-dependent: A = 0.09 + (0.05−
0.09)/(1 + (E/295.2)251.6)0.007), where 0.05 was 0.055 in 2.3.10

ξ Centroid-location parameter of the non-binomial recombination skew Gaussian.
Default value for ERs is an electron fraction of 0.45, but 0.5 for NRs.

ω Width parameter for the non-binomial recombination skew Gaussian. Takes value of
0.205 for ERs and 0.19 for NRs.

αp Skewness parameters for the non-binomial recombination skew Gaussian. Takes the
value -0.2 for ERs, while being zero for NRs.

αr Additional skewness in the recombination process itself. Field- and energy- dependent
equations can be found in Ref. [25] for ERs, while this is fixed at 2.25 for NRs, with
evidence of higher values in [25].
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