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Thanks to the fast-growing field of dark matter searches 
with liquid xenon, data for low energy are growing.  

Xenon� Light� Charge�

Nuclear 
Recoils�

Chepel (1999) 
Arneodo (2000) 
Akimov (2002) 
Aprile (2005) 
Aprile (2009) 
Manzur (2010) 
Plante (2011) 
Lin (2015) 
LUX DD (2015) 
PIXey (2015) 

Columbia (2006) 
Case (2006) 
Sorensen (2009) 730 V/cm 
XENON10 (2010) 730 V/cm 
Manzur (2010) 
XENON100 (2013) 530 V/cm 
ZEPLIN-III 
Lin (2015) 
LUX DD (2015) 
PIXey (2015) 

Electronic 
Recoils�

Obodovskii (1994) 
Dahl (2009) 
Manalaysay (2010) 
Aprile (2012) 
Baudis (2013) 
Lin (2015) 
PIXey (2015) 
NeriX (2015)�

Dahl (2009) 
Akimov (2014) 
Lin (2015) 
LUX Xe127 (2015) 
PIXey (2015) 
NeriX (2015)�

Published and new measurements for low energy recoils (<10 keV) 



About low energy calibrations 

Do we need a model?

Do we need measurements to fit the model?

Do we need to calculate from microphysics to get the 
parameters?
 

Yes!   

Definitely!   

It will be interesting to do that.   



NEST: The Noble Element Simulation Technique 
 
NEST is a(n): 

Detector-independent, data-driven 
simulation framework 

Comprehensive physical model of low 
energy interactions in liquid xenon 

External package compatible with Geant4, 
for easy integration into simulations 

Stand-alone code for fast calculations of 
yields in simplified situations (Excel sheet 
available so far) 

 

NEST is free and publicly available: 

http://www.albany.edu/physics/NEST.shtml 

http://nest.physics.ucdavis.edu  



This talk covers: 

1.  Low energy nuclear recoils 

2.  Low energy electron recoils

3.  Recombination fluctuation and discrimination



Signal production in liquid xenon 
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 Penning quenching 
(biexcitonic quenching) 

NEST models this process start-to-finish for both ER and NR 
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L: Lindhard quenching for NR 
Works well for total quanta,  
should not be confused with Leff which is only the light 
 

Nq = Edep · L/Wq



NEST provides absolute number of electrons AND number 
of photons for a given energy, field and type. 
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The quantities E

ex

and E

i

are the energies required to
create a single exciton or ion respectively, and E

e

is the
average energy imparted to electrons that do not generate
further excitations. The quenching factor L is given by
Lindhard’s theory as described in [9] and [10], with

L =
k g(✏)

1 + k g(✏)
(2)

where k is a proportionality constant between the elec-
tronic stopping power and the velocity of the recoiling
nucleus. The quantity g(✏) is proportional to the ratio of
electronic stopping power to nuclear stopping power. It
is a function of the energy deposited, usually converted
to the dimensionless quantity ✏ with

✏ = 11.5(E
0

/keV )Z�7/3 (3)

In these terms, g(✏) is given in [11] by

g(✏) = 3✏0.15 + 0.7✏0.6 + ✏ (4)
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where W is the average energy required to produce a
quantum (either an exciton or ion) in the liquid. This
quantity is an average that includes the energy lost to
sub-excitation electrons, and may be higher than the ac-
tual energy required to produce quanta. However, from
the equation we see that the number of quanta produced
for a given energy deposition is governed by the ratio
W/L, so any systematic shift in W can be o↵set by a
corresponding shift in L in the fit. We treat the exciton-
to-ion ratio N

ex

/N

i

as a field- and energy-dependent pa-
rameter (described in III), enabling the above equation
to be solved to obtain the number of excitons and ions
created by a given energy deposition.

While excitons lead directly to the emission of scin-
tillation photons, the electron-ion pairs undergo further
division via electron-ion recombination. The probability
of recombination r is calculated using the Thomas-Imel
box model [12], which gives

r = 1� ln(1 +N
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The quantity & is parameterized with a power law de-
pendence on applied electric field and fit to data. Free
electrons that recombine with ions add to the scintilla-
tion light signal, while electrons that escape become the
collected charge signal.

A final quenching is applied to the light signal to ac-
count for Penning e↵ects, in which two excitons can in-
teract to produce one exciton and one photon [13]. This
quenching is parametrized by
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where ⌘ and � are left as free parameters. This expression
is given by Birk’s Saturation Law, with ⌘ ✏

� proportional
to the electronic stopping power. The result of this is an
increased quenching e↵ect with increasing energy, due to
higher ionization density along the track of the recoiling
Xe atom. Biexcitonic quenching in which excitons inter-
act and produce an electron was also implemented and
found to result in a worse fit to the data, so it is not
included in the model.
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B. Parameterizing The Model

To fit the model to data, the quantities N

ex

/N

i

and
& are parameterized to account for dependence of yields
on applied electric field and energy. Each is treated as a
power law function of an externally applied electric field
F , and the exciton-to-ion ratio is given an exponential
dependence on energy:
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The parameters ↵, ⇣, �, �, and � are free parameters
in the fit. Following [15], we fix W = 13.7 eV.
The functional forms of the above parameterizations

are selected based on trends observed in the data com-
bined with qualitative physical arguments. The power
law field-dependence of N

ex

/N

i

is chosen based on an
observed trend in best-fits at di↵erent applied fields, and
can be interpreted as electric field dependence in gem-
inate recombination (immediate recombination of elec-
trons with their parent ions), which occurs on a much
shorter timescale than Thomas-Imel recombination. A
variety of parameterizations were studied for energy de-
pendence, and a function with increasing energy toward
an asymptote proved to be the best fit. The power-law
parameterization of & follows from Dahl’s arguments in
[15], from which we expect a field-dependence on � of

fl =
1

1 + ⌘✏�

2

tectable electronic channels:

E

0

=
N

ex

E

ex

+N

i

E

i

+N

i

E

e

L

(1)

The quantities E

ex

and E

i

are the energies required to
create a single exciton or ion respectively, and E

e

is the
average energy imparted to electrons that do not generate
further excitations. The quenching factor L is given by
Lindhard’s theory as described in [9] and [10], with

L =
k g(✏)

1 + k g(✏)
(2)

where k is a proportionality constant between the elec-
tronic stopping power and the velocity of the recoiling
nucleus. The quantity g(✏) is proportional to the ratio of
electronic stopping power to nuclear stopping power. It
is a function of the energy deposited, usually converted
to the dimensionless quantity ✏ with

✏ = 11.5(E
0

/keV )Z�7/3 (3)

In these terms, g(✏) is given in [11] by

g(✏) = 3✏0.15 + 0.7✏0.6 + ✏ (4)

With the assumptions E

ex

⇡ E

i

+ E

e

with E

e

very
small, the above simplifies to

E

0

=
(N

ex

+N

i

)W

L

(5)

where W is the average energy required to produce a
quantum (either an exciton or ion) in the liquid. This
quantity is an average that includes the energy lost to
sub-excitation electrons, and may be higher than the ac-
tual energy required to produce quanta. However, from
the equation we see that the number of quanta produced
for a given energy deposition is governed by the ratio
W/L, so any systematic shift in W can be o↵set by a
corresponding shift in L in the fit. We treat the exciton-
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as a field- and energy-dependent pa-
rameter (described in III), enabling the above equation
to be solved to obtain the number of excitons and ions
created by a given energy deposition.

While excitons lead directly to the emission of scin-
tillation photons, the electron-ion pairs undergo further
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The quantity & is parameterized with a power law de-
pendence on applied electric field and fit to data. Free
electrons that recombine with ions add to the scintilla-
tion light signal, while electrons that escape become the
collected charge signal.

A final quenching is applied to the light signal to ac-
count for Penning e↵ects, in which two excitons can in-
teract to produce one exciton and one photon [13]. This
quenching is parametrized by
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where ⌘ and � are left as free parameters. This expression
is given by Birk’s Saturation Law, with ⌘ ✏

� proportional
to the electronic stopping power. The result of this is an
increased quenching e↵ect with increasing energy, due to
higher ionization density along the track of the recoiling
Xe atom. Biexcitonic quenching in which excitons inter-
act and produce an electron was also implemented and
found to result in a worse fit to the data, so it is not
included in the model.
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To fit the model to data, the quantities N
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The parameters ↵, ⇣, �, �, and � are free parameters
in the fit. Following [15], we fix W = 13.7 eV.
The functional forms of the above parameterizations

are selected based on trends observed in the data com-
bined with qualitative physical arguments. The power
law field-dependence of N

ex

/N

i

is chosen based on an
observed trend in best-fits at di↵erent applied fields, and
can be interpreted as electric field dependence in gem-
inate recombination (immediate recombination of elec-
trons with their parent ions), which occurs on a much
shorter timescale than Thomas-Imel recombination. A
variety of parameterizations were studied for energy de-
pendence, and a function with increasing energy toward
an asymptote proved to be the best fit. The power-law
parameterization of & follows from Dahl’s arguments in
[15], from which we expect a field-dependence on � of
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quantity is an average that includes the energy lost to
sub-excitation electrons, and may be higher than the ac-
tual energy required to produce quanta. However, from
the equation we see that the number of quanta produced
for a given energy deposition is governed by the ratio
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The quantity & is parameterized with a power law de-
pendence on applied electric field and fit to data. Free
electrons that recombine with ions add to the scintilla-
tion light signal, while electrons that escape become the
collected charge signal.
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teract to produce one exciton and one photon [13]. This
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where ⌘ and � are left as free parameters. This expression
is given by Birk’s Saturation Law, with ⌘ ✏

� proportional
to the electronic stopping power. The result of this is an
increased quenching e↵ect with increasing energy, due to
higher ionization density along the track of the recoiling
Xe atom. Biexcitonic quenching in which excitons inter-
act and produce an electron was also implemented and
found to result in a worse fit to the data, so it is not
included in the model.
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B. Parameterizing The Model

To fit the model to data, the quantities N
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and
& are parameterized to account for dependence of yields
on applied electric field and energy. Each is treated as a
power law function of an externally applied electric field
F , and the exciton-to-ion ratio is given an exponential
dependence on energy:
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The parameters ↵, ⇣, �, �, and � are free parameters
in the fit. Following [15], we fix W = 13.7 eV.
The functional forms of the above parameterizations

are selected based on trends observed in the data com-
bined with qualitative physical arguments. The power
law field-dependence of N
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is chosen based on an
observed trend in best-fits at di↵erent applied fields, and
can be interpreted as electric field dependence in gem-
inate recombination (immediate recombination of elec-
trons with their parent ions), which occurs on a much
shorter timescale than Thomas-Imel recombination. A
variety of parameterizations were studied for energy de-
pendence, and a function with increasing energy toward
an asymptote proved to be the best fit. The power-law
parameterization of & follows from Dahl’s arguments in
[15], from which we expect a field-dependence on � of

arXiv:1412.4417 
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to the electronic stopping power. The result of this is an
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higher ionization density along the track of the recoiling
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act and produce an electron was also implemented and
found to result in a worse fit to the data, so it is not
included in the model.
The final expressions for number of electrons n

e

and
number of photons n

�

produced by an energy deposition
E

0

are

n

e

= L⇥ E

0

W

✓
1

1 +N

ex

/N

i

◆
(1� r) (8)

n

�

= L⇥ f

l

⇥ E

0

W


1�

✓
1

1 +N

ex

/N

i

◆
(1� r)

�
(9)

B. Parameterizing The Model

To fit the model to data, the quantities N
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on applied electric field and energy. Each is treated as a
power law function of an externally applied electric field
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dependence on energy:

N

ex

/N

i

= ↵F

�⇣ (1� e

��✏) (10)

& = �F

�� (11)

The parameters ↵, ⇣, �, �, and � are free parameters
in the fit. Following [15], we fix W = 13.7 eV.
The functional forms of the above parameterizations

are selected based on trends observed in the data com-
bined with qualitative physical arguments. The power
law field-dependence of N
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is chosen based on an
observed trend in best-fits at di↵erent applied fields, and
can be interpreted as electric field dependence in gem-
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trons with their parent ions), which occurs on a much
shorter timescale than Thomas-Imel recombination. A
variety of parameterizations were studied for energy de-
pendence, and a function with increasing energy toward
an asymptote proved to be the best fit. The power-law
parameterization of & follows from Dahl’s arguments in
[15], from which we expect a field-dependence on � of
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Global fit to the world’s data (NR) 

To fit to all of these data, we construct a global likelihood function and optimize. 

Leff   - scintillation yield Qy  - ionization yield Electron / photon ratio 

Chepel (1999) 
Arneodo (2000) 
Akimov (2002) 
Aprile (2005) 
Aprile (2009) 
Manzur (2010) 
Plante (2011) 

100 V/cm   Case (2006) 
270 V/cm   Columbia (2006) 
530 V/cm   XENON100 (2013) 
730 V/cm   Sorensen (2009) 
730 V/cm   Sorensen (2010) 
730 V/cm   XENON10 (2010) 
1000 V/cm Manzur (2010) 
2000 V/cm Columbia (2006) 
2030 V/cm Case (2006) 
3400 V/cm ZEPLINIII SSR 
3900 V/cm ZEPLINIII FSR 
4000 V/cm Manzur (2010) 

Dahl (2009) 
60 V/cm 
522 V/cm 
876 V/cm 
1951 V/cm 
4060 V/cm 

arXiv:1412.4417:   2015 data not yet included, but pretty 
close to the predictions 



Advantages of the global analysis 

-  Constrains light and charge simultaneously; one affects the other

-  Stronger constraints than looking at either individually 

-  Includes all measurements in the literature in an unbiased way

-  Can easily incorporate new data as it becomes available

The resulting model allows us to interpret and simulate experimental data in a 
way that reflects the cumulative body of research on liquid xenon response.



Nuclear recoil model constrained with a global analysis of available data, see 
arXiv:1412.4417 

100 V/cm   Case (2006) 
270 V/cm   Columbia (2006) 
530 V/cm   XENON100 (2013) 
730 V/cm   Sorensen (2009) 
730 V/cm   Sorensen (2010) 
730 V/cm   XENON10 (2010) 
1000 V/cm Manzur (2010) 
2000 V/cm Columbia (2006) 
2030 V/cm Case (2006) 
3400 V/cm ZEPLINIII SSR 
3900 V/cm ZEPLINIII FSR 
4000 V/cm Manzur (2010) 

Chepel (1999) 
Arneodo (2000) 
Akimov (2002) 
Aprile (2005) 
Aprile (2009) 
Manzur (2010) 
Plante (2011) 

Light yield Charge yield 

Global fit to the world’s data (NR) 



NEST best fit for nuclear recoils 
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where W is the average energy required to produce a
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for a given energy deposition is governed by the ratio
W/L, so any systematic shift in W can be o↵set by a
corresponding shift in L in the fit. We treat the exciton-
to-ion ratio N
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as a field- and energy-dependent pa-
rameter (described in III), enabling the above equation
to be solved to obtain the number of excitons and ions
created by a given energy deposition.

While excitons lead directly to the emission of scin-
tillation photons, the electron-ion pairs undergo further
division via electron-ion recombination. The probability
of recombination r is calculated using the Thomas-Imel
box model [12], which gives
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The quantity & is parameterized with a power law de-
pendence on applied electric field and fit to data. Free
electrons that recombine with ions add to the scintilla-
tion light signal, while electrons that escape become the
collected charge signal.

A final quenching is applied to the light signal to ac-
count for Penning e↵ects, in which two excitons can in-
teract to produce one exciton and one photon [13]. This
quenching is parametrized by
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where ⌘ and � are left as free parameters. This expression
is given by Birk’s Saturation Law, with ⌘ ✏

� proportional
to the electronic stopping power. The result of this is an
increased quenching e↵ect with increasing energy, due to
higher ionization density along the track of the recoiling
Xe atom. Biexcitonic quenching in which excitons inter-
act and produce an electron was also implemented and
found to result in a worse fit to the data, so it is not
included in the model.
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B. Parameterizing The Model

To fit the model to data, the quantities N

ex

/N
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and
& are parameterized to account for dependence of yields
on applied electric field and energy. Each is treated as a
power law function of an externally applied electric field
F , and the exciton-to-ion ratio is given an exponential
dependence on energy:
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The parameters ↵, ⇣, �, �, and � are free parameters
in the fit. Following [15], we fix W = 13.7 eV.
The functional forms of the above parameterizations

are selected based on trends observed in the data com-
bined with qualitative physical arguments. The power
law field-dependence of N
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is chosen based on an
observed trend in best-fits at di↵erent applied fields, and
can be interpreted as electric field dependence in gem-
inate recombination (immediate recombination of elec-
trons with their parent ions), which occurs on a much
shorter timescale than Thomas-Imel recombination. A
variety of parameterizations were studied for energy de-
pendence, and a function with increasing energy toward
an asymptote proved to be the best fit. The power-law
parameterization of & follows from Dahl’s arguments in
[15], from which we expect a field-dependence on � of
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While this method is not guaranteed to locate the ab-
solute optimal value, tuning of T (t) and the proposal
distribution allows the fit to get very close. The simu-
lated annealing fitter enjoys a factor of ⇠20 improvement
in speed over the gradient descent fit, allowing this algo-
rithm to serve as a test bed for alternative models to be
incorporated into NEST, as well as rapid incorporation
of new data into the fit.

C. Metropolis-Hastings Markov Chain Monte
Carlo (MCMC)

A Metropolis-Hastings MCMC technique was used to
extend the capability of the simulated annealing fitter to
extract variances and covariances on the free parameters
in our model. The Metropolis-Hastings algorithm [37]
works in a manner similar to simulated annealing, but
the probability of accepting a step with lower likelihood
is given by the ratio

P (accept) =
L(~✓|x)

proposed

L(~✓|x)
current

(15)

The values of all the parameters are recorded at each
step. As the random walk progresses, it builds a sam-
ple of L(✓|x), revealing the structure of the underlying
posterior probability distribution. By histogramming the
values of any given subset of parameters, one marginal-
izes over the remaining variables, enabling quick numer-
ical estimates of variances and covariances. For a large
number of steps, these estimates can be made arbitrarily
close to the true values.

To minimize the number of steps needed to obtain a
fair sample of L(✓|x), the proposal distribution is care-
fully chosen and tuned. We use a multivariate normal,
which has the form

P (~✓) =
1

(2⇡)n/2|⌃|1/2
exp
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where ⌃ is the covariance matrix, ~✓ and ~

✓

0

are vectors
containing proposed and current values of the free param-
eters, respectively, and n is the number of dimensions.
Initially, ⌃ is assumed to have no o↵-diagonal elements,
and the values are tuned by hand to mitigate random
walk behavior. The covariance matrix of the samples ob-
tained is then calculated and fed back into the proposal
distribution to produce the final set of samples for analy-
sis. At each stage, the autocorrelation of each parameter
as a function of step length is studied to ensure that the
resulting sample set contains enough points to wash out
correlations. In the final run, we obtain autocorrelation
lengths of approximately 1000 steps in all nine parame-
ters, and use a data set of 3⇥ 106 samples.

TABLE I. Best fits and 68% confidence intervals of free pa-
rameters.

Parameter Best Fit 68% conf.

↵ 1.240 +0.079

-0.073

⇣ 0.0472 +0.0088

-0.0073

� 239 +28

-8.8

� 0.01385 +0.00058

-0.00073

� 0.0620 +0.0056

-0.0064

k 0.1394 +0.0032

-0.0026

⌘ 3.3 +5.3

-0.06

� 1.14 +0.45

-0.09

C 0.00555 +0.00025

-0.00025

IV. ADDING FLUCTUATIONS TO THE
MODEL

It has been widely observed that the measured widths
of yields in liquid xenon are broader than the expecta-
tion from Poisson statistics [33, 34]. This is true for both
light and charge yields, and in both the ER and NR sam-
ples. It has further been shown in [15] by subtracting
detector e↵ects that the variance in the yields is caused
primarily by fluctuations in the recombination process.
Consequently, combining the charge and light signals as
in Eq. 5 results in a combined energy scale that has a
superior resolution than that of either signal alone [10].
In earlier versions of NEST, the broadening of fluctua-
tions in electron-ion recombination was implemented as
a complicated function of energy and field that had no
physical justification.
Dobi has provided an improved treatment of this

subject [35], and his approach has been implemented
in NEST to model these fluctuations. Dobi finds a
quadratic relationship between the variance (in units of
quanta) and the number of ions produced in that event.
This yields an e↵ective Fano factor, F , which is propor-
tional to the number of ions produced. The variance de-
rived from Poisson statistics is multiplied by F , so that
the recombination fluctuations have a width given by
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where the multiplicative factor, C, is a final, tenth free
parameter. A fit to data from [15] yields a value C =
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where the multiplicative factor, C, is a final, tenth free
parameter. A fit to data from [15] yields a value C =



Systematics in the literature 

Energy scale / uncertainties
-  Energy scales are determined differently in different papers

-  Uncertainties in energy are inconsistently reported

Electron extraction efficiency from liquid
-  Results in systematic up/down shift in measured charge yield



Scintillation and Ionization for Electron Recoils (early work) 

Figure 5. Experimental values for absolute S1 yields for ER in xenon as a function of incident gamma energy
compared with our Monte Carlo output, the foundation of which is the recombination probability curve in
Figure 2. Fitted Gaussian means (see Figure 3, left) are used to report the simulated scintillation yields. Data
are taken from [3, 10, 16, 21, 27, 29, 33 – 37]. When authors quote relative yields, we infer absolute numbers
of photons using the 511, 122, or 59.5 keV line as a reference energy. All data are translated based on the
works where absolute yields are available [3, 10, 21, 27]. The systematic error within one detector should be
comparable at each energy, making relative measurements meaningful. The cluster of data points at 122 keV
have been separated for clarity. For these and other overlapping points, some error bars are thicker than
others for differentiation. The 3-5 MeV points are from a preprint of [36] and are reproduced here with
permission of M. Yamashita for completeness, though are considered less reliable due to poorer resolution.
The 9.4 and 32.1 keV de-excitations of 83mKr [16] are not comprised solely of gamma rays, but are also
included in the figure for completeness. Two points, at 164 and 236 keV (hollow blue crosses [34]), are from
inelastic neutron scatters, resulting in gammas of these energies together with a nuclear recoil component,
which may possibly serve to increase the yield. The right-hand y-axis uses the definition Wph = Edep/Nph,
as described in the text. More features and significant outliers are addressed in Section 3, where the work of
Doke et al. [38], which is in good agreement with our own, is also explained in depth.
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Zero field scintillation (high energy) 

Szydagis et al., JINST (2011), arXiv:1106.1613 
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Figure 6.4: Fits of the modified box model to the electron and nuclear recoil band centroids. Data
points show the recombination fractions measured in Chapter 5, and lines show the fits to our
recombination model. In the left plot electron and nuclear recoil bands are fit independently, while
on the right they share the same α

a2v at each field. The dashed section of the electron recoil line
indicates the region not used in the fit. The discrepancy between model and data in this region
may be due to the presence of photo-absorption events in the data. Fields shown are 4060 (blue ✷),
1951 (cyan △), 876 (green ♦), 522 (magenta ▽), and 60 V/cm (red ⃝), with electron recoils above
and nuclear recoils below. The y-axis takes r calculated using Nex

Ni
= 0.06, the expected value for

electron recoils. We allow Nex

Ni
to vary with field for nuclear recoils. Fit values are given in Table 6.1.

Table 6.1: Box model parameters giving the best fit to the electron recoil centroid, nuclear recoil
centroid, and both centroids at each field. Fits are shown in Fig. 6.4. Each band at each field
has two free parameters — for electron recoils, these are the two box model parameters, while for
nuclear recoils they are a single box model parameter and the ratio of direct-excitons to ions (before
recombination). We also perform a simultaneous fit to both bands, using the same box model
parametes for electron and nuclear recoils. The exciton-ion ratio for electron recoils is always held
at Nex

Ni
= 0.06. Errors shown are statistical. Systematic errors are larger, and may be estimated

from the spread between the different fitting schemes (see also Table 6.2).

Drift Field Electron Recoils Nuclear Recoils Both Recoils

E (V/cm) a (nm) 100 α
a2v 100 α

a2v
Nex

Ni
a (nm) 100 α

a2v
Nex

Ni

4060 ± 190 201(3) 3.17(5) 3.19(5) 0.711(17) 200(3) 3.18(4) 0.716(13)

1951 ± 86 244(4) 3.71(5) 3.37(3) 0.817(12) 263(3) 3.48(3) 0.781(10)

876 ± 36 484(6) 2.96(3) 3.08(3) 0.865(11) 473(4) 3.03(2) 0.883(9)

522 ± 23 648(8) 3.35(3) 3.76(3) 0.786(10) 604(5) 3.54(2) 0.846(8)

60 ± 5 2111(18) 3.39(2) 4.02(5) 0.945(15) 2032(17) 3.48(2) 1.111(8)

the data, discussed in detail in Section 6.4.5. Finally, the weak field dependence at low energy we

now see as weak field dependence in the ratio α
a2v . Field dependence will be the key to the physics

interpretation of the model in Section 6.5.
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Dahl’s PhD thesis (2009) 

Ionization/Scintillation at different fields 
(low energy) 



The current NEST ER model (v0.98) based on 
data from early work 
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For long tracks (high energy), Birks-Doke law: 

For short tracks (low energy), Thomas-Imel Box model: 



ER scintillation from direct measurements (Compton 
scattering, or mono-energetic lines) 

Aprile et al., Phys. Rev. D 86, 112004 (2012) 
Baudis et al., Phys. Rev. D 87, 115015 (2013) 
 

Zero Field Scintillation  Scintillation Quenching at 450 V/cm 



ER ionization from direct measurement – 
very few data 

NEST model v. 0.98 

Akimov et al., JINST 9 (2014) P11014 
 D. Huang, LIDINE2015 (Xe127/LUX) 

E. Boulton, LIDINE2015 (Ar37/PIXeY) 
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Comparison to LUX measurements 

270 eV 
measurement 

2.8 keV 
measurement 

Original plot from 
Attila Dobi using 
measurements 
from LUX and 
Donquing 
Huang4 (I added 
the 270 eV and 
2.8 keV) 

37Ar x-ray 

4D. Huang, LIDINE Presentation (2015) 

New results from L. Goetzke (this workshop)! 
 



More recent indirect measurement results 

✤ Photon yield is calculated by correcting the 
S1 signal for depth-dependent light 
collection and factoring out S1 light 
collection.

✤ Photon yield decreases with increasing 
electric field as recombination decreases.

Electron recoil photon yield

12

Preliminary
37Ar - 2.8 keV

over S1 space and obtain the recombination parameters for
ER at all drift fields using a minimum χ2 method. Our
obtained recombination parameters for ER bands are well
fit by the Thomas-Imel box model (S1 from 8 to 40 PE),
with 4ξ=Ni values about 30% lower than those in the
current NEST model.
We also provide the model-independent ER photon

yields as a function of the combined energy at all scanned
fields. The photon yields deviate from the box model when
the energy is larger than ∼8 keVee. These data are useful in
the global analysis and modeling of the ER recombination
in the low energy region.
Due to the lack of precise measurement at fixed energy

below 10 keVee previously, our new measurements provide

a set of best available data to be used to predict the response
of low energy ERs in LXe. In addition to that, we measured
the response from very low to high drift fields, providing
useful data to predict the response of LXe at different drift
fields for future large LXe dark matter detectors.
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FIG. 9 (color online). The photon yields Py as a function of combined energy (blue lines) in this work at all scanned fields. The recent
result from LUX [41] is plotted in the left upper panel as well. The uncertainties (blue shadow) include those from PDE and EAF.

LIN et al. PHYSICAL REVIEW D 92, 032005 (2015)

032005-8

Lin et al., Phys. Rev. D 92, 032005 (2015)  D. McKinsey & B. Edwards, LIDINE 2015 

Assumptions: 

Wq = 13.7 eV
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Comparing the indirect measurements with 
NEST v0.98 ER model 
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Comparing the recent measurements with NEST 
v0.98 ER model 

Luke’s points from yesterday 
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Figure made by Fei Gao from data points from [E. Boulton, LIDINE2015] 

2.8 keV 



Need a new model for Electron Recoils 

•  Current NEST ER model (v0.98) describes new data 
within 10%, but needs to be improved

•  Current NEST ER model (v0.98) is not analytical, 
require “full” Geant4 simulation of energy deposition

           - with small-scale energy-loss steps recorded 
           - with tiny track length cut-off (threshold) 
•  It needs to merge Thomas-Imel & Doke-Birk laws at medium 

energy (starting at 5~10 keV and field dependent) 
           - require knowledge of dE/dx and exact track structure 
•  E. Dahl has a modified Thomas-Imel model but require track 

structure simulation with PENELOPE 



Modeling recombination fluctuations 

In LXe, recombination fluctuations 
are very different than the expected 
due to a binomial process (Dobi 
2014): 
 
 
 
 
In NEST v1.0 NR model, a Fano-like 
factor proportional to Ni  to fit to 
Dahl’s data 
 
 
 
 
 
 
 
 
 

Dahl 2009 

4

While this method is not guaranteed to locate the ab-
solute optimal value, tuning of T (t) and the proposal
distribution allows the fit to get very close. The simu-
lated annealing fitter enjoys a factor of ⇠20 improvement
in speed over the gradient descent fit, allowing this algo-
rithm to serve as a test bed for alternative models to be
incorporated into NEST, as well as rapid incorporation
of new data into the fit.

C. Metropolis-Hastings Markov Chain Monte
Carlo (MCMC)

A Metropolis-Hastings MCMC technique was used to
extend the capability of the simulated annealing fitter to
extract variances and covariances on the free parameters
in our model. The Metropolis-Hastings algorithm [37]
works in a manner similar to simulated annealing, but
the probability of accepting a step with lower likelihood
is given by the ratio

P (accept) =
L(~✓|x)

proposed

L(~✓|x)
current

(15)

The values of all the parameters are recorded at each
step. As the random walk progresses, it builds a sam-
ple of L(✓|x), revealing the structure of the underlying
posterior probability distribution. By histogramming the
values of any given subset of parameters, one marginal-
izes over the remaining variables, enabling quick numer-
ical estimates of variances and covariances. For a large
number of steps, these estimates can be made arbitrarily
close to the true values.

To minimize the number of steps needed to obtain a
fair sample of L(✓|x), the proposal distribution is care-
fully chosen and tuned. We use a multivariate normal,
which has the form

P (~✓) =
1

(2⇡)n/2|⌃|1/2
exp

 
� (~✓ � ~

✓

0

)T⌃�1(~✓ � ~

✓

0

)

2

!

(16)

where ⌃ is the covariance matrix, ~✓ and ~

✓

0

are vectors
containing proposed and current values of the free param-
eters, respectively, and n is the number of dimensions.
Initially, ⌃ is assumed to have no o↵-diagonal elements,
and the values are tuned by hand to mitigate random
walk behavior. The covariance matrix of the samples ob-
tained is then calculated and fed back into the proposal
distribution to produce the final set of samples for analy-
sis. At each stage, the autocorrelation of each parameter
as a function of step length is studied to ensure that the
resulting sample set contains enough points to wash out
correlations. In the final run, we obtain autocorrelation
lengths of approximately 1000 steps in all nine parame-
ters, and use a data set of 3⇥ 106 samples.

TABLE I. Best fits and 68% confidence intervals of free pa-
rameters.

Parameter Best Fit 68% conf.

↵ 1.240 +0.079

-0.073

⇣ 0.0472 +0.0088

-0.0073

� 239 +28

-8.8

� 0.01385 +0.00058

-0.00073

� 0.0620 +0.0056

-0.0064

k 0.1394 +0.0032

-0.0026

⌘ 3.3 +5.3

-0.06

� 1.14 +0.45

-0.09

C 0.00555 +0.00025

-0.00025

IV. ADDING FLUCTUATIONS TO THE
MODEL

It has been widely observed that the measured widths
of yields in liquid xenon are broader than the expecta-
tion from Poisson statistics [33, 34]. This is true for both
light and charge yields, and in both the ER and NR sam-
ples. It has further been shown in [15] by subtracting
detector e↵ects that the variance in the yields is caused
primarily by fluctuations in the recombination process.
Consequently, combining the charge and light signals as
in Eq. 5 results in a combined energy scale that has a
superior resolution than that of either signal alone [10].
In earlier versions of NEST, the broadening of fluctua-
tions in electron-ion recombination was implemented as
a complicated function of energy and field that had no
physical justification.
Dobi has provided an improved treatment of this

subject [35], and his approach has been implemented
in NEST to model these fluctuations. Dobi finds a
quadratic relationship between the variance (in units of
quanta) and the number of ions produced in that event.
This yields an e↵ective Fano factor, F , which is propor-
tional to the number of ions produced. The variance de-
rived from Poisson statistics is multiplied by F , so that
the recombination fluctuations have a width given by

�

2

R

= n

e

⇥ F = (1� r)N
i

⇥ F = (1� r) CN

2

i

(17)

where the multiplicative factor, C, is a final, tenth free
parameter. A fit to data from [15] yields a value C =



Probing the intrinsic recombination fluctuations (for 
Electron Recoils, Lin’s talk yesterday) 

Low energy Δα

18

Solid lines:

qc W
EAF
S

PDE
S

E � � )21(

Low energy Δα

18

Solid lines:

qc W
EAF
S

PDE
S

E � � )21(

Expected Leakage fraction with the model

19

If assume a log linear Δα/α 
on field. 

There's no field dependence of 
the rejection.

PDE=15.6% 

r(⇠) = 1� 1

⇠
ln(1 + ⇠), ⇠ =

Ni↵

4a2µF
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Conclusions 

-  NEST is a tool by and for the liquid xenon community for modeling 
detector response

-  Global analysis allows the inclusion of all available data in an unbiased 
way

-  For low energy NR data, v1.0 is now public ( arXiv: 1412.4417 ) 

-  For low energy ER data, the current model (v0.98) is outdated. A modified TIB model 
is being developed (v1.0) incorporating all recent data  

-  Approaches to understand the intrinsic recombination fluctuations in 
order to predict ER/NR discrimination are underway 


