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Ugo Fano

The Fano factor describes the dispersion of ionization
processes

F ≠ 1: for a charged particle slowing down the
probability of successive collisions is not independent,

energy loss mechanisms other than ionization
are possible

First explained by U. Fano in 1947, based on
calculation with electron scattering cross sections [16]
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Ugo Fano

Medium F Reference

Si
0.155 ± 0.002 (3 keV e-) [28]

0.134 ± 0.003 (F-Kα) [26]

Ar
0.23 ± 0.05 (55Fe) [21]

0.20 ± 0.02 (5.3 MeV α) [22]

Ar+0.8% CH4 0.19 (5.68 MeV α) [3]

Xe (gas) 0.170 ± 0.007 (soft x-rays) [30]

Xe (liquid) 0.033 ± 0.045 [31]

Ge 0.121 ± 0.001 (Al-Kα) [26]

Since then, many
measurements of F in

different substances have
been made:

A. Hashiba et al., NIM A 227(2), 305–310 (1984).
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F = 0.2 for ionization

+ Gaussian noise

with σ = 0.5

Gaussian with same

“effective F”

At high energies, it is valid to fold ionization fluctuations in with resolution effects (i.e.
baseline noise), to give an overall model with an effective F
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F = 0.2 for ionization

+ Gaussian noise

with σ = 0.5

Gaussian with same

“effective F”

Primary ionization must be

modelled directly when ~1

ionization is expected

We need a discrete distribution:

At high energies, it is valid to fold ionization fluctuations in with resolution effects (i.e.
baseline noise), to give an overall model with an effective F



Who does this problem affect?
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NEWS-G [5]

SuperCDMS

single charge

device [2]

Edelweiss [4]

DAMIC [13]

SENSEI [34]

Darkside50 [1]

Any detector which measures ionization, operating in an
energy regime too low to be modelled with Gaussian

Q. Arnaud et al. (NEWS-G Collaboration), Phys. Rev. D 99, 102003 (2019)
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Any detector which measures ionization, operating in an
energy regime too low to be modelled with Gaussian

R. Agnese et al. (SuperCDMS Collaboration),
Phys. Rev. Lett. 121, 051301 (2018)

NEWS-G [5]

SuperCDMS

single charge

device [2]

Edelweiss [4]

DAMIC [13]

SENSEI [34]

Darkside50 [1]
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Any detector which measures ionization, operating in an
energy regime too low to be modelled with Gaussian

E. Armengaud et al. (EDELWEISS Collaboration),
Phys. Rev. D 99, 082003 (2019)

NEWS-G [5]

SuperCDMS

single charge

device [2]

Edelweiss [4]

DAMIC [13]

SENSEI [34]

Darkside50 [1]
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Any detector which measures ionization, operating in an
energy regime too low to be modelled with Gaussian

M. Crisler et al. (SENSEI Collaboration),
Phys. Rev. Lett. 121, 061803 (2018)

NEWS-G [5]

SuperCDMS

single charge

device [2]

Edelweiss [4]

DAMIC [13]

SENSEI [34]

Darkside50 [1]
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Any detector which measures ionization, operating in an
energy regime too low to be modelled with Gaussian

P. Agnes et al. (DarkSide Collaboration),
Phys. Rev. Lett. 121, 081307 (2018)

NEWS-G [5]

SuperCDMS

single charge

device [2]

Edelweiss [4]

DAMIC [13]

SENSEI [34]

Darkside50 [1]
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Calculations based on electron scattering
cross sections confirm that at high energy F

approaches an asymptotic limit [3,19,20]

At low energies, F is expected to tend to 1

B. Grosswendt and E. Waibel,
Radiation Protection Dosimetry

13(1–4), 95–102 (1985).

B. Grosswendt, J. Phys. B 17(7),
1391–1404 (1984).
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To treat F as a systematic, a modelling distribution defined at
every point* in this parameter space is needed
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To treat F as a systematic, a modelling distribution defined at
every point* in this parameter space is needed

*Empirically we know

that F < 1
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To treat F as a systematic, a modelling distribution defined at
every point* in this parameter space is needed

*The “Bernoulli modes” are

the lowest possible F for a

given value of μ for any

discrete distribution



Possible models - Binomial distribution
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Bernoulli modes

Binomial distributions

(for n < 2000)

The Binomial distribution is an intuitive guess for a possible model

However it covers μ/F parameter space very sparsely at low μ and F



The Weighted Double Binomial
(WDB) distribution [2] covers much
more of μ/F space. However it still
leaves gaps in a critical regime

Possible models - WDB distribution
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Bernoulli modes

Binomial distributions

(for n < 2000)

WDB distribution



Possible models - WDB distribution
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R. Agnese et al. (SuperCDMS Collaboration),
Phys. Rev. Lett. 121, 051301 (2018)

The Weighted Double Binomial
(WDB) distribution [2] covers much
more of μ/F space. However it still
leaves gaps in a critical regime



Possible models - WDB distribution
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F for Neon [19]

Forbidden for

WDB distribution

Bernoulli modes

The WDB distribution [2] covers
much more of μ/F space

However it still leaves gaps in a
critical regime

Consider theoretical expectations
of F vs. μ [20]
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Many other distributions to consider:

 Negative binomial distribution
→ Only defined for F > 1 [17]

 Generalized Poisson
→ Not defined for F < 0.25 [10]

 Double Poisson
→ Requires truncation, not a true PMF [29]

 Weighted Poisson with 3 or more parameters
→ Non-physical parameters, very

complicated [14]

P.C. Consul and G.C. Jain,  Technometrics
15(4), 791–799 (1973).
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The COnway Maxwell - Poisson (COM-Poisson) distribution [11]:

Many applications in other fields for modeling over and under-dispersion:

» Queuing systems [11]
» Linguistics: modelling word lengths [8]
» Marketing studies and online sales modelling [33]
» Vehicle crash statistics at types of intersections [25]
» Ecology: bird egg production/nest sizes [32]

... However it is new to physics!
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The COnway Maxwell - Poisson (COM-Poisson) distribution [11]:

It is defined at every point in μ/F space
(including over-dispersion)

Mean and variance given by [27]:

Higher moments calculated with:

(Defined at all points)

ν < 1

ν > 1



The COM-Poisson distribution
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The problem...

???



Using COM-Poisson
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At high μ/F, there are asymptotic
expressions that can be used to

solve for the distribution
parameters [27]

Accurate to ≤ 0.01% in μ and F
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At high μ/F, there are asymptotic
expressions that can be used to

solve for the distribution
parameters [27]

Accurate to ≤ 0.01% in μ and F

At low μ/F, a 2D optimization
algorithm is used to find the

correct values of λ and ν
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At high μ/F, there are asymptotic
expressions that can be used to

solve for the distribution
parameters [27]

Accurate to ≤ 0.01% in μ and F

At low μ/F, a 2D optimization
algorithm is used to find the

correct values of λ and ν

Results are stored in look-up
tables for quick interpolation,

accurate to ≤ 0.1%

Tables and code to use them
available at:

https://news-g.org/com-
poisson-code/

D. Durnford, Q. Arnaud, and G. Gerbier
Phys. Rev. D 98, 103013 (2018)

https://news-g.org/com-poisson-code/
https://news-g.org/com-poisson-code/


Suitability of COM-Poisson

Daniel Durnford              PHYSTAT 2019         26/52

We can compare the theoretically predicted behaviour of F to what is possible for
COM-Poisson, other models: COM-Poisson is defined where F(μ) is expected

B. Grosswendt, J. Phys. B 17(7), 1391–1404 (1984).

F vs. E for Neon

(COM-Poisson is defined at all

possible points)

F for NeonF for Neon [19]

Forbidden for WDB

distribution

Bernoulli modesBernoulli modes
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We can also examine other distribution shape parameters:
Compare higher moments along expected F(μ) curve

B. Grosswendt, J. Phys. B 17(7), 1391–1404 (1984).

(COM-Poisson is defined at all

possible points)

F for NeonF for Neon [19]

Forbidden for WDB

distribution

Bernoulli modesBernoulli modes

Central distribution

moments vs. E for

Neon
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We can compare the shape of COM-Poisson to theory: Skewness:

(Excess) Kurtosis:

γ1  > 0

γ1  < 0

γ2  > 0

Normalγ2  < 0
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We can compare the shape of COM-Poisson to theory: Skewness:

(Excess) Kurtosis:

γ1  > 0

γ1  < 0

γ2  > 0

Normalγ2  < 0
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...Empirical support is still
needed



The NEWS-G dark matter experiment
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Low-A target atoms increase
sensitivity to low-mass

dark matter

Low intrinsic capacitance:
(C ≈ 0.3 pF)

High amplification gain
from Townsend avalanche

Energy thresholds
of ~10 eV!

Spherical Proportional Counters (SPCs) to search for low-mass dark matter



PRELIMINARY

NEWS-G

@ SNOLAB

Preparing for NEWS-G @ SNOLAB
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Assumptions:
Ne + 10% CH4, Exposure: 20 kg days, F = 0.2, θ = 0.12,
SRIM quenching factor, Background: 1.78 dru, ROI: 14 eVee - 1 keVee

Optimum Interval Method

NEWS-G is preparing to install a new detector at SNOLAB

Expected to be sensitive to WIMP masses ~100 MeV using H-rich gas
and an energy threshold < 50 eVnr

Currently being tested at the

Laboratoire Souterrain de Modane



Spherical Proportional Counters
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Q. Arnaud

(1) Primary Ionization

(2) Drift of charges

Typical drift time surface -> sensor:
~ 100 µs

(3) Avalanche of secondary

 e-/ion pairs

Amplification of signal through
Townsend avalanche
(proportional to V)

(4) Signal formation

Current induced by the secondary
ions drifting away from anode

(5) Signal readout

Induced current integrated by a charge
sensitive pre-amplifier and digitized

(Neon: Wγ ~ 36 eV, Q ~ 0.2)
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Q. Arnaud

(1) Primary Ionization

(2) Drift of charges

Typical drift time surface -> sensor:
~ 100 µs

(3) Avalanche of secondary

 e-/ion pairs

Amplification of signal through
Townsend avalanche
(proportional to V)

(4) Signal formation

Current induced by the secondary
ions drifting away from anode

(5) Signal readout

Induced current integrated by a charge
sensitive pre-amplifier and digitized

(Neon: Wγ ~ 36 eV, Q ~ 0.2)
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SPC detector response model
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The distribution of the number of
avalanche pairs S is roughly exponential

It is thought to be well-described by the
Polya distribution [7,24,35], with shape
parameter θ



SPC detector response model
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If the avalanche response of each
primary electron is independent, then

the avalanche response is the nth

convolution of Polya [5].



SPC detector response model
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Analytical formula for

overall detector response

This example:
F = 0.2, θ = 0.1

(Loss of signal at low energy
because non-zero probability
of having 0 primary electrons)



There’s degeneracy
between primary and
secondary ionization for
SPCs:

Difficult (impossible?) to
simultaneously fit avalanche
response and COM-Poisson

We want a calibration
source that only includes
one process to disentangle
them

SPC detector response model
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Expected values of F ≈ 0.2 and θ ≈ 0.1



UV laser setup
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A powerful UV laser capable of
extracting 100s of electrons

Tunable transmission
to control the mean
number of electrons

Parallel photo-detector
to tag laser events

Common DAQ for timing analysis
between two channels

Q. Arnaud et al. (NEWS-G Collaboration), Phys. Rev. D 99, 102003 (2019)



Single electron response characterization
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Q. Arnaud et al. (NEWS-G), Phys. Rev. D 99, 102003 (2019)

Data Parameters:

Ne + 2% CH4
P = 1.5 bar
HV = 1200 V

Fit results:

θ = 0.09 ±0.02
<G> = 30.26 ± 0.21
ADU
χ2/ndf = 0.97

The excellent fit validates the avalanche response model [5]:

(This is then convolved with a Gaussian to incorporate baseline noise)
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Q. Arnaud et al. (NEWS-G), Phys. Rev. D 99, 102003 (2019)

Data Parameters:

Ne + 2% CH4
P = 1.5 bar
HV = 1200 V

Fit results:

θ = 0.09 ±0.02
<G> = 30.26 ± 0.21
ADU
χ2/ndf = 0.97

The fit works for large values of μ as
well as small, despite the degeneracy

between contributions

The excellent fit validates the avalanche response model [5]:

(This is then convolved with a Gaussian to incorporate baseline noise)



37Ar measurements
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At 270 eV:
W = 27.6 eV/pair
F = 0.26

At 2.82 keV:
W = 27.6 eV/pair
F = 0.19

Best-fit values [5]

The W-value at 2.82 keV (calculated from <G>), θ, and branching ratios BR were fixed for this fit

37Ar: radioactive gas, decays via electron capture [23].
W-value measurement performed in 1.5 bar of Ne + 2% CH4 [5]. Simultaneous operation

of the UV laser also disentangles primary and secondary ionization.



37Ar measurements
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In particular, the fit of the L-shell gives empirical support for COM-Poisson

From best fit values [5]

λ = 1.03x104 μ = 9.79

ν = 3.99 F = 0.261
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What impact can the
Fano factor have?



The impact of the Fano factor
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Consider a hypothetical neon experiment with a finite energy threshold and Gaussian
energy resolution of given width:

In these cases, the effect of the Fano factor is relatively small

At low DM mass, the expected signal is dominated by Bernoulli-mode events
At high DM mass, energy resolution has no effect on signal acceptance



The impact of the Fano factor on NEWS-G
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OI Method: 1000 MCs
Gas: Ne + 10% CH4

ROI: 0.5 e- → 1 keVee

Response: θ = 0.12
Background: 1.67±0.5 dru

Exposure: 20 kg.days

NEWS-G projected limits
for SNOLAB with Ne +
10% CH4 are produced
with the Optimum
Interval Method

The Fano factor has very
little impact in this case
as well (low energy
threshold and broad
resolution scenario)



The impact of the Fano factor
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In cases where a detector has good energy resolution and a “high” energy threshold,
F can have a large impact on sensitivity to low-mass DM



The impact of the Fano factor
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This situation is realistic for some current direct detection experiments:

DarkSide-50 [1]
 4/7 e- threshold
binomial/no fluctuations
Profile Likelihood, 6786 kg days

COM-Poisson with σ =
0.22 e- Gaussian noise

4e- threshold

Same ionization yield [9]

Poissonian limit,
exposure equivalent to
1/√Exposure background
subtraction



The impact of the Fano factor
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New parameter spaces are
being probed in which F has
a more direct impact:

I.e. dark matter scattering
with electrons [2,4,34]

In analyses where regions of
interest are defined in terms
of # of ionizations (rather
than deposited energy), then
F could dramatically affect
claimed limits

O. Abramoff et al. (SENSEI Collaboration), Phys. Rev. Lett. 121, 161801 (2019)



» Modeling ionization fluctuations at low energy is a relevant issue for
low-mass dark matter direct detection experiments

» The COM-Poisson distribution is a possibly suitable model for this
purpose

» Code to use COM-Poisson for modeling primary ionization is publicly
available (https://news-g.org/com-poisson-code/)

» Ar-37 calibration data from NEWS-G provides some empirical support
for this choice of model

» In some cases (such as for NEWS-G), the Fano factor does not have a
significant impact on low-mass dark matter sensitivity

» In other cases, it could have a significant impact, and a model such as
COM-Poisson could be used to incorporate F as a systematic

Summary
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Queen’s University Kingston - G Gerbier, P di Stefano, R Martin, G Giroux, S Crawford, M Vidal, G Savvidis, A Brossard,
F Vazquez de Sola, Q Arnaud, K Dering, J McDonald, M Chapellier, A Ronceray, P Gros, A Rolland, C Neyron, JF Caron
  - Copper vessel and gas set-up specifications, calibration, project management
  - Gas characterization, laser calibration on smaller scale prototypes
  - Simulations/Data analysis

IRFU (Institut de Recherches sur les Lois fondamentales de l’Univers)/CEA Saclay - I Giomataris, M Gros,
T Papaevangelou, JP Bard, JP Mols
  - Sensor/rod (low activity, optimization with 2 electrodes)
  - Electronics (low noise preamps, digitization, stream mode)
  - DAQ/soft

LSM (Laboratoire Souterrain de Modane), IN2P3, U of Chambéry - M Zampaolo, A DastgheibiFard
  - Low activity archaeological lead
  - Coordination for lead/PE shielding and copper sphere

Aristotle University of Thessaloníki - I Savvidis, A Leisos, S Tzamarias
  - Simulations, neutron calibration
  - Studies on sensor

LPSC (Laboratoire de Physique Subatomique et Cosmologie) Grenoble - D Santos, JF Muraz, O Guillaudin
  - Quenching factor measurements at low energy with ion beams

Pacific Northwest National Laboratory - E Hoppe, R Bunker
  - Low activity measurements, copper electro-forming

RMCC (Royal Military College of Canada) Kingston - D Kelly, E Corcoran
  - 37Ar source production, sample analysis

SNOLAB Sudbury - P Gore, S Langrock
  - Calibration system/slow control

University of Birmingham - K Nikolopoulos, P Knights, I Katsioulas,
R Ward
  - Simulations, analysis, R&D

University of Alberta - MC Piro, D Durnford
  - Gas purification, data analysis

Associated labs: TRIUMF - F Retiere

Thank you!

The NEWS-G Collaboration
(November 2018)
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COM-Poisson



Mean and variance
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Skewness and Kurtosis
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For COM-Poisson, there are asymptotic approximations already
known:

As well as a recursive formula to calculate the higher distribution
moments very easily:



Bernoulli Modes
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To prove that this is true for
COM-Poisson, take a grid of
points in λ and ν,

Then map those points to
the mean and variance
plane



Bernoulli Modes
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To prove that this is true for
COM-Poisson, take a grid of
points in λ and ν,

Then map those points to
the mean and variance
plane

The Bernoulli modes appear!

You cannot go into this
forbidden parameter space!

Bernoulli Modes



Parameter Space
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Asymptotic regime
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At larger values of mean, there is an asymptotic formula that gives us a closed form
expression for the mean and variance! No need to use the minimization algorithm here!



Asymptotic regime
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Nominally this
approximation is valid

when:

For us, it is valid to
accuracy of 10-4 for all F

above a μ of 20

Accuracy of asymptotic expression



Look-up tables
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Design of Table

The goal is to guarantee accuracy
to within a given distance of the
Bernoulli modes

We linearly interpolate points, so
we have to guarantee that linear
interpolation is good to given
distance from Bernoulli modes

Therefore we have to have some
points within given distance of
Bernoulli modes

Table point density such that each
time a F-line crosses a Bernoulli
mode, it is bounded by points
within D = 0.1% of Bernoulli mode

If any    within Bernoulli mode
and      not, then “point
within D of Bernoulli mode”



Look-up tables
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Accuracy of Look-up tables
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Test done by choosing N random points in μ/F space, calculating resulting error
using COM-Poisson code.

The look-up tables were iteratively corrected to ensure < 0.1% precision



Fitting theoretical ionization distributions
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B. Grosswendt, J. Phys. B 17(7),
1391–1404 (1984).

No goodness of fit performed, but
apparent agreement with simulated
ionization distributions.

In the future, it could be tested against
modern simulation packages (i.e.
Garfield++)



Signal acceptance
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The size of the impact of F as a systematic can be understood intuitively by
considering the signal acceptance near an energy threshold:

» At the single ionization/Bernoulli regime, allowed values of F converge, so the
impact is small (i.e. low WIMP mass, low threshold)
» F will have a greater impact on signal acceptance if it dominates overall resolution
» At high WIMP mass, signal acceptance is ~ 1
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Ionization statistics models



WDB Model
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A weighted sum of 2 binomial distributions:

For the binomial distribution:

Define parameters fir two nearest binomial distributions:

Add weighted according to distance between desired F and possible binomials:



WDB Model
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WDB equations:

You get the correct μ and F by construction, wherever WDB (ΔF) is defined



Comparing skewness and kurtosis - WDB - WDB
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Changes from

left-tailed to

right-tailed!

Left-tailed in important

region of parameter space



Comparing skewness and kurtosis  - COM Poisson- COM Poisson
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Always right-tailed



Comparing skewness and kurtosis - WDB - WDB
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Changes dramatically with F

(remember, this represents the

probability of having outlier events!)



Comparing skewness and kurtosis  - COM Poisson- COM Poisson
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Always a little tail-heavy
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UV Laser Calibration



Laser power fluctuations
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~10% dispersion in laser pulse size

The laser power varies O(10%) from pulse to pulse

We deal with this problem by dividing data into subsets with fixed photo-detector
amplitude ±5%



Laser power fluctuations
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The laser power varies O(10%) from pulse to pulse

We deal with this problem by dividing data into subsets with fixed photo-detector
amplitude ±5%

We disentangle the photo-detector resolution from laser power fluctuations by
testing against a second photo-detector

Resolution of photo-detector is
small compared to power
fluctuations



Data with varying laser intensity
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Q. Arnaud et al. (NEWS-G), Phys. Rev. D 99, 102003 (2019)

This allows for combined fitting of data subsets, as well as data with different laser intensities:

The expected # of PE
varies linearly with
laser intensity

Single and joint fits are in agreement

Individual Fits Joint Fits

θ
μ

χ
2
/N

D
F

<
G

>

PD Amplitude [ADU] PD Amplitude [ADU]

PD Amplitude [ADU] PD Amplitude [ADU]



Trigger efficiency
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Q. Arnaud et al. (NEWS-G), Phys. Rev. D 99, 102003 (2019)

The laser can be used to
directly measure the efficiency

of our triggering algorithm

Method 1:
SPC-triggered spectrum divided by
photo-detector triggered spectrum (this
does not account for null laser events)

Method 2:
Fit total spectrum (0 PE + > 0 PE
events), then fit > 0 PE spectrum
multiplied by error function with <G>,
θ, and σ fixed.

Demonstration of ~10 eV
energy threshold:

16 eV in this example



Detector monitoring
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Q. Arnaud et al. (NEWS-G), Phys. Rev. D 99, 102003 (2019)

The laser can be used to
monitor the detector response

during physics runs

37Ar 2.82 keV peak with correction

37Ar 2.82 keV peak

Laser events

Long-term fluctuations in gain can be
caused by temperature changes, O2

contamination, sensor damage...

Laser monitoring data could even be used
to correct for long-term fluctuations
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NEWS-G



First results from NEWS-G
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Competitive low-mass WIMP limit with a neon

target at the Laboratoire Souterrain de Modane

3.1 bars of Ne
+ 0.7% CH4

42 days of data

Q. Arnaud et al. (NEWS-G), Astropart. Phys. 97, 54 (2018).

60cm ø
SPC



Pulse treatment
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10 keVee

deconvolved
pulse

Deconvolve for amplifier response
and ion-induced current10 keVee raw pulse



Ongoing measurement campaigns at:

Deuterium from a TANDEM accelerator
used to produce neutrons: D(D,n)3He

Deuterium
gas cell

Deuterium
beam

Neutrons

15cm SPC

Beam monitor

Scattered neutrons

Quenching factor measurements
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M. Vidal

Neon measurement campaign:

Good data at 0.7 keVnr

Working on 0.3 keVnr!



Production of 37Ar

Daniel Durnford              PHYSTAT 2019            E33

D.G. Kelly et al. Journal of Radioanalytical and Nuclear
Chemistry 318(1), 279 (2018).

SLOWPOKE-II Reactor at
the Royal Military College
of Canada

Collaborators at the RMCC produce samples with a fission reactor:

Source produced in an oxygen-free environment

Counting of gaseous and solid by-products
allows for indirect measurement of 37Ar
production

40Ca(n,α)37Ar
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