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The case for dark matter
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What is DM?



How do we find it? Direct Detection

• Calculate rate based on assumptions 
about the dark matter distribution 
and interaction

• Historically two interactions are 
considered (by DM experimentalists)

• Spin independent (SI) - couples to 
all nucleons 

• Enhancement for large nuclei

• Spin dependent (SD) - couples to the spin of the nucleus (unpaired 
spin of one nucleon)

Detection
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Rate calculation
I The differential cross section (for spin-independent interactions)

in events/kg/keV mass per unit recoil energy is

dR
dQ

=
⇢0

m�
⇥ �0A2

2µ2
p

⇥ F 2(Q)⇥
Z

vm

f (v)
v

dv (3)

I Dark matter density component, from local and galactic
observations with historically a factor of 2 uncertainty

I The unknown particle physics component �0 (where
µp = mpm�/(mp + m�) is the reduced mass of the proton)

I Proportional to A2 for most models

I The nuclear part, approximately given by F 2(Q) / e�Q/Q0 where
Q0 ⇠ 80

A5/3 MeV

I The velocity distribution of dark matter in the galaxy - of order
30% uncertainty (not-statistical), and vm =

p
QmN/2m2

r (here
mr = mNm�/(mN + m�) is the reduced mass of the nucleus)
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The energy scale
• Energy of recoils is O(keV)

• Entirely driven by kinematics, elastic scattering of things with 
approximately similar masses (100 GeV) and v ~ 0.001c 

The energy scale

I Energy of recoils - ⇤ 10 � 100 keV

I Entirely driven by kinematics - elastic scattering of particles with
approximately similar masses (100 GeV) and v ⇤ 0.001c (270
km/s)

1
2

mNv2
N =

1
2
⇥ 100 GeV ⇥ 10�6 = 50 keV (2)

4/4



How do we find it?

• Very low rate process (~events/year)

• Rate depends crucially on WIMP mass and threshold
Enectali Figueroa-Feliciano / Fermilab Seminar / 2013
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Knowing your energy scale 
and efficiency at threshold 
are crucial!
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• Rate depends crucially on WIMP mass and threshold



• Limited at low mass by detector threshold

• Limited at high mass by density

• Eventually limited by neutrinos
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So we look for WIMPs

• A billion WIMPs pass through us per second - we might 
expect a handful of counts in a detector per year

• The problem is that background radioactivity is everywhere!



So we look for WIMPs

• A billion WIMPs pass through us per second - we might 
expect a handful of counts in a detector per year

• The problem is that background radioactivity is everywhere!

100 events/second/kg =
3,000,000,000,000 events/year 

in a ton-scale experiment



Backgrounds!



Background sources

• Cosmic rays are constantly streaming through

• All experiments have to go underground to get away 
from cosmic rays

• Radioactive contaminants - rock, radon in air, impurities

• Emphasis on purification, everything must be clean

• The detector itself - steel, glass, detector components

• Discrimination - can you tell signal from background via 
some tag in the event itself?
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Background sources

• Cosmic rays are constantly streaming through

• All experiments have to go underground to get away 
from cosmic rays

• The detector itself - steel, glass, detector components

• Self-shielding to leave a clean inner region

• Discrimination - can you tell signal from background (gamma 
rays, alphas, neutrons, etc)?

• Radioactive contaminants - rock, radon in air, impurities

• Emphasis on purification and shielding
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Custom dark matter detectors

Challenge Solution

Extremely rare interaction Large target mass - scalable

Energy depositions of ~10 keV or 
below Low energy thresholds

Backgrounds -  
Impurities Purification

Backgrounds -  
Detector Self shielding

Backgrounds - Internal/Detector Discrimination

Unknown particle physics Sensitivity to multiple types 
interaction



WIMPs

• Most discussed candidate is Weakly Interacting Massive Particle

• Produced during big bang

• Decouples from ordinary 
matter as the universe 
expands and cools

• Still around today with 
densities of about a few per 
liter

• Supersymmetry produces a theoretical candidate (LSP), but others 
exist (e.g. Kaluza-Klein particles, ...)
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For a thermal relic, you learn precisely one number, namely the 
annihilation cross section

< �v >ann⇡ 3⇥ 10�26cm3sec�1

⇡ ↵2

(200GeV)2

Coupling e.g. to light 
quarks
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  WIMP searches are categorised 
  in main three methods: 
z Hadron collider: using mono-jet 
      and mono-photon signatures. 
z Direct: scattering interactions 
      of WIMPs with nuclei in the 
      detector. 
z Indirect: detection of the final 
      products from WIMP annihilation. 
      Possible target objects are  
      Galactic Center, Milky Way halo, 
      dwarf galaxies, and the Sun and  
      the Earth. 

The method used for this presentation is  
                 indirect detection.  2 

Weakly interacting massive particles (WIMPs) are leading candidates for non-baryonic 
cold dark matter 



1 10 100 1000 104
10!50
10!49
10!48
10!47
10!46
10!45
10!44
10!43
10!42
10!41
10!40
10!39

10!14
10!13
10!12
10!11
10!10
10!9
10!8
10!7
10!6
10!5
10!4
10!3

WIMP Mass !GeV"c2#

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!cm2 #

W
IM
P!
nu
cl
eo
n
cr
os
ss
ec
tio
n
!pb#

8B
Neutrinos

Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)

CDMS-II Ge Low Threshold (2011)

SuperCDMS Soudan

Xenon1T

LZ

LUX (2013)

DarkSide G2

DarkSide 50

DEAP3600

PICO250-CF3I

PICO
250-C3F8

7Be
Neutrinos

  NEUTRINO C OHER ENT SCATTERING 
 

 
 

 

  
 

NEUTRINO COHERENT SCATTERING

CDMSlite

(2013)

SuperCDMS SNOLABLUX 300-day

SuperCDMS  SNOLAB

MODEL 1: HEAVY DIRAC 
“NEUTRINO”

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥
⇠ 10�39cm2

⌅

1

Z

Z-exchange 
excluded



From J. Feng

For a thermal relic, you learn precisely one number, namely the 
annihilation cross section

< �v >ann⇡ 3⇥ 10�26cm3sec�1

⇡ ↵2

(200GeV)2

Coupling proportional to 
mass (e.g. via higgs)
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  WIMP searches are categorised 
  in main three methods: 
z Hadron collider: using mono-jet 
      and mono-photon signatures. 
z Direct: scattering interactions 
      of WIMPs with nuclei in the 
      detector. 
z Indirect: detection of the final 
      products from WIMP annihilation. 
      Possible target objects are  
      Galactic Center, Milky Way halo, 
      dwarf galaxies, and the Sun and  
      the Earth. 

The method used for this presentation is  
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Weakly interacting massive particles (WIMPs) are leading candidates for non-baryonic 
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Higgs exchange 

N. Weiner, CIPANP 2015

“This era will answer the question: does the dark matter couple 
at O(0.1) to the Higgs boson”
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The case for dark matter
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• We know it interacts 
gravitationally 

• It is “dark” - should not 
interact with light or 
electromagnetism 

• Nearly collision less 

• Slow
Bad news: DM-SM interactions are not obligatory
If nature is unkind, we may never know the right scale

Good news: most discoverable DM candidates are in             
thermal equilibrium with us in the early universe 

Why is this good news?

DM Prognosis?

mDM

mPl

⇠ 1019 GeV
⇠ 100M�

must be compositemust be bosonic

⇠ 100 eV
⇠ 10�20 eV

15

The WIMP “Miracle” 
(WIMP = Weakly Interacting Massive Particle) 

A sampling of 
available dark 
matter candidates 

Particles with mass and 
couplings at the weak scale 

yield cross sections that 
correspond to ~correct relic 
density of cold dark matter 

@94#$A<$BCDE$ 0*4$8*9#&$F$%G>H$,>=$ E$

,*&31)#$,";?(1?$

!"#$I*&);$J4(K#&?#$

It’s 
probably
WIMPs, 
right?



Low Mass Dark Matter (<10 GeV)
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TABLE IV. Eleven background types considered in the PLR
analysis, along with the systematic uncertainties on their nor-
malizations, included as nuisance parameters in the PLR.

Background �/N
222Rn (ER) 10%

pp+7Be+14N ⌫ (ER) 2%
220Rn (ER) 10%

136Xe 2⌫�� (ER) 50%
Det. + Env. (ER) 20%

85Kr (ER) 20%
8B solar ⌫ (NR) 15%

Det. + Env. (NR) 20%
Atmospheric ⌫ (NR) 25%

hep ⌫ (NR) 15%
DSN ⌫ (NR) 50%

low number of background counts expected in LZ. No
other nuisance terms are included in the sensitivity cal-
culation presented here.

The signal spectrum for WIMP recoils is calculated
using the standard halo model following the formal-
ism of [74], with �0 = 220 km/s; �esc = 544 km/s;
�e = 230 km/s and ⇢0 = 0.3 GeV/c

2. For SI scattering
the Helm form factor [75] is used as in [76], while for SD
scattering structure functions are taken from [77]. Signal
and background PDFs in S1c and S2c are created using
NEST and the parameterization of detector response de-
scribed in Sec. III and shown in Table II. The power of the
PLR technique arises from an optimal weighting of the
background-free and background-rich regions, and for all
WIMP masses considered background rejection exceeds
99.5% for a signal acceptance of 50%. Figure 7 demon-
strates the separation in (S1c,S2c) of a 40 GeV/c

2 WIMP

FIG. 7. LZ simulated data set for a background-only 1000 live
day run and a 5.6 tonne fiducial mass. ER and NR bands are
indicated in blue and red, respectively (solid: mean; dashed:
10% and 90%). The 1� and 2� contours for the low-energy
8B and hep NR backgrounds, and a 40 GeV/c2 WIMP are
shown as shaded regions.
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FIG. 8. LZ projected sensitivity to SI WIMP-nucleon elas-
tic scattering for 1000 live days and a 5.6 tonne fiducial mass.
The best sensitivity of 1.6⇥10�48 cm2 is achieved at a WIMP
mass of 40 GeV/c2. The �2� expected region is omitted
based on the expectation that the limit will be power con-
strained [78]. Results from other LXe experiments are also
shown [7–9]. The lower shaded region and dashed line indi-
cate the emergence of backgrounds from coherent scattering
of neutrinos [51, 79] and the gray contoured regions show the
favored regions from recent pMSSM11 model scans [80].

signal from the LZ backgrounds expected in a 1000 day
run.

A. Spin-independent scattering

The LZ projected sensitivity to SI WIMP-nucleon scat-
tering is shown in Fig. 8. A minimum sensitivity of
1.6 ⇥ 10�48 cm2 is expected for 40 GeV/c

2 WIMPs, an
order of magnitude below the projected sensitivities of
all running LXe experiments. With this sensitivity LZ
will probe a significant fraction of the parameter space
remaining above the irreducible background from coher-
ent scattering of neutrinos from astrophysical sources,
intersecting several favored model regions on its way.

The higher light collection e�ciency compared to the
baseline presented in the TDR [22] (from 7.5% to 11.9%)
leads to an improvement at all WIMP masses. The lower
energy threshold leads to a significant expected rate of co-
herent neutrino-nucleus scattering from 8B and hep neu-
trinos, with 35 and 1 counts expected in the full exposure,
respectively. These events are not a background at most
WIMP masses but are interesting in their own right and
would constitute the first observation of coherent nuclear
scattering from astrophysical neutrinos.

The observed rate of events from 8B and hep neutri-
nos as well as sensitivity to low mass WIMPs will depend
strongly on the low energy nuclear recoil e�ciency (see
Fig. 3). Recent results from LUX and XENON1T ap-
propriately assume a cuto↵ in signal below 1.1 keV to
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TABLE IV. Eleven background types considered in the PLR
analysis, along with the systematic uncertainties on their nor-
malizations, included as nuisance parameters in the PLR.

Background �/N
222Rn (ER) 10%

pp+7Be+14N ⌫ (ER) 2%
220Rn (ER) 10%

136Xe 2⌫�� (ER) 50%
Det. + Env. (ER) 20%

85Kr (ER) 20%
8B solar ⌫ (NR) 15%

Det. + Env. (NR) 20%
Atmospheric ⌫ (NR) 25%

hep ⌫ (NR) 15%
DSN ⌫ (NR) 50%

low number of background counts expected in LZ. No
other nuisance terms are included in the sensitivity cal-
culation presented here.

The signal spectrum for WIMP recoils is calculated
using the standard halo model following the formal-
ism of [74], with �0 = 220 km/s; �esc = 544 km/s;
�e = 230 km/s and ⇢0 = 0.3 GeV/c

2. For SI scattering
the Helm form factor [75] is used as in [76], while for SD
scattering structure functions are taken from [77]. Signal
and background PDFs in S1c and S2c are created using
NEST and the parameterization of detector response de-
scribed in Sec. III and shown in Table II. The power of the
PLR technique arises from an optimal weighting of the
background-free and background-rich regions, and for all
WIMP masses considered background rejection exceeds
99.5% for a signal acceptance of 50%. Figure 7 demon-
strates the separation in (S1c,S2c) of a 40 GeV/c

2 WIMP

FIG. 7. LZ simulated data set for a background-only 1000 live
day run and a 5.6 tonne fiducial mass. ER and NR bands are
indicated in blue and red, respectively (solid: mean; dashed:
10% and 90%). The 1� and 2� contours for the low-energy
8B and hep NR backgrounds, and a 40 GeV/c2 WIMP are
shown as shaded regions.
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FIG. 8. LZ projected sensitivity to SI WIMP-nucleon elas-
tic scattering for 1000 live days and a 5.6 tonne fiducial mass.
The best sensitivity of 1.6⇥10�48 cm2 is achieved at a WIMP
mass of 40 GeV/c2. The �2� expected region is omitted
based on the expectation that the limit will be power con-
strained [78]. Results from other LXe experiments are also
shown [7–9]. The lower shaded region and dashed line indi-
cate the emergence of backgrounds from coherent scattering
of neutrinos [51, 79] and the gray contoured regions show the
favored regions from recent pMSSM11 model scans [80].
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ent scattering of neutrinos from astrophysical sources,
intersecting several favored model regions on its way.

The higher light collection e�ciency compared to the
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The observed rate of events from 8B and hep neutri-
nos as well as sensitivity to low mass WIMPs will depend
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intersecting several favored model regions on its way.

The higher light collection e�ciency compared to the
baseline presented in the TDR [22] (from 7.5% to 11.9%)
leads to an improvement at all WIMP masses. The lower
energy threshold leads to a significant expected rate of co-
herent neutrino-nucleus scattering from 8B and hep neu-
trinos, with 35 and 1 counts expected in the full exposure,
respectively. These events are not a background at most
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would constitute the first observation of coherent nuclear
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Bad news: DM-SM interactions are not obligatory
If nature is unkind, we may never know the right scale

Good news: most discoverable DM candidates are in             
thermal equilibrium with us in the early universe 

Why is this good news?

DM Prognosis?

mDM

mPl

⇠ 1019 GeV
⇠ 100M�

must be compositemust be bosonic

⇠ 100 eV
⇠ 10�20 eV

15

DM Prognosis?

28Courtesy G. Krnjaic
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Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {

18

Thermal dark matter

30

• “Most discoverable DM candidates are in thermal equilibrium” - G. Krnjaic 

• If we can detect it, it’s likely that it was in equilibrium (e.g. interacted enough) 

• Thermal dark matter has minimum annihilation rate (to set relic density) 

• Doesn’t care about initial conditions (washed out by thermal bath) - makes 
modeling easier 

• Limited viable mass range (to a range that is basically within reach)

< MeV
Neff  / BBN
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LZ, LAr, PICO, LHC, etc

Mature >5 GeV program 

Wide open

< MeV
Neff  / BBN



Are there actual candidates?
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• Annihilation cross section 
needed for the relic abundance  

• New weak scale particle has to 
be heavier than ~a few GeV 

• Lee and Weinberg, PRL 39 
(1977) 165-168

From J. Feng

For a thermal relic, you learn precisely one number, namely the 
annihilation cross section
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• Light dark matter needs new forces (although we might already be 
there in canonical WIMP dark matter anyway) 

• Asymmetric DM 

• Secluded DM 

• Forbidden DM 

• SIMP 

• ELDER 

• Freeze in models
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FIG. 3: Schematic illustration of the complementarity of di↵erent types of experiments in exploring
sharp targets and general regions of interest for hidden-sector DM. Anomalies in data (see Section
III B 5) highlight regions of interest in mediator mass and/or coupling to visible or dark matter; the
red arrows highlight the suggested regions of mediator mass. Blue horizontal arrows for production
mechanisms (see Sections III B 2-III B 4) indicate the parameter regions over which they are viable
(dashed), regions in which they motivate a sharp parameter-space target (solid arrow), and, in
the case of asymmetric DM, a “natural” range where the DM and baryon number densities are
comparable (thick band). Blue and red vertical arrows highlight directions in “theory space” that
have significant impact on detection strategies, while the green vertical arrows indicate the models
to which di↵erent experimental approaches are most sensitive. Direct detection is discussed in
Section IV, accelerator-based experiments in Section VI, and cosmology and nuclear and atomic
physics probes in Section VII.

represents a precise target of interest. For elastically scattering scalar DM charged under a
new force, most of the sub-GeV parameter space for this scenario can be explored by the
next generation of both accelerator and direct detection experiments. If instead the DM is
axially coupled (as a Majorana fermion must be) or scatters inelastically, then direct detec-
tion rates are suppressed by anywhere from 6 to 18 orders of magnitude, while accelerator
production rates are within one to two decades. Therefore, while both techniques can ex-
plore this possibility, only accelerators are able to do so robustly. The converse is true if
the mediator of DM-SM scattering is much lighter than the DM itself. In this case, direct
detection rates are parametrically enhanced by up to 12 orders of magnitude, because of
their low momentum transfer. This opens the possibility of testing the idea that the DM
abundance “freezes in” through DM and SM interactions with a very light mediator, which
would be too weakly coupled to be seen at accelerators.

17

1707.04591



Are there actual candidates?

33

• Light dark matter needs new forces (although we might already be 
there in canonical WIMP dark matter anyway) 

• Asymmetric DM 

• Secluded DM 

• Forbidden DM 

• SIMP 

• ELDER 

• Freeze in models

US Cosmic Visions: New Ideas in Dark Matter 2017 :
Community Report

Marco Battaglieri (SAC co-chair),1 Alberto Belloni (Coordinator),2 Aaron Chou (WG2
Convener),3 Priscilla Cushman (Coordinator),4 Bertrand Echenard (WG3 Convener),5

Rouven Essig (WG1 Convener),6 Juan Estrada (WG1 Convener),3 Jonathan L. Feng
(WG4 Convener),7 Brenna Flaugher (Coordinator),3 Patrick J. Fox (WG4 Convener),3

Peter Graham (WG2 Convener),8 Carter Hall (Coordinator),2 Roni Harnik (SAC
member),3 JoAnne Hewett (Coordinator),9, 8 Joseph Incandela (Coordinator),10 Eder

Izaguirre (WG3 Convener),11 Daniel McKinsey (WG1 Convener),12 Matthew Pyle (SAC
member),12 Natalie Roe (Coordinator),13 Gray Rybka (SAC member),14 Pierre Sikivie
(SAC member),15 Tim M.P. Tait (SAC member),7 Natalia Toro (SAC co-chair),9, 16

Richard Van De Water (SAC member),17 Neal Weiner (SAC member),18 Kathryn
Zurek (SAC member),13, 12 Eric Adelberger,14 Andrei Afanasev,19 Derbin Alexander,20

James Alexander,21 Vasile Cristian Antochi,22 David Mark Asner,23 Howard Baer,24

Dipanwita Banerjee,25 Elisabetta Baracchini,26 Phillip Barbeau,27 Joshua Barrow,28

Noemie Bastidon,29 James Battat,30 Stephen Benson,31 Asher Berlin,9 Mark Bird,32 Nikita
Blinov,9 Kimberly K. Boddy,33 Mariangela Bond̀ı,34 Walter M. Bonivento,35 Mark

Boulay,36 James Boyce,37, 31 Maxime Brodeur,38 Leah Broussard,39 Ranny Budnik,40 Philip
Bunting,12 Marc Ca↵ee,41 Sabato Stefano Caiazza,42 Sheldon Campbell,7 Tongtong Cao,43

Gianpaolo Carosi,44 Massimo Carpinelli,45, 46 Gianluca Cavoto,22 Andrea Celentano,1 Jae
Hyeok Chang,6 Swapan Chattopadhyay,3, 47 Alvaro Chavarria,48 Chien-Yi Chen,49, 16

Kenneth Clark,50 John Clarke,12 Owen Colegrove,10 Jonathon Coleman,51 David Cooke,25

Robert Cooper,52 Michael Crisler,23, 3 Paolo Crivelli,25 Francesco D’Eramo,53, 54 Domenico
D’Urso,45, 46 Eric Dahl,29 William Dawson,44 Marzio De Napoli,34 Ra↵aella De Vita,1

Patrick DeNiverville,55 Stephen Derenzo,13 Antonia Di Crescenzo,56, 57 Emanuele Di
Marco,58 Keith R. Dienes,59, 2 Milind Diwan,11 Dongwi Handiipondola Dongwi,43 Alex
Drlica-Wagner,3 Sebastian Ellis,60 Anthony Chigbo Ezeribe,61, 62 Glennys Farrar,18

Francesc Ferrer,63 Enectali Figueroa-Feliciano,64 Alessandra Filippi,65 Giuliana Fiorillo,66

Bartosz Fornal,67 Arne Freyberger,31 Claudia Frugiuele,40 Cristian Galbiati,68 Iftah
Galon,7 Susan Gardner,69 Andrew Geraci,70 Gilles Gerbier,71 Mathew Graham,9 Edda
Gschwendtner,72 Christopher Hearty,73, 74 Jaret Heise,75 Reyco Henning,76 Richard J.
Hill,16, 3 David Hitlin,5 Yonit Hochberg,21, 77 Jason Hogan,8 Maurik Holtrop,78 Ziqing

Hong,29 Todd Hossbach,23 T. B. Humensky,79 Philip Ilten,80 Kent Irwin,8, 9 John Jaros,9

Robert Johnson,53 Matthew Jones,41 Yonatan Kahn,68 Narbe Kalantarians,81 Manoj
Kaplinghat,7 Rakshya Khatiwada,14 Simon Knapen,13, 12 Michael Kohl,43, 31 Chris

Kouvaris,82 Jonathan Kozaczuk,83 Gordan Krnjaic,3 Valery Kubarovsky,31 Eric Kuflik,21, 77

Alexander Kusenko,84, 85 Rafael Lang,41 Kyle Leach,86 Tongyan Lin,12, 13 Mariangela
Lisanti,68 Jing Liu,87 Kun Liu,17 Ming Liu,17 Dinesh Loomba,88 Joseph Lykken,3 Katherine
Mack,89 Jeremiah Mans,4 Humphrey Maris,90 Thomas Markiewicz,9 Luca Marsicano,1 C.
J. Marto↵,91 Giovanni Mazzitelli,26 Christopher McCabe,92 Samuel D. McDermott,6 Art
McDonald,71 Bryan McKinnon,93 Dongming Mei,87 Tom Melia,13, 85 Gerald A. Miller,14

Kentaro Miuchi,94 Sahara Mohammed Prem Nazeer,43 Omar Moreno,9 Vasiliy Morozov,31

Frederic Mouton,61 Holger Mueller,12 Alexander Murphy,95 Russell Neilson,96 Tim

ar
X

iv
:1

70
7.

04
59

1v
1 

 [h
ep

-p
h]

  1
4 

Ju
l 2

01
7

FIG. 3: Schematic illustration of the complementarity of di↵erent types of experiments in exploring
sharp targets and general regions of interest for hidden-sector DM. Anomalies in data (see Section
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the case of asymmetric DM, a “natural” range where the DM and baryon number densities are
comparable (thick band). Blue and red vertical arrows highlight directions in “theory space” that
have significant impact on detection strategies, while the green vertical arrows indicate the models
to which di↵erent experimental approaches are most sensitive. Direct detection is discussed in
Section IV, accelerator-based experiments in Section VI, and cosmology and nuclear and atomic
physics probes in Section VII.

represents a precise target of interest. For elastically scattering scalar DM charged under a
new force, most of the sub-GeV parameter space for this scenario can be explored by the
next generation of both accelerator and direct detection experiments. If instead the DM is
axially coupled (as a Majorana fermion must be) or scatters inelastically, then direct detec-
tion rates are suppressed by anywhere from 6 to 18 orders of magnitude, while accelerator
production rates are within one to two decades. Therefore, while both techniques can ex-
plore this possibility, only accelerators are able to do so robustly. The converse is true if
the mediator of DM-SM scattering is much lighter than the DM itself. In this case, direct
detection rates are parametrically enhanced by up to 12 orders of magnitude, because of
their low momentum transfer. This opens the possibility of testing the idea that the DM
abundance “freezes in” through DM and SM interactions with a very light mediator, which
would be too weakly coupled to be seen at accelerators.
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What do you need for low mass?
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Figure 4:  (Left) Schematic of a xenon time projection chamber.  A particle interaction in the central 

liquid volume produces both scintillation light (S1) and free electrons which drift to the liquid surface 

under an applied field.  These electrons are extracted into a gas layer where they produce a second light 
pulse (S2) via electroluminescence.  Photo-multiplier tubes above and below the active region collect the 

S1 and S2 pulses. [33]  (Right) Spin-dependent vs Spin-independent cross sections for a variety of WIMP 

models.  Cross sections for spin-dependent interactions are almost universally higher than for spin-

independent, in some models by as much as five orders of magnitude. [34]. 

electron and nuclear recoils in liquid xenon has formed the basis for the NEST simulation package 

produced Szydagis et al and usedby the LUX Collaboration [35][36]. 

3.  The case for a scintillating xenon bubble chamber 

The objective of this proposal is to build and test a prototype scintillating xenon bubble chamber.  Given 

the comprehensive reach of the proposed PICO and LZ programs, the development of a xenon bubble 

chamber may appear to be a superfluous addition to the dark matter direct detection field.  This is not the 
case for three reasons.  First, there is a fundamental need for both multiple technologies and multiple dark 

matter target materials if we hope to understand any future dark matter signal [37].  In general the target 

and technology are linked, convolving systematic effects from technology choice with real changes in 

signal from target choice.  The xenon bubble chamber will be a crucial cross-check between the PICO and 
LZ programs, distinguishing these effects.  Second, the xenon bubble chamber technique eliminates the 

chief technical challenges faced by both bubble chambers and xenon TPCs.  Prototyping the xenon bubble 

chamber now provides a safety net should the hurdles faced by either of these technologies prove to be 
insurmountable.  Finally, the xenon bubble chamber itself is a small perturbation to the standard PICO 

device.  Once the prototyping work in this proposal is accomplished, the PICO collaboration will be able 

to rapidly deploy a xenon bubble chamber if and when physics or technical landscape calls for it. 

3.1  The need for multiple targets and technologies 

The existence of anomalous backgrounds, such as the probable chemical-reaction background in CF3I 

bubble chambers, makes independent confirmation of any observed dark matter signal mandatory.  This 

problem is by no means unique to PICO.  Every leading direct detection experiment has at least one 
pathological background that is not completely understood, including surface-beta-decays in CDMS [16] 

and gamma-X / non-Gaussian leakage events in xenon TPCs [38].  Ideally, confirmation of a discovery 

comes from an experiment utilizing a different technology, and thus subject to a different set of 
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The core of the LZ experiment is a two-phase xenon (Xe) time projection chamber (TPC) containing 
about 7 fully active tonnes of liquid Xe (LXe). Scattering events in LXe create both a prompt scintillation 
signal (S1) and free electrons. Various electric fields are employed to drift the electrons to the liquid 
surface, extract them into the gas phase above, and accelerate them to create a proportional scintillation 
signal (S2). Both signals are measured by arrays of photomultiplier tubes (PMTs) above and below the 
central region. The difference in time of arrival between the signals measures the position of the event in 
z, while the x,y position is determined from the pattern of S2 light in the top PMT array. Events with an 
S2 signal but no S1 are also recorded. A 3-D model of the LZ detector located in a water tank is shown in 
Figure 2.1. The water tank is located at the 4,850-foot level (4850L) of the Sanford Underground 
Research Facility (SURF). The heart of the LZ detector (including the inner titanium [Ti] cryostat) will be 
assembled on the surface at SURF, lowered in the Yates shaft to the 4850L of SURF, and deployed in the 
existing water tank in the Davis Cavern (where LUX is currently located). The principal parameters of the 
LZ experiment are given in Table 2.1, along with the proposed Work Breakdown Structure (WBS) for the 
LZ Project. 
The LZ design is enhanced by several added capabilities beyond the successfully demonstrated LUX and 
ZEPLIN designs. The most important addition is a hermetic liquid organic scintillator (gadolinium-loaded 
linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and TPC. The 
outer detector and the active Xe “skin” layer operate as an integrated veto system, which has several 
benefits. The first is rejecting gammas and neutrons generated internally (e.g., in the PMTs) that scatter a 
single time in the fully active region and would otherwise escape without detection; this could mimic a 
weakly interacting massive particle (WIMP) signal. As these internally generated backgrounds interact 
primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  
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Figure 3: (Left) A schematic of a liquid xenon time projection chamber (LXe-TPC). Particle
interactions in the liquid produce scintillation light (S1) and free electrons. The electrons drift
through an electric field to the liquid-gas interface where they are extracted into the gas and
accelerated, producing proportional scintillation light (S2). The hit pattern in the top grid of
PMTs provides XY position reconstruction, and the drift time between S1 and S2 provides the
depth. (Right) A 3-D model of the LZ detector. The central TPC is located within several layers
of active veto and shielding.

solar neutrinos on electrons, producing around 250 events per year in the energy range of interest.
To reduce the solar neutrino backgrounds and achieve its dark matter sensitivity goals, LZ relies on
event-by-event discrimination of electron recoil (ER) events, such as those produced by neutrino-
electron scatters, from nuclear recoil (NR) events that would be produced in dark matter collisions.
This discrimination is possible because ER and NR deposit their energy in di↵erent ways. For
ER, most of the energy is lost to electronic excitation, which eventually becomes signal. NR give
some energy to electrons, but a majority of their energy is lost in elastic collisions with other
nuclei, and most of that energy does not turn into signal. The result is that both S1 and S2 are
suppressed for NR, and, critically, the S2/S1 ratio is smaller for NR relative to ER, allowing for
particle identification. Figure 4 shows a plot of log(S2/S1) for ER and NR calibration sources from
the LUX experiment [3], which achieved a leakage of ER past the median of the NR population
of 4e-3 (99.6% rejection) in the region of interest for dark matter searches. This technique allows
LZ to reject neutrino elastic scatters as well as radioactive contaminants such as 85Kr that are
distributed throughout the bulk liquid.

2.1 The importance of low energy nuclear recoils

To understand the sensitivity of a detector for light WIMPs, the energy scale for low energy
nuclear recoils must be well characterized. The reasons for this can be found in the di↵erential
rate of WIMP-induced nuclear recoils as a function of recoil energy Q, which is expressed for
spin-independent (SI) interactions in Eq. 1 as the product of four components:
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Figure 4:  (Left) Schematic of a xenon time projection chamber.  A particle interaction in the central 

liquid volume produces both scintillation light (S1) and free electrons which drift to the liquid surface 

under an applied field.  These electrons are extracted into a gas layer where they produce a second light 
pulse (S2) via electroluminescence.  Photo-multiplier tubes above and below the active region collect the 

S1 and S2 pulses. [33]  (Right) Spin-dependent vs Spin-independent cross sections for a variety of WIMP 

models.  Cross sections for spin-dependent interactions are almost universally higher than for spin-

independent, in some models by as much as five orders of magnitude. [34]. 

electron and nuclear recoils in liquid xenon has formed the basis for the NEST simulation package 

produced Szydagis et al and usedby the LUX Collaboration [35][36]. 

3.  The case for a scintillating xenon bubble chamber 

The objective of this proposal is to build and test a prototype scintillating xenon bubble chamber.  Given 

the comprehensive reach of the proposed PICO and LZ programs, the development of a xenon bubble 

chamber may appear to be a superfluous addition to the dark matter direct detection field.  This is not the 
case for three reasons.  First, there is a fundamental need for both multiple technologies and multiple dark 

matter target materials if we hope to understand any future dark matter signal [37].  In general the target 

and technology are linked, convolving systematic effects from technology choice with real changes in 

signal from target choice.  The xenon bubble chamber will be a crucial cross-check between the PICO and 
LZ programs, distinguishing these effects.  Second, the xenon bubble chamber technique eliminates the 

chief technical challenges faced by both bubble chambers and xenon TPCs.  Prototyping the xenon bubble 

chamber now provides a safety net should the hurdles faced by either of these technologies prove to be 
insurmountable.  Finally, the xenon bubble chamber itself is a small perturbation to the standard PICO 

device.  Once the prototyping work in this proposal is accomplished, the PICO collaboration will be able 

to rapidly deploy a xenon bubble chamber if and when physics or technical landscape calls for it. 

3.1  The need for multiple targets and technologies 

The existence of anomalous backgrounds, such as the probable chemical-reaction background in CF3I 

bubble chambers, makes independent confirmation of any observed dark matter signal mandatory.  This 

problem is by no means unique to PICO.  Every leading direct detection experiment has at least one 
pathological background that is not completely understood, including surface-beta-decays in CDMS [16] 

and gamma-X / non-Gaussian leakage events in xenon TPCs [38].  Ideally, confirmation of a discovery 

comes from an experiment utilizing a different technology, and thus subject to a different set of 
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The core of the LZ experiment is a two-phase xenon (Xe) time projection chamber (TPC) containing 
about 7 fully active tonnes of liquid Xe (LXe). Scattering events in LXe create both a prompt scintillation 
signal (S1) and free electrons. Various electric fields are employed to drift the electrons to the liquid 
surface, extract them into the gas phase above, and accelerate them to create a proportional scintillation 
signal (S2). Both signals are measured by arrays of photomultiplier tubes (PMTs) above and below the 
central region. The difference in time of arrival between the signals measures the position of the event in 
z, while the x,y position is determined from the pattern of S2 light in the top PMT array. Events with an 
S2 signal but no S1 are also recorded. A 3-D model of the LZ detector located in a water tank is shown in 
Figure 2.1. The water tank is located at the 4,850-foot level (4850L) of the Sanford Underground 
Research Facility (SURF). The heart of the LZ detector (including the inner titanium [Ti] cryostat) will be 
assembled on the surface at SURF, lowered in the Yates shaft to the 4850L of SURF, and deployed in the 
existing water tank in the Davis Cavern (where LUX is currently located). The principal parameters of the 
LZ experiment are given in Table 2.1, along with the proposed Work Breakdown Structure (WBS) for the 
LZ Project. 
The LZ design is enhanced by several added capabilities beyond the successfully demonstrated LUX and 
ZEPLIN designs. The most important addition is a hermetic liquid organic scintillator (gadolinium-loaded 
linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and TPC. The 
outer detector and the active Xe “skin” layer operate as an integrated veto system, which has several 
benefits. The first is rejecting gammas and neutrons generated internally (e.g., in the PMTs) that scatter a 
single time in the fully active region and would otherwise escape without detection; this could mimic a 
weakly interacting massive particle (WIMP) signal. As these internally generated backgrounds interact 
primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  
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Figure 3: (Left) A schematic of a liquid xenon time projection chamber (LXe-TPC). Particle
interactions in the liquid produce scintillation light (S1) and free electrons. The electrons drift
through an electric field to the liquid-gas interface where they are extracted into the gas and
accelerated, producing proportional scintillation light (S2). The hit pattern in the top grid of
PMTs provides XY position reconstruction, and the drift time between S1 and S2 provides the
depth. (Right) A 3-D model of the LZ detector. The central TPC is located within several layers
of active veto and shielding.

solar neutrinos on electrons, producing around 250 events per year in the energy range of interest.
To reduce the solar neutrino backgrounds and achieve its dark matter sensitivity goals, LZ relies on
event-by-event discrimination of electron recoil (ER) events, such as those produced by neutrino-
electron scatters, from nuclear recoil (NR) events that would be produced in dark matter collisions.
This discrimination is possible because ER and NR deposit their energy in di↵erent ways. For
ER, most of the energy is lost to electronic excitation, which eventually becomes signal. NR give
some energy to electrons, but a majority of their energy is lost in elastic collisions with other
nuclei, and most of that energy does not turn into signal. The result is that both S1 and S2 are
suppressed for NR, and, critically, the S2/S1 ratio is smaller for NR relative to ER, allowing for
particle identification. Figure 4 shows a plot of log(S2/S1) for ER and NR calibration sources from
the LUX experiment [3], which achieved a leakage of ER past the median of the NR population
of 4e-3 (99.6% rejection) in the region of interest for dark matter searches. This technique allows
LZ to reject neutrino elastic scatters as well as radioactive contaminants such as 85Kr that are
distributed throughout the bulk liquid.

2.1 The importance of low energy nuclear recoils

To understand the sensitivity of a detector for light WIMPs, the energy scale for low energy
nuclear recoils must be well characterized. The reasons for this can be found in the di↵erential
rate of WIMP-induced nuclear recoils as a function of recoil energy Q, which is expressed for
spin-independent (SI) interactions in Eq. 1 as the product of four components:
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Figure 4:  (Left) Schematic of a xenon time projection chamber.  A particle interaction in the central 

liquid volume produces both scintillation light (S1) and free electrons which drift to the liquid surface 

under an applied field.  These electrons are extracted into a gas layer where they produce a second light 
pulse (S2) via electroluminescence.  Photo-multiplier tubes above and below the active region collect the 

S1 and S2 pulses. [33]  (Right) Spin-dependent vs Spin-independent cross sections for a variety of WIMP 

models.  Cross sections for spin-dependent interactions are almost universally higher than for spin-

independent, in some models by as much as five orders of magnitude. [34]. 

electron and nuclear recoils in liquid xenon has formed the basis for the NEST simulation package 

produced Szydagis et al and usedby the LUX Collaboration [35][36]. 

3.  The case for a scintillating xenon bubble chamber 

The objective of this proposal is to build and test a prototype scintillating xenon bubble chamber.  Given 

the comprehensive reach of the proposed PICO and LZ programs, the development of a xenon bubble 

chamber may appear to be a superfluous addition to the dark matter direct detection field.  This is not the 
case for three reasons.  First, there is a fundamental need for both multiple technologies and multiple dark 

matter target materials if we hope to understand any future dark matter signal [37].  In general the target 

and technology are linked, convolving systematic effects from technology choice with real changes in 

signal from target choice.  The xenon bubble chamber will be a crucial cross-check between the PICO and 
LZ programs, distinguishing these effects.  Second, the xenon bubble chamber technique eliminates the 

chief technical challenges faced by both bubble chambers and xenon TPCs.  Prototyping the xenon bubble 

chamber now provides a safety net should the hurdles faced by either of these technologies prove to be 
insurmountable.  Finally, the xenon bubble chamber itself is a small perturbation to the standard PICO 

device.  Once the prototyping work in this proposal is accomplished, the PICO collaboration will be able 

to rapidly deploy a xenon bubble chamber if and when physics or technical landscape calls for it. 

3.1  The need for multiple targets and technologies 

The existence of anomalous backgrounds, such as the probable chemical-reaction background in CF3I 

bubble chambers, makes independent confirmation of any observed dark matter signal mandatory.  This 

problem is by no means unique to PICO.  Every leading direct detection experiment has at least one 
pathological background that is not completely understood, including surface-beta-decays in CDMS [16] 

and gamma-X / non-Gaussian leakage events in xenon TPCs [38].  Ideally, confirmation of a discovery 

comes from an experiment utilizing a different technology, and thus subject to a different set of 

2-1 

2��� $%#&�� %��'�#'��(�
The core of the LZ experiment is a two-phase xenon (Xe) time projection chamber (TPC) containing 
about 7 fully active tonnes of liquid Xe (LXe). Scattering events in LXe create both a prompt scintillation 
signal (S1) and free electrons. Various electric fields are employed to drift the electrons to the liquid 
surface, extract them into the gas phase above, and accelerate them to create a proportional scintillation 
signal (S2). Both signals are measured by arrays of photomultiplier tubes (PMTs) above and below the 
central region. The difference in time of arrival between the signals measures the position of the event in 
z, while the x,y position is determined from the pattern of S2 light in the top PMT array. Events with an 
S2 signal but no S1 are also recorded. A 3-D model of the LZ detector located in a water tank is shown in 
Figure 2.1. The water tank is located at the 4,850-foot level (4850L) of the Sanford Underground 
Research Facility (SURF). The heart of the LZ detector (including the inner titanium [Ti] cryostat) will be 
assembled on the surface at SURF, lowered in the Yates shaft to the 4850L of SURF, and deployed in the 
existing water tank in the Davis Cavern (where LUX is currently located). The principal parameters of the 
LZ experiment are given in Table 2.1, along with the proposed Work Breakdown Structure (WBS) for the 
LZ Project. 
The LZ design is enhanced by several added capabilities beyond the successfully demonstrated LUX and 
ZEPLIN designs. The most important addition is a hermetic liquid organic scintillator (gadolinium-loaded 
linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and TPC. The 
outer detector and the active Xe “skin” layer operate as an integrated veto system, which has several 
benefits. The first is rejecting gammas and neutrons generated internally (e.g., in the PMTs) that scatter a 
single time in the fully active region and would otherwise escape without detection; this could mimic a 
weakly interacting massive particle (WIMP) signal. As these internally generated backgrounds interact 
primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  

���&#��2+1+��	����%��%!#��! ��"%+�

Figure 3: (Left) A schematic of a liquid xenon time projection chamber (LXe-TPC). Particle
interactions in the liquid produce scintillation light (S1) and free electrons. The electrons drift
through an electric field to the liquid-gas interface where they are extracted into the gas and
accelerated, producing proportional scintillation light (S2). The hit pattern in the top grid of
PMTs provides XY position reconstruction, and the drift time between S1 and S2 provides the
depth. (Right) A 3-D model of the LZ detector. The central TPC is located within several layers
of active veto and shielding.

solar neutrinos on electrons, producing around 250 events per year in the energy range of interest.
To reduce the solar neutrino backgrounds and achieve its dark matter sensitivity goals, LZ relies on
event-by-event discrimination of electron recoil (ER) events, such as those produced by neutrino-
electron scatters, from nuclear recoil (NR) events that would be produced in dark matter collisions.
This discrimination is possible because ER and NR deposit their energy in di↵erent ways. For
ER, most of the energy is lost to electronic excitation, which eventually becomes signal. NR give
some energy to electrons, but a majority of their energy is lost in elastic collisions with other
nuclei, and most of that energy does not turn into signal. The result is that both S1 and S2 are
suppressed for NR, and, critically, the S2/S1 ratio is smaller for NR relative to ER, allowing for
particle identification. Figure 4 shows a plot of log(S2/S1) for ER and NR calibration sources from
the LUX experiment [3], which achieved a leakage of ER past the median of the NR population
of 4e-3 (99.6% rejection) in the region of interest for dark matter searches. This technique allows
LZ to reject neutrino elastic scatters as well as radioactive contaminants such as 85Kr that are
distributed throughout the bulk liquid.

2.1 The importance of low energy nuclear recoils

To understand the sensitivity of a detector for light WIMPs, the energy scale for low energy
nuclear recoils must be well characterized. The reasons for this can be found in the di↵erential
rate of WIMP-induced nuclear recoils as a function of recoil energy Q, which is expressed for
spin-independent (SI) interactions in Eq. 1 as the product of four components:
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Figure 4:  (Left) Schematic of a xenon time projection chamber.  A particle interaction in the central 

liquid volume produces both scintillation light (S1) and free electrons which drift to the liquid surface 

under an applied field.  These electrons are extracted into a gas layer where they produce a second light 
pulse (S2) via electroluminescence.  Photo-multiplier tubes above and below the active region collect the 

S1 and S2 pulses. [33]  (Right) Spin-dependent vs Spin-independent cross sections for a variety of WIMP 

models.  Cross sections for spin-dependent interactions are almost universally higher than for spin-

independent, in some models by as much as five orders of magnitude. [34]. 

electron and nuclear recoils in liquid xenon has formed the basis for the NEST simulation package 

produced Szydagis et al and usedby the LUX Collaboration [35][36]. 

3.  The case for a scintillating xenon bubble chamber 

The objective of this proposal is to build and test a prototype scintillating xenon bubble chamber.  Given 

the comprehensive reach of the proposed PICO and LZ programs, the development of a xenon bubble 

chamber may appear to be a superfluous addition to the dark matter direct detection field.  This is not the 
case for three reasons.  First, there is a fundamental need for both multiple technologies and multiple dark 

matter target materials if we hope to understand any future dark matter signal [37].  In general the target 

and technology are linked, convolving systematic effects from technology choice with real changes in 

signal from target choice.  The xenon bubble chamber will be a crucial cross-check between the PICO and 
LZ programs, distinguishing these effects.  Second, the xenon bubble chamber technique eliminates the 

chief technical challenges faced by both bubble chambers and xenon TPCs.  Prototyping the xenon bubble 

chamber now provides a safety net should the hurdles faced by either of these technologies prove to be 
insurmountable.  Finally, the xenon bubble chamber itself is a small perturbation to the standard PICO 

device.  Once the prototyping work in this proposal is accomplished, the PICO collaboration will be able 

to rapidly deploy a xenon bubble chamber if and when physics or technical landscape calls for it. 

3.1  The need for multiple targets and technologies 

The existence of anomalous backgrounds, such as the probable chemical-reaction background in CF3I 

bubble chambers, makes independent confirmation of any observed dark matter signal mandatory.  This 

problem is by no means unique to PICO.  Every leading direct detection experiment has at least one 
pathological background that is not completely understood, including surface-beta-decays in CDMS [16] 

and gamma-X / non-Gaussian leakage events in xenon TPCs [38].  Ideally, confirmation of a discovery 

comes from an experiment utilizing a different technology, and thus subject to a different set of 
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The core of the LZ experiment is a two-phase xenon (Xe) time projection chamber (TPC) containing 
about 7 fully active tonnes of liquid Xe (LXe). Scattering events in LXe create both a prompt scintillation 
signal (S1) and free electrons. Various electric fields are employed to drift the electrons to the liquid 
surface, extract them into the gas phase above, and accelerate them to create a proportional scintillation 
signal (S2). Both signals are measured by arrays of photomultiplier tubes (PMTs) above and below the 
central region. The difference in time of arrival between the signals measures the position of the event in 
z, while the x,y position is determined from the pattern of S2 light in the top PMT array. Events with an 
S2 signal but no S1 are also recorded. A 3-D model of the LZ detector located in a water tank is shown in 
Figure 2.1. The water tank is located at the 4,850-foot level (4850L) of the Sanford Underground 
Research Facility (SURF). The heart of the LZ detector (including the inner titanium [Ti] cryostat) will be 
assembled on the surface at SURF, lowered in the Yates shaft to the 4850L of SURF, and deployed in the 
existing water tank in the Davis Cavern (where LUX is currently located). The principal parameters of the 
LZ experiment are given in Table 2.1, along with the proposed Work Breakdown Structure (WBS) for the 
LZ Project. 
The LZ design is enhanced by several added capabilities beyond the successfully demonstrated LUX and 
ZEPLIN designs. The most important addition is a hermetic liquid organic scintillator (gadolinium-loaded 
linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and TPC. The 
outer detector and the active Xe “skin” layer operate as an integrated veto system, which has several 
benefits. The first is rejecting gammas and neutrons generated internally (e.g., in the PMTs) that scatter a 
single time in the fully active region and would otherwise escape without detection; this could mimic a 
weakly interacting massive particle (WIMP) signal. As these internally generated backgrounds interact 
primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  
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Figure 3: (Left) A schematic of a liquid xenon time projection chamber (LXe-TPC). Particle
interactions in the liquid produce scintillation light (S1) and free electrons. The electrons drift
through an electric field to the liquid-gas interface where they are extracted into the gas and
accelerated, producing proportional scintillation light (S2). The hit pattern in the top grid of
PMTs provides XY position reconstruction, and the drift time between S1 and S2 provides the
depth. (Right) A 3-D model of the LZ detector. The central TPC is located within several layers
of active veto and shielding.

solar neutrinos on electrons, producing around 250 events per year in the energy range of interest.
To reduce the solar neutrino backgrounds and achieve its dark matter sensitivity goals, LZ relies on
event-by-event discrimination of electron recoil (ER) events, such as those produced by neutrino-
electron scatters, from nuclear recoil (NR) events that would be produced in dark matter collisions.
This discrimination is possible because ER and NR deposit their energy in di↵erent ways. For
ER, most of the energy is lost to electronic excitation, which eventually becomes signal. NR give
some energy to electrons, but a majority of their energy is lost in elastic collisions with other
nuclei, and most of that energy does not turn into signal. The result is that both S1 and S2 are
suppressed for NR, and, critically, the S2/S1 ratio is smaller for NR relative to ER, allowing for
particle identification. Figure 4 shows a plot of log(S2/S1) for ER and NR calibration sources from
the LUX experiment [3], which achieved a leakage of ER past the median of the NR population
of 4e-3 (99.6% rejection) in the region of interest for dark matter searches. This technique allows
LZ to reject neutrino elastic scatters as well as radioactive contaminants such as 85Kr that are
distributed throughout the bulk liquid.

2.1 The importance of low energy nuclear recoils

To understand the sensitivity of a detector for light WIMPs, the energy scale for low energy
nuclear recoils must be well characterized. The reasons for this can be found in the di↵erential
rate of WIMP-induced nuclear recoils as a function of recoil energy Q, which is expressed for
spin-independent (SI) interactions in Eq. 1 as the product of four components:
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Figure 4:  (Left) Schematic of a xenon time projection chamber.  A particle interaction in the central 

liquid volume produces both scintillation light (S1) and free electrons which drift to the liquid surface 

under an applied field.  These electrons are extracted into a gas layer where they produce a second light 
pulse (S2) via electroluminescence.  Photo-multiplier tubes above and below the active region collect the 

S1 and S2 pulses. [33]  (Right) Spin-dependent vs Spin-independent cross sections for a variety of WIMP 

models.  Cross sections for spin-dependent interactions are almost universally higher than for spin-

independent, in some models by as much as five orders of magnitude. [34]. 

electron and nuclear recoils in liquid xenon has formed the basis for the NEST simulation package 

produced Szydagis et al and usedby the LUX Collaboration [35][36]. 

3.  The case for a scintillating xenon bubble chamber 

The objective of this proposal is to build and test a prototype scintillating xenon bubble chamber.  Given 

the comprehensive reach of the proposed PICO and LZ programs, the development of a xenon bubble 

chamber may appear to be a superfluous addition to the dark matter direct detection field.  This is not the 
case for three reasons.  First, there is a fundamental need for both multiple technologies and multiple dark 

matter target materials if we hope to understand any future dark matter signal [37].  In general the target 

and technology are linked, convolving systematic effects from technology choice with real changes in 

signal from target choice.  The xenon bubble chamber will be a crucial cross-check between the PICO and 
LZ programs, distinguishing these effects.  Second, the xenon bubble chamber technique eliminates the 

chief technical challenges faced by both bubble chambers and xenon TPCs.  Prototyping the xenon bubble 

chamber now provides a safety net should the hurdles faced by either of these technologies prove to be 
insurmountable.  Finally, the xenon bubble chamber itself is a small perturbation to the standard PICO 

device.  Once the prototyping work in this proposal is accomplished, the PICO collaboration will be able 

to rapidly deploy a xenon bubble chamber if and when physics or technical landscape calls for it. 

3.1  The need for multiple targets and technologies 

The existence of anomalous backgrounds, such as the probable chemical-reaction background in CF3I 

bubble chambers, makes independent confirmation of any observed dark matter signal mandatory.  This 

problem is by no means unique to PICO.  Every leading direct detection experiment has at least one 
pathological background that is not completely understood, including surface-beta-decays in CDMS [16] 

and gamma-X / non-Gaussian leakage events in xenon TPCs [38].  Ideally, confirmation of a discovery 

comes from an experiment utilizing a different technology, and thus subject to a different set of 
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The core of the LZ experiment is a two-phase xenon (Xe) time projection chamber (TPC) containing 
about 7 fully active tonnes of liquid Xe (LXe). Scattering events in LXe create both a prompt scintillation 
signal (S1) and free electrons. Various electric fields are employed to drift the electrons to the liquid 
surface, extract them into the gas phase above, and accelerate them to create a proportional scintillation 
signal (S2). Both signals are measured by arrays of photomultiplier tubes (PMTs) above and below the 
central region. The difference in time of arrival between the signals measures the position of the event in 
z, while the x,y position is determined from the pattern of S2 light in the top PMT array. Events with an 
S2 signal but no S1 are also recorded. A 3-D model of the LZ detector located in a water tank is shown in 
Figure 2.1. The water tank is located at the 4,850-foot level (4850L) of the Sanford Underground 
Research Facility (SURF). The heart of the LZ detector (including the inner titanium [Ti] cryostat) will be 
assembled on the surface at SURF, lowered in the Yates shaft to the 4850L of SURF, and deployed in the 
existing water tank in the Davis Cavern (where LUX is currently located). The principal parameters of the 
LZ experiment are given in Table 2.1, along with the proposed Work Breakdown Structure (WBS) for the 
LZ Project. 
The LZ design is enhanced by several added capabilities beyond the successfully demonstrated LUX and 
ZEPLIN designs. The most important addition is a hermetic liquid organic scintillator (gadolinium-loaded 
linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and TPC. The 
outer detector and the active Xe “skin” layer operate as an integrated veto system, which has several 
benefits. The first is rejecting gammas and neutrons generated internally (e.g., in the PMTs) that scatter a 
single time in the fully active region and would otherwise escape without detection; this could mimic a 
weakly interacting massive particle (WIMP) signal. As these internally generated backgrounds interact 
primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  
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Figure 3: (Left) A schematic of a liquid xenon time projection chamber (LXe-TPC). Particle
interactions in the liquid produce scintillation light (S1) and free electrons. The electrons drift
through an electric field to the liquid-gas interface where they are extracted into the gas and
accelerated, producing proportional scintillation light (S2). The hit pattern in the top grid of
PMTs provides XY position reconstruction, and the drift time between S1 and S2 provides the
depth. (Right) A 3-D model of the LZ detector. The central TPC is located within several layers
of active veto and shielding.

solar neutrinos on electrons, producing around 250 events per year in the energy range of interest.
To reduce the solar neutrino backgrounds and achieve its dark matter sensitivity goals, LZ relies on
event-by-event discrimination of electron recoil (ER) events, such as those produced by neutrino-
electron scatters, from nuclear recoil (NR) events that would be produced in dark matter collisions.
This discrimination is possible because ER and NR deposit their energy in di↵erent ways. For
ER, most of the energy is lost to electronic excitation, which eventually becomes signal. NR give
some energy to electrons, but a majority of their energy is lost in elastic collisions with other
nuclei, and most of that energy does not turn into signal. The result is that both S1 and S2 are
suppressed for NR, and, critically, the S2/S1 ratio is smaller for NR relative to ER, allowing for
particle identification. Figure 4 shows a plot of log(S2/S1) for ER and NR calibration sources from
the LUX experiment [3], which achieved a leakage of ER past the median of the NR population
of 4e-3 (99.6% rejection) in the region of interest for dark matter searches. This technique allows
LZ to reject neutrino elastic scatters as well as radioactive contaminants such as 85Kr that are
distributed throughout the bulk liquid.

2.1 The importance of low energy nuclear recoils

To understand the sensitivity of a detector for light WIMPs, the energy scale for low energy
nuclear recoils must be well characterized. The reasons for this can be found in the di↵erential
rate of WIMP-induced nuclear recoils as a function of recoil energy Q, which is expressed for
spin-independent (SI) interactions in Eq. 1 as the product of four components:
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Figure 4:  (Left) Schematic of a xenon time projection chamber.  A particle interaction in the central 

liquid volume produces both scintillation light (S1) and free electrons which drift to the liquid surface 

under an applied field.  These electrons are extracted into a gas layer where they produce a second light 
pulse (S2) via electroluminescence.  Photo-multiplier tubes above and below the active region collect the 

S1 and S2 pulses. [33]  (Right) Spin-dependent vs Spin-independent cross sections for a variety of WIMP 

models.  Cross sections for spin-dependent interactions are almost universally higher than for spin-

independent, in some models by as much as five orders of magnitude. [34]. 

electron and nuclear recoils in liquid xenon has formed the basis for the NEST simulation package 

produced Szydagis et al and usedby the LUX Collaboration [35][36]. 

3.  The case for a scintillating xenon bubble chamber 

The objective of this proposal is to build and test a prototype scintillating xenon bubble chamber.  Given 

the comprehensive reach of the proposed PICO and LZ programs, the development of a xenon bubble 

chamber may appear to be a superfluous addition to the dark matter direct detection field.  This is not the 
case for three reasons.  First, there is a fundamental need for both multiple technologies and multiple dark 

matter target materials if we hope to understand any future dark matter signal [37].  In general the target 

and technology are linked, convolving systematic effects from technology choice with real changes in 

signal from target choice.  The xenon bubble chamber will be a crucial cross-check between the PICO and 
LZ programs, distinguishing these effects.  Second, the xenon bubble chamber technique eliminates the 

chief technical challenges faced by both bubble chambers and xenon TPCs.  Prototyping the xenon bubble 

chamber now provides a safety net should the hurdles faced by either of these technologies prove to be 
insurmountable.  Finally, the xenon bubble chamber itself is a small perturbation to the standard PICO 

device.  Once the prototyping work in this proposal is accomplished, the PICO collaboration will be able 

to rapidly deploy a xenon bubble chamber if and when physics or technical landscape calls for it. 

3.1  The need for multiple targets and technologies 

The existence of anomalous backgrounds, such as the probable chemical-reaction background in CF3I 

bubble chambers, makes independent confirmation of any observed dark matter signal mandatory.  This 

problem is by no means unique to PICO.  Every leading direct detection experiment has at least one 
pathological background that is not completely understood, including surface-beta-decays in CDMS [16] 

and gamma-X / non-Gaussian leakage events in xenon TPCs [38].  Ideally, confirmation of a discovery 

comes from an experiment utilizing a different technology, and thus subject to a different set of 
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The core of the LZ experiment is a two-phase xenon (Xe) time projection chamber (TPC) containing 
about 7 fully active tonnes of liquid Xe (LXe). Scattering events in LXe create both a prompt scintillation 
signal (S1) and free electrons. Various electric fields are employed to drift the electrons to the liquid 
surface, extract them into the gas phase above, and accelerate them to create a proportional scintillation 
signal (S2). Both signals are measured by arrays of photomultiplier tubes (PMTs) above and below the 
central region. The difference in time of arrival between the signals measures the position of the event in 
z, while the x,y position is determined from the pattern of S2 light in the top PMT array. Events with an 
S2 signal but no S1 are also recorded. A 3-D model of the LZ detector located in a water tank is shown in 
Figure 2.1. The water tank is located at the 4,850-foot level (4850L) of the Sanford Underground 
Research Facility (SURF). The heart of the LZ detector (including the inner titanium [Ti] cryostat) will be 
assembled on the surface at SURF, lowered in the Yates shaft to the 4850L of SURF, and deployed in the 
existing water tank in the Davis Cavern (where LUX is currently located). The principal parameters of the 
LZ experiment are given in Table 2.1, along with the proposed Work Breakdown Structure (WBS) for the 
LZ Project. 
The LZ design is enhanced by several added capabilities beyond the successfully demonstrated LUX and 
ZEPLIN designs. The most important addition is a hermetic liquid organic scintillator (gadolinium-loaded 
linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and TPC. The 
outer detector and the active Xe “skin” layer operate as an integrated veto system, which has several 
benefits. The first is rejecting gammas and neutrons generated internally (e.g., in the PMTs) that scatter a 
single time in the fully active region and would otherwise escape without detection; this could mimic a 
weakly interacting massive particle (WIMP) signal. As these internally generated backgrounds interact 
primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  
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Figure 3: (Left) A schematic of a liquid xenon time projection chamber (LXe-TPC). Particle
interactions in the liquid produce scintillation light (S1) and free electrons. The electrons drift
through an electric field to the liquid-gas interface where they are extracted into the gas and
accelerated, producing proportional scintillation light (S2). The hit pattern in the top grid of
PMTs provides XY position reconstruction, and the drift time between S1 and S2 provides the
depth. (Right) A 3-D model of the LZ detector. The central TPC is located within several layers
of active veto and shielding.

solar neutrinos on electrons, producing around 250 events per year in the energy range of interest.
To reduce the solar neutrino backgrounds and achieve its dark matter sensitivity goals, LZ relies on
event-by-event discrimination of electron recoil (ER) events, such as those produced by neutrino-
electron scatters, from nuclear recoil (NR) events that would be produced in dark matter collisions.
This discrimination is possible because ER and NR deposit their energy in di↵erent ways. For
ER, most of the energy is lost to electronic excitation, which eventually becomes signal. NR give
some energy to electrons, but a majority of their energy is lost in elastic collisions with other
nuclei, and most of that energy does not turn into signal. The result is that both S1 and S2 are
suppressed for NR, and, critically, the S2/S1 ratio is smaller for NR relative to ER, allowing for
particle identification. Figure 4 shows a plot of log(S2/S1) for ER and NR calibration sources from
the LUX experiment [3], which achieved a leakage of ER past the median of the NR population
of 4e-3 (99.6% rejection) in the region of interest for dark matter searches. This technique allows
LZ to reject neutrino elastic scatters as well as radioactive contaminants such as 85Kr that are
distributed throughout the bulk liquid.

2.1 The importance of low energy nuclear recoils

To understand the sensitivity of a detector for light WIMPs, the energy scale for low energy
nuclear recoils must be well characterized. The reasons for this can be found in the di↵erential
rate of WIMP-induced nuclear recoils as a function of recoil energy Q, which is expressed for
spin-independent (SI) interactions in Eq. 1 as the product of four components:
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Figure 4:  (Left) Schematic of a xenon time projection chamber.  A particle interaction in the central 

liquid volume produces both scintillation light (S1) and free electrons which drift to the liquid surface 

under an applied field.  These electrons are extracted into a gas layer where they produce a second light 
pulse (S2) via electroluminescence.  Photo-multiplier tubes above and below the active region collect the 

S1 and S2 pulses. [33]  (Right) Spin-dependent vs Spin-independent cross sections for a variety of WIMP 

models.  Cross sections for spin-dependent interactions are almost universally higher than for spin-

independent, in some models by as much as five orders of magnitude. [34]. 

electron and nuclear recoils in liquid xenon has formed the basis for the NEST simulation package 

produced Szydagis et al and usedby the LUX Collaboration [35][36]. 

3.  The case for a scintillating xenon bubble chamber 

The objective of this proposal is to build and test a prototype scintillating xenon bubble chamber.  Given 

the comprehensive reach of the proposed PICO and LZ programs, the development of a xenon bubble 

chamber may appear to be a superfluous addition to the dark matter direct detection field.  This is not the 
case for three reasons.  First, there is a fundamental need for both multiple technologies and multiple dark 

matter target materials if we hope to understand any future dark matter signal [37].  In general the target 

and technology are linked, convolving systematic effects from technology choice with real changes in 

signal from target choice.  The xenon bubble chamber will be a crucial cross-check between the PICO and 
LZ programs, distinguishing these effects.  Second, the xenon bubble chamber technique eliminates the 

chief technical challenges faced by both bubble chambers and xenon TPCs.  Prototyping the xenon bubble 

chamber now provides a safety net should the hurdles faced by either of these technologies prove to be 
insurmountable.  Finally, the xenon bubble chamber itself is a small perturbation to the standard PICO 

device.  Once the prototyping work in this proposal is accomplished, the PICO collaboration will be able 

to rapidly deploy a xenon bubble chamber if and when physics or technical landscape calls for it. 

3.1  The need for multiple targets and technologies 

The existence of anomalous backgrounds, such as the probable chemical-reaction background in CF3I 

bubble chambers, makes independent confirmation of any observed dark matter signal mandatory.  This 

problem is by no means unique to PICO.  Every leading direct detection experiment has at least one 
pathological background that is not completely understood, including surface-beta-decays in CDMS [16] 

and gamma-X / non-Gaussian leakage events in xenon TPCs [38].  Ideally, confirmation of a discovery 

comes from an experiment utilizing a different technology, and thus subject to a different set of 
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The core of the LZ experiment is a two-phase xenon (Xe) time projection chamber (TPC) containing 
about 7 fully active tonnes of liquid Xe (LXe). Scattering events in LXe create both a prompt scintillation 
signal (S1) and free electrons. Various electric fields are employed to drift the electrons to the liquid 
surface, extract them into the gas phase above, and accelerate them to create a proportional scintillation 
signal (S2). Both signals are measured by arrays of photomultiplier tubes (PMTs) above and below the 
central region. The difference in time of arrival between the signals measures the position of the event in 
z, while the x,y position is determined from the pattern of S2 light in the top PMT array. Events with an 
S2 signal but no S1 are also recorded. A 3-D model of the LZ detector located in a water tank is shown in 
Figure 2.1. The water tank is located at the 4,850-foot level (4850L) of the Sanford Underground 
Research Facility (SURF). The heart of the LZ detector (including the inner titanium [Ti] cryostat) will be 
assembled on the surface at SURF, lowered in the Yates shaft to the 4850L of SURF, and deployed in the 
existing water tank in the Davis Cavern (where LUX is currently located). The principal parameters of the 
LZ experiment are given in Table 2.1, along with the proposed Work Breakdown Structure (WBS) for the 
LZ Project. 
The LZ design is enhanced by several added capabilities beyond the successfully demonstrated LUX and 
ZEPLIN designs. The most important addition is a hermetic liquid organic scintillator (gadolinium-loaded 
linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and TPC. The 
outer detector and the active Xe “skin” layer operate as an integrated veto system, which has several 
benefits. The first is rejecting gammas and neutrons generated internally (e.g., in the PMTs) that scatter a 
single time in the fully active region and would otherwise escape without detection; this could mimic a 
weakly interacting massive particle (WIMP) signal. As these internally generated backgrounds interact 
primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  
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Figure 3: (Left) A schematic of a liquid xenon time projection chamber (LXe-TPC). Particle
interactions in the liquid produce scintillation light (S1) and free electrons. The electrons drift
through an electric field to the liquid-gas interface where they are extracted into the gas and
accelerated, producing proportional scintillation light (S2). The hit pattern in the top grid of
PMTs provides XY position reconstruction, and the drift time between S1 and S2 provides the
depth. (Right) A 3-D model of the LZ detector. The central TPC is located within several layers
of active veto and shielding.

solar neutrinos on electrons, producing around 250 events per year in the energy range of interest.
To reduce the solar neutrino backgrounds and achieve its dark matter sensitivity goals, LZ relies on
event-by-event discrimination of electron recoil (ER) events, such as those produced by neutrino-
electron scatters, from nuclear recoil (NR) events that would be produced in dark matter collisions.
This discrimination is possible because ER and NR deposit their energy in di↵erent ways. For
ER, most of the energy is lost to electronic excitation, which eventually becomes signal. NR give
some energy to electrons, but a majority of their energy is lost in elastic collisions with other
nuclei, and most of that energy does not turn into signal. The result is that both S1 and S2 are
suppressed for NR, and, critically, the S2/S1 ratio is smaller for NR relative to ER, allowing for
particle identification. Figure 4 shows a plot of log(S2/S1) for ER and NR calibration sources from
the LUX experiment [3], which achieved a leakage of ER past the median of the NR population
of 4e-3 (99.6% rejection) in the region of interest for dark matter searches. This technique allows
LZ to reject neutrino elastic scatters as well as radioactive contaminants such as 85Kr that are
distributed throughout the bulk liquid.

2.1 The importance of low energy nuclear recoils

To understand the sensitivity of a detector for light WIMPs, the energy scale for low energy
nuclear recoils must be well characterized. The reasons for this can be found in the di↵erential
rate of WIMP-induced nuclear recoils as a function of recoil energy Q, which is expressed for
spin-independent (SI) interactions in Eq. 1 as the product of four components:
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Solubility of Helium and Neon in Liquid Argon. An Approximation to the Entropy of 
Lattice Vacancy Formation in Liquid Argon* 

F. E. KARASzt AND G. D. HALSEY, JR.t 

Department oj Chemistry, University oj Washington, Seattle, Washington 
(Received January 14, 1958) 

The solubilities of helium and neon in liquid argon have been measured over the temperature range 83.9 
to 87.5°K. The observed heat of solution for helium is 1520 cal/mole and for neon is 390 cal/mole. These 
data have been analyzed by means of a modified LJD treatment to yield an entropy for lattice vacancy 
formation of approximately 24 eu. 

I. INTRODUCTION 

GASES are more soluble in liquids than in solids, 
presumably because of the looser structure of a 

liquid. The simplest and most convenient solvent to 
study is liquid argon; helium is the appropriate solute 
gas, because it is also monatomic, and because it has a 
lower energy of interaction with argon than any other 
molecule. A parallel study of the solubility of neon has 
provided an example of what a stronger interaction 
energy will do, and makes possible a rough extrapola-
tion to zero interaction. An analysis of the self-solution 
of argon in argon completes the transition from extreme 
Henry's law to Raoult's law behavior. 

The solution process is analyzed as a lattice vacancy 
formation, followed by the filling of the vacancy by a 
foreign atom. The Lennard-J ones-Devonshire (LJD) 
cell theory of liquids! can be applied to this problem 
with only minor changes. In fact it appears to be more 
appropriate and less ambiguous here than in its applica-
tion to the critical region of a pure liquid, because the 
"wanderer" or central atom in the LJD "cage" is a 
distinguishable foreign atom of such a low concentra-
tion that interaction between two solute atoms or 
double occupancy is unimportant. 

II. EXPERIMENTAL 

Solubility Cell 
A known quantity of gas was introduced over a 

known quantity of liquid; then, the resulting pressure 
was measured, as a function of the quantity of gas 
(isotherms) or temperature (isosteres) in the cell 
(Fig. 1). This cell had one compartment for the solu-
tion (20 cc) and one for the pure liquid, for reference. 
The two stainless steel leads to these compartments 
supported the cell, and left it free to swing in one direc-
tion. An electromagnet was used to provide brisk 

* This research was supported in part by the U. S. Air Force 
through the Air Force Office of Scientific Research of the Air Re-
search and Development Command under contract No. AF 
18(600)-987. 

t Presented in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy. Shell Fellow, 1956-57. 

t Guggenheim Fellow, 1956-1957. 
1 Hirschfelder, Curtiss, and Bird, Molecular Theory oj Gases and 

Liquids (New York, 1954), par. 4.7, p. 293. 

agitation of the cell in this manner. Stem heaters and 
other details of the cell are shown in the figure. 

The temperature was maintained constant over the 
range 83.9° to 87.SoK, by means of pumping on a 
suitable mixture of liquid oxygen and nitrogen with a 
water aspirator. A solenoid valve, actuated by a vapor 
pressure thermometer with electrical contacts con-
trolled the pumping, and thereby maintained the 
temperature of the bath to 0.01°. The temperature 
control inside the cell was closer than this, owing to a 
large thermal lag. 

Manometer System 
The fixed leg of the manometer system was con-

nected to the solution compartment of the cell. It con-
tained a glass optical reference point which was ob-
served through a telescope. To minimize errors in the 
volume adjustment, it was necessary to employ ll-mm 
tubing. Two free legs of 2S-mm Trubore tubing were 
provided. One was connected to the pure argon refer-
ence compartment, and the other was evacuated to 
read total pressure. The position of the mercury in 
these legs was compared with a meter bar by means of a 
special cathetometer assembly consisting of a massive 
support, a Gaertner slide microcathetometer, and a 
cylindrically focused light.2 The pressure could be esti-
mated to 0.002 cm and was estimated to be accurate 
to 0.01 cm. 

Gases 
Analyzed reagent-grade helium, neon, and argon were 

used as supplied in sealed glass bulbs by the Air Reduc-
tion Company. The high-purity argon was used in the 
reference compartment only. For the large require-
ments of the solubility cell, tank argon was purified, 
with titanium metal, according to the procedure of 
Mallett.3 It was then condensed into the cell and 
stripped by expansion into a 1-liter gas buret until 
its vapor pressure agreed with that of the argon in the 
reference cell. 

2 G. Constabaris, thesis, University of Washington, 1957. 
3 M. W. Mallett, Ind. Eng. Chern. 42, 2045 (1950). 
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FIG. 1. Details of cell: A, stems; C, Teflon spacer; D, clamp to 
hold stems; E, vapor pressure thermometer for cryostat control; 
F, electric contact; G, steel container; H, stem heaters; K, as-
bestos insulation; L, top plate; M, nylon supporting lines; N, 
pumping line for cryostat; 0, rubber gasket; R, electromagnetic 
agitator; 5, brass sleeves; Th

" 
Th 2, Tha, copper-constantan 

thermocouples; V, 4 1. Dewar vessel. 

Operation 
Dead space volumes were estimated in the usual 

manner, by means of measurements with tank helium 
and thermocouples in the various temperature regions.2 

Then approximately 0.4 mole of argon was metered 
into the cell with the large gas buret. Measured quan-
tities of helium, enough to produce a pressure increase 
in the cell of up to about 15 em, were introduced and 
equilibration begun. Both liquid-vapor and gas-con-
centration equilibria must be considered. The former 
was speeded by shaking the cell. A rough calculation 
indicated that about 6 hours would be needed for 
diffusion to mix sufficiently the gas in the leads. Ac-
cordingly, this rate was speeded by drawing down the 
constant volume leg of the manometer from time to 
time, to provide mass mixing. It was possible to hold 
the cell at a constant temperature (±O.003°) for about 
ten hours; the run was observed for at least 36 hours 
through several fillings of the cryostat, to make sure the 
true equilibrium had been reached. In several cases, 
during the running of isosteres, the same equilibrium 
point was approached from above and below the final 
pressure to confirm that true equilibrium was being 
reached. 

Temperature 
The temperature of the runs was calculated from the 

vapor pressure of the argon in the reference com part-

ment, by means of the vapor-pressure data of Michels 
et al.4 It was considered to be more than accurate 
enough for the purposes of this investigation. 

Calculations 
The objective of the calculations is to obtain the 

quantity of helium in the gas phase, and then, by 
difference, the quantity dissolved. This calculation 
involved the following steps. 

1. The volume abstracted from the gas volume by 
the liquid; (a) density of argon, (b) compressi-
bility of the liquid, and (c) partial molar volume 
of the solute. . 

2. Correction of the simple addivity of argon vapor 
pressure and solute gas pressure and the perfect-
gas law by; (a) a Poynting correction (effect of 
inert gas on the vapor pressure of a liquid),5 
(b) Raoult's law correction to argon vapor 
pressure, and, (c) nonidealityof the gas mixture. 

Corrections l(b) and l(c) are negligible; the pressure 
in these experiments is always close to the saturation 
pressure of argon, and the mole fraction of solute is 
very low; therefore, the standard density of measure-
ments of liquid argon have been used without any 
correction.6 

All the corrections under heading 2 have been made, 
according to the usual procedures.7 However, it is not 
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FIG. 2. Helium isotherms. 

4 Michels, Wassenaar, and Zwietering, Physica 17, 879 (1951). 
5 W. B. Jepson and J. S. Rowlinson, J. Chern. Phys.23, 1599 

(1955). 
6 Mathias, Onnes, and Crommelin, Commun. Phys. Lab. Univ. 

Leiden 131a (1912). 
7 J. A. Beattie and W. H. Stockmayer in H. S. Taylor and 

S. Glassstone. Treatise an Physical Chemistry (New York, 1951), 
Chap. II: Vol. II. 
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• Data exists for LAr 
• Not promising 

• 2e-5 mass fraction at 1 atm 
of partial pressure 

• No published data in LXe
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What don’t you need for low mass?

• A lot of mass

~10 kg He
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~10 tonnes 
Xe



10−1 100 10110−1

100

101

102

103

In
te

ra
ct

io
n 

le
ng

th
 [c

m
]

Gamma energy [MeV]

 

 

Liquid xenon
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Backgrounds

• Self shielding is not effective in He-only detector

• The longest known radioisotope of He (6He) decays in <1 s 

• No new backgrounds introduced
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Size of LZ Size of 10 
kg LHe

150 x 150 
cm 30 x 30 cm
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Scintillation e�ciency and ionization yield of liquid xenon for mono-energetic nuclear
recoils down to 4 keV

A. Manzur,1 A. Curioni,1, ⇤ L. Kastens,1 D.N. McKinsey,1, † K. Ni,1, ‡ and T. Wongjirad1, §

1Department of Physics, Yale University, P.O. Box 208120, New Haven, CT 06520, USA
(Dated: January 18, 2010)

Liquid Xenon (LXe) is an excellent material for experiments designed to detect dark matter in the
form of Weakly Interacting Massive Particles (WIMPs). A low energy detection threshold is essential
for a sensitive WIMP search. The understanding of the relative scintillation e�ciency (Le↵) and
ionization yield of low energy nuclear recoils in LXe is limited for energies below 10 keV. In this paper,
we present new measurements that extend the energy down to 4 keV, finding thatLe↵ decreases with
decreasing energy. We also measure the quenching of scintillation e�ciency due to the electric field
in LXe, finding no significant field dependence.

PACS numbers: 95.35.+d, 29.40.Mc, 95.55.Vj

I. INTRODUCTION

Liquid xenon is increasingly used as the detection ma-
terial in direct searches for WIMP dark matter [1]. Recent
developments in two-phase (gas/liquid) xenon detec-
tors [2–4] has resulted in stringent limits on the WIMP-
nucleon cross-section, constraining theories of physics
beyond the standard model, such as supersymmetry.
WIMPs will deposit a small amount of energy in the
LXe through elastic scatters with xenon nuclei. Part of
the deposited energy is converted into observable sig-
nals of scintillation light and ionization electrons. The
rest of the energy is converted into heat and can not be
easily measured. Understanding these e↵ects will help
determine nuclear recoil energies and ultimately play a
part in determining the WIMP-nucleon cross-section.

In a two-phase xenon detector, two signals are mea-
sured. The first is the direct scintillation light, denoted
as S1. The second is the proportional scintillation light
in the gas phase, denoted as S2, which is proportional to
the ionization electrons that survive electron-ion recom-
bination and are extracted into the gas. Figure 1 gives
an illustration of the signal production and collection in
a two-phase xenon detector.

For a given event in the LXe, the nuclear recoil energy
can be determined based on the scintillation signal S1
[2, 3]. However, it is much more convenient to calibrate
the detector using electron recoil events. The tradition in
the field [5–9] is to base the energy calibration on 122 keV
electron recoils from a 57Co gamma source. The relative
scintillation e�ciency,Le↵, defined as the ratio between the
electron equivalent energy (Eee) and the true nuclear re-

⇤Current address: Institute for Particle Physics, ETH Zurich, 8093
Zurich, Switzerland
†Corresponding author: daniel.mckinsey@yale.edu
‡Current address: Department of Physics, Shanghai Jiao Tong Univer-
sity, Shanghai, China
§Current address: Department of Physics, Duke University, Durham,
NC, USA

coil energy (Er), becomes necessary for determining the
nuclear energy scale and, therefore, the WIMP detection
sensitivity. Eee is inferred from the scintillation signal
yield due to monoenergetic electron recoils. Le↵ has no
units and is defined at zero electric field in LXe relative
to 122 keV gamma rays.

If an electric field is applied to the LXe, the scintil-
lation yields for both electron and nuclear recoils are
suppressed by additional factors Se and Sn, respectively.
The relative scintillation e�ciency can be calculated as

Le↵ = Eee/Er · Se/Sn (1)

The quantity Se for 122 keV electron recoils from a 57Co
source has been measured very accurately [10]. Sn has
been measured for 56 keV nuclear recoils, with electric
fields up to a few kV/cm in LXe [7, 10], but no measure-
ment is available for nuclear recoils at other energies.

electron recoil

nuclear recoil

atomic motion

excitation + ionization

Xe*

Xe+ + e-
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Xe2
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Xe2
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2Xe + hν

scintillation light (175 nm)

ionization 
electrons

escaping 
electrons

recombination

S2S1

FIG. 1: (Color online) Illustration of the signal production and
collection in a two-phase xenon detector.

Two methods have been utilized to determine Le↵ as
a function of energy: a) Using a fixed-energy neutron
beam experiment, detecting neutrons that scatter in the
LXe at a known scattering angle, and b) Comparing neu-
tron calibration data to Monte Carlo simulations without
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Scintillation e�ciency and ionization yield of liquid xenon for mono-energetic nuclear
recoils down to 4 keV
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1Department of Physics, Yale University, P.O. Box 208120, New Haven, CT 06520, USA
(Dated: January 18, 2010)

Liquid Xenon (LXe) is an excellent material for experiments designed to detect dark matter in the
form of Weakly Interacting Massive Particles (WIMPs). A low energy detection threshold is essential
for a sensitive WIMP search. The understanding of the relative scintillation e�ciency (Le↵) and
ionization yield of low energy nuclear recoils in LXe is limited for energies below 10 keV. In this paper,
we present new measurements that extend the energy down to 4 keV, finding thatLe↵ decreases with
decreasing energy. We also measure the quenching of scintillation e�ciency due to the electric field
in LXe, finding no significant field dependence.

PACS numbers: 95.35.+d, 29.40.Mc, 95.55.Vj

I. INTRODUCTION

Liquid xenon is increasingly used as the detection ma-
terial in direct searches for WIMP dark matter [1]. Recent
developments in two-phase (gas/liquid) xenon detec-
tors [2–4] has resulted in stringent limits on the WIMP-
nucleon cross-section, constraining theories of physics
beyond the standard model, such as supersymmetry.
WIMPs will deposit a small amount of energy in the
LXe through elastic scatters with xenon nuclei. Part of
the deposited energy is converted into observable sig-
nals of scintillation light and ionization electrons. The
rest of the energy is converted into heat and can not be
easily measured. Understanding these e↵ects will help
determine nuclear recoil energies and ultimately play a
part in determining the WIMP-nucleon cross-section.

In a two-phase xenon detector, two signals are mea-
sured. The first is the direct scintillation light, denoted
as S1. The second is the proportional scintillation light
in the gas phase, denoted as S2, which is proportional to
the ionization electrons that survive electron-ion recom-
bination and are extracted into the gas. Figure 1 gives
an illustration of the signal production and collection in
a two-phase xenon detector.

For a given event in the LXe, the nuclear recoil energy
can be determined based on the scintillation signal S1
[2, 3]. However, it is much more convenient to calibrate
the detector using electron recoil events. The tradition in
the field [5–9] is to base the energy calibration on 122 keV
electron recoils from a 57Co gamma source. The relative
scintillation e�ciency,Le↵, defined as the ratio between the
electron equivalent energy (Eee) and the true nuclear re-
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coil energy (Er), becomes necessary for determining the
nuclear energy scale and, therefore, the WIMP detection
sensitivity. Eee is inferred from the scintillation signal
yield due to monoenergetic electron recoils. Le↵ has no
units and is defined at zero electric field in LXe relative
to 122 keV gamma rays.

If an electric field is applied to the LXe, the scintil-
lation yields for both electron and nuclear recoils are
suppressed by additional factors Se and Sn, respectively.
The relative scintillation e�ciency can be calculated as

Le↵ = Eee/Er · Se/Sn (1)

The quantity Se for 122 keV electron recoils from a 57Co
source has been measured very accurately [10]. Sn has
been measured for 56 keV nuclear recoils, with electric
fields up to a few kV/cm in LXe [7, 10], but no measure-
ment is available for nuclear recoils at other energies.
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FIG. 1: (Color online) Illustration of the signal production and
collection in a two-phase xenon detector.

Two methods have been utilized to determine Le↵ as
a function of energy: a) Using a fixed-energy neutron
beam experiment, detecting neutrons that scatter in the
LXe at a known scattering angle, and b) Comparing neu-
tron calibration data to Monte Carlo simulations without
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Signal detection
• Even if we get direct excitation of helium: 

• Helium scintillate in harder UV 

• 80 nm vs 175 nm in LXe 

• Those photons will wavelength shift in the xenon to 175 nm 

• ppm levels of Xe in LAr lead to near complete shift to Xe 
wavelength 

• Keep same photon detection scheme!

j.dobson@ucl.ac.uk, IDM2016

Xenon TPC and Skin

9

● 7-tonne active region (cathode → gate), 5.6 tonne FV
● 253 top + 241 bottom 3” φ PMTs (activity ~mBq; high QE)
● TPC lined with high-reflectivity PTFE (R

PTFE
 ≥ 95%)* 

● Instrumented “Skin” region optically separated from TPC 

146 cm

1
4

6
 c

m

*[Francisco Neves’ Tues. talk]
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Scintillation e�ciency and ionization yield of liquid xenon for mono-energetic nuclear
recoils down to 4 keV
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1Department of Physics, Yale University, P.O. Box 208120, New Haven, CT 06520, USA
(Dated: January 18, 2010)

Liquid Xenon (LXe) is an excellent material for experiments designed to detect dark matter in the
form of Weakly Interacting Massive Particles (WIMPs). A low energy detection threshold is essential
for a sensitive WIMP search. The understanding of the relative scintillation e�ciency (Le↵) and
ionization yield of low energy nuclear recoils in LXe is limited for energies below 10 keV. In this paper,
we present new measurements that extend the energy down to 4 keV, finding thatLe↵ decreases with
decreasing energy. We also measure the quenching of scintillation e�ciency due to the electric field
in LXe, finding no significant field dependence.

PACS numbers: 95.35.+d, 29.40.Mc, 95.55.Vj

I. INTRODUCTION

Liquid xenon is increasingly used as the detection ma-
terial in direct searches for WIMP dark matter [1]. Recent
developments in two-phase (gas/liquid) xenon detec-
tors [2–4] has resulted in stringent limits on the WIMP-
nucleon cross-section, constraining theories of physics
beyond the standard model, such as supersymmetry.
WIMPs will deposit a small amount of energy in the
LXe through elastic scatters with xenon nuclei. Part of
the deposited energy is converted into observable sig-
nals of scintillation light and ionization electrons. The
rest of the energy is converted into heat and can not be
easily measured. Understanding these e↵ects will help
determine nuclear recoil energies and ultimately play a
part in determining the WIMP-nucleon cross-section.

In a two-phase xenon detector, two signals are mea-
sured. The first is the direct scintillation light, denoted
as S1. The second is the proportional scintillation light
in the gas phase, denoted as S2, which is proportional to
the ionization electrons that survive electron-ion recom-
bination and are extracted into the gas. Figure 1 gives
an illustration of the signal production and collection in
a two-phase xenon detector.

For a given event in the LXe, the nuclear recoil energy
can be determined based on the scintillation signal S1
[2, 3]. However, it is much more convenient to calibrate
the detector using electron recoil events. The tradition in
the field [5–9] is to base the energy calibration on 122 keV
electron recoils from a 57Co gamma source. The relative
scintillation e�ciency,Le↵, defined as the ratio between the
electron equivalent energy (Eee) and the true nuclear re-
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Zurich, Switzerland
†Corresponding author: daniel.mckinsey@yale.edu
‡Current address: Department of Physics, Shanghai Jiao Tong Univer-
sity, Shanghai, China
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NC, USA

coil energy (Er), becomes necessary for determining the
nuclear energy scale and, therefore, the WIMP detection
sensitivity. Eee is inferred from the scintillation signal
yield due to monoenergetic electron recoils. Le↵ has no
units and is defined at zero electric field in LXe relative
to 122 keV gamma rays.

If an electric field is applied to the LXe, the scintil-
lation yields for both electron and nuclear recoils are
suppressed by additional factors Se and Sn, respectively.
The relative scintillation e�ciency can be calculated as

Le↵ = Eee/Er · Se/Sn (1)

The quantity Se for 122 keV electron recoils from a 57Co
source has been measured very accurately [10]. Sn has
been measured for 56 keV nuclear recoils, with electric
fields up to a few kV/cm in LXe [7, 10], but no measure-
ment is available for nuclear recoils at other energies.
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FIG. 1: (Color online) Illustration of the signal production and
collection in a two-phase xenon detector.

Two methods have been utilized to determine Le↵ as
a function of energy: a) Using a fixed-energy neutron
beam experiment, detecting neutrons that scatter in the
LXe at a known scattering angle, and b) Comparing neu-
tron calibration data to Monte Carlo simulations without
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Energy	deposiPon	in	liquid	xenon	

•  There	are	three	ways	for	recoiling	parPcles	in	
our	energy	range	to	lose	energy	in	liquid	
xenon:	

Atomic	MoPon	(heat)	 ExcitaPon	 IonizaPon	

e-	
e-	

7	Dahl,	LZ	MDC1	Kickoff	

Courtesy C.E. Dahl
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Signal generation

• Heat: This energy is undetectable for LZ

Energy	deposiPon	in	liquid	xenon	

•  Heat:		This	energy	is	undetectable	for	LZ	
	

Atomic	MoPon	(heat)	
8	Dahl,	LZ	MDC1	Kickoff	

Courtesy C.E. Dahl
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Signal generation
• Excitation: Produces scintillation light as it de-excites, measured 

as S1

Energy	deposiPon	in	liquid	xenon	

•  ExcitaPon:		Produces	scinPllaPon	light	as	it	de-
excites	(nγ,	measured	as	S1)	
	
										Xe*	+	Xe							Xe2*						2Xe	+	γ   (simplified)

ExcitaPon	

e-	

9	Dahl,	LZ	MDC1	Kickoff	

Energy	deposiPon	in	liquid	xenon	
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•  IonizaPon:		Can	be	extracted	by	an	external	
electric	field	(ne,	measured	as	S2)	
	
OR	can	recombine	and	give	
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Signal generation

• Ionization: Can be extracted by an external electric field, 
measured as S2 

• Or can recombine and give scintillation photon (S1)
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Xenon microphysics
• Xenon recoils in LXe lose a lot of energy to heat (Lindhard 

factor) 

what are the expected S1 and S2 yields for He/Ne recoils in LXe? As described above, electrons
deposit their energy into electronic excitations (electronic stopping) while xenon recoils in LXe
deposit their energy into both electronic excitations and elastic collisions with nuclei (nuclear
stopping). All the electronic energy is eventually collected as signal, but some of the energy given
to nuclear recoils is lost as heat. Calculating the final electronic energy deposition from a xenon
recoil is more complicated than simply taking the amount given directly from the primary recoil to
electronic excitations, as secondary nuclei from the nuclear collisions in turn partition their energy
into electronic and nuclear stopping. Lindhard theory [40] gives an approximation for the “Lindhard
factor”, or the total electronic energy deposition from nuclear recoils relative to electronic recoils of
the same energy. Figure 7 shows a plot of the Lindhard factor vs. energy for xenon, and the signal
produced by low energy xenon recoils is less than 20% that produced by ER of the same energy.
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Figure 7: Fraction of energy going into ob-
servable signal (Lindhard factor) vs. recoil
energy for xenon recoils in LXe.

Recoil Lindhard SRIM
Xenon 0.02 0.02
Neon 0.20 0.09
Helium 0.68 0.69

Table 1: Estimated fraction of energy given to
electronic stopping for nuclear recoils (not ac-
counting for secondary cascades) from Xe, He,
and Ne recoils in LXe, calculated using Lindhard
theory [41] or the SRIM simulation package [42].

Because helium and neon are so much lighter than xenon, they will not lose as much energy
in elastic collisions with xenon atoms, leaving more energy for electronic excitation and a corre-
spondingly larger signal. Simple approximations for the Lindhard factor do not exist for nuclei
moving through fluids composed of a di↵erent element, but one can estimate the raw stopping
powers (before accounting for the secondary cascades) using either Lindhard theory [41] or the
SRIM simulation package [42]. Table 1 shows the predicted amount of energy going directly from
the primary recoil into electronic stopping from 5 keV Xe, He, and Ne recoils in LXe calculated
via both methods. Neon and especially helium have a much larger fraction of energy deposited
directly to electrons, i.e. directly into signal, without accounting for the secondary cascades that
can only increase these fractions. It should be noted that the e↵ect of the cascades will be reduced
for neon and helium because they will not e�ciently transfer energy to the predominantly xenon
atoms around them, leading to more sub-ionization energy depositions. Even so, one can expect
larger signals (both charge and light) from helium and neon recoils in LXe than from xenon recoils,
and a correspondingly lower energy threshold.

The second key question is how will that increased signal be partitioned into S1 and S2; what
happens to the S2/S1 ratio that is so important for rejecting electron recoil backgrounds in LZ?
Given that the ratio is determined by track structures, and recoiling electrons will still be interacting
with xenon atoms, the S2/S1 ratio for electrons should be unchanged. As it is not fully understood
what drives the partitioning between S1 and S2 for xenon recoils in LXe, the most that can be said
here is that He/Ne recoils will likely lie below the electron band shown in Fig. 4. As one example,
in scintillating CaWO4 crystals operated by the CRESST dark matter experiment, oxygen recoils
produce a light/heat ratio that lies between the electron and tungsten recoil bands [43]. One can
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• Less than 20% of a ~<7 keV 
recoil goes into detectable 
signal 

• The rest goes into nuclear 
collisions that lead to heat 

• Helium is a light nucleus - fewer strong nuclear collisions

Fraction of Xe recoil energy 
 going into signal
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Modeling He recoils in LXe (v1)
• Stopping and Range of Ions in Matter (SRIM) 
• Calculate the energy lost to nuclear (heat) and electronic (signal) 

stopping

62

10 keV Xe in LXe 
~100 A ranges

10 keV He in LXe 
~1000 A ranges



Modeling He recoils in LXe (v1)
• Stopping and Range of Ions in Matter (SRIM) 
• Calculate the energy lost to nuclear (heat) and electronic (signal) 

stopping
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Modeling He recoils in LXe (v2)
• Noble Element 

Simulation 
Technique (NEST) 
• Szydagis et al, 

and others: http://
nest.physics.ucda
vis.edu/site/ 

• Data driven model 
for signal processes 
in LXe 

• NEST v2.0 about to 
come out

64



Modeling He recoils in LXe (v2)
• Alpha data from LUX and test chambers incorporated into NEST2.0 
• High energies, but at least it’s real He nuclei in LXe
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Modeling He recoils in LXe (v1+2)
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Scintillation e�ciency and ionization yield of liquid xenon for mono-energetic nuclear
recoils down to 4 keV

A. Manzur,1 A. Curioni,1, ⇤ L. Kastens,1 D.N. McKinsey,1, † K. Ni,1, ‡ and T. Wongjirad1, §

1Department of Physics, Yale University, P.O. Box 208120, New Haven, CT 06520, USA
(Dated: January 18, 2010)

Liquid Xenon (LXe) is an excellent material for experiments designed to detect dark matter in the
form of Weakly Interacting Massive Particles (WIMPs). A low energy detection threshold is essential
for a sensitive WIMP search. The understanding of the relative scintillation e�ciency (Le↵) and
ionization yield of low energy nuclear recoils in LXe is limited for energies below 10 keV. In this paper,
we present new measurements that extend the energy down to 4 keV, finding thatLe↵ decreases with
decreasing energy. We also measure the quenching of scintillation e�ciency due to the electric field
in LXe, finding no significant field dependence.

PACS numbers: 95.35.+d, 29.40.Mc, 95.55.Vj

I. INTRODUCTION

Liquid xenon is increasingly used as the detection ma-
terial in direct searches for WIMP dark matter [1]. Recent
developments in two-phase (gas/liquid) xenon detec-
tors [2–4] has resulted in stringent limits on the WIMP-
nucleon cross-section, constraining theories of physics
beyond the standard model, such as supersymmetry.
WIMPs will deposit a small amount of energy in the
LXe through elastic scatters with xenon nuclei. Part of
the deposited energy is converted into observable sig-
nals of scintillation light and ionization electrons. The
rest of the energy is converted into heat and can not be
easily measured. Understanding these e↵ects will help
determine nuclear recoil energies and ultimately play a
part in determining the WIMP-nucleon cross-section.

In a two-phase xenon detector, two signals are mea-
sured. The first is the direct scintillation light, denoted
as S1. The second is the proportional scintillation light
in the gas phase, denoted as S2, which is proportional to
the ionization electrons that survive electron-ion recom-
bination and are extracted into the gas. Figure 1 gives
an illustration of the signal production and collection in
a two-phase xenon detector.

For a given event in the LXe, the nuclear recoil energy
can be determined based on the scintillation signal S1
[2, 3]. However, it is much more convenient to calibrate
the detector using electron recoil events. The tradition in
the field [5–9] is to base the energy calibration on 122 keV
electron recoils from a 57Co gamma source. The relative
scintillation e�ciency,Le↵, defined as the ratio between the
electron equivalent energy (Eee) and the true nuclear re-

⇤Current address: Institute for Particle Physics, ETH Zurich, 8093
Zurich, Switzerland
†Corresponding author: daniel.mckinsey@yale.edu
‡Current address: Department of Physics, Shanghai Jiao Tong Univer-
sity, Shanghai, China
§Current address: Department of Physics, Duke University, Durham,
NC, USA

coil energy (Er), becomes necessary for determining the
nuclear energy scale and, therefore, the WIMP detection
sensitivity. Eee is inferred from the scintillation signal
yield due to monoenergetic electron recoils. Le↵ has no
units and is defined at zero electric field in LXe relative
to 122 keV gamma rays.

If an electric field is applied to the LXe, the scintil-
lation yields for both electron and nuclear recoils are
suppressed by additional factors Se and Sn, respectively.
The relative scintillation e�ciency can be calculated as

Le↵ = Eee/Er · Se/Sn (1)

The quantity Se for 122 keV electron recoils from a 57Co
source has been measured very accurately [10]. Sn has
been measured for 56 keV nuclear recoils, with electric
fields up to a few kV/cm in LXe [7, 10], but no measure-
ment is available for nuclear recoils at other energies.
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FIG. 1: (Color online) Illustration of the signal production and
collection in a two-phase xenon detector.

Two methods have been utilized to determine Le↵ as
a function of energy: a) Using a fixed-energy neutron
beam experiment, detecting neutrons that scatter in the
LXe at a known scattering angle, and b) Comparing neu-
tron calibration data to Monte Carlo simulations without
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beyond the standard model, such as supersymmetry.
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the deposited energy is converted into observable sig-
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rest of the energy is converted into heat and can not be
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in the gas phase, denoted as S2, which is proportional to
the ionization electrons that survive electron-ion recom-
bination and are extracted into the gas. Figure 1 gives
an illustration of the signal production and collection in
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suppressed by additional factors Se and Sn, respectively.
The relative scintillation e�ciency can be calculated as
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Xenon microphysics
• What happens to S2/S1 partitioning?

CRESST data
in scintillating 

bolometers
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G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search 9

account the more detailed information of the individual
event multiplicities in order to clarify the contributions of
the two types of neutron sources to the total background.
We will, however, see that the result is compatible with
the simple estimates of the limiting cases given here.

An independent aspect of the neutron background con-
cerns the corresponding recoil energy spectrum. Within
our narrow accepted energy range, the energy spectra
induced by the two types of neutron events are found
to be very similar, according to the calibration data
discussed above. The spectrum can be parametrized by
a simple exponential dNn/dE ⇥ exp (�E/Edec). We
determine the parameter Edec from a fit to the spec-
trum obtained in the AmBe neutron calibration run. In
the energy range between 12 keV to 40 keV we obtain
Edec = (23.54± 0.92) keV.

This similarity in the spectra induced by neutrons from
the two quite di�erent sources (in agreement with Monte
Carlo results [5]) indicates how the Pb/Cu shielding sur-
rounding the detectors will moderate an incoming neu-
tron flux regardless of its origin. The primary spectrum of
the neutrons is washed out by inelastic scatterings in the
shielding. This finding supports our use of the results of
the neutron calibration to estimate the e�ects of a gen-
eral neutron background. The only exception to this ar-
gument might be a neutron-producing contamination in
close vicinity of the detectors. In this case, we would ex-
pect a recoil spectrum reaching to much higher energies
and fewer singles for a given number of coincidences. In
this case, the application of our above calibration results
would lead to a conservative neutron background estimate.

4.4 Lead Recoil Background

To illustrate the lead recoil background from 210Po decay,
Fig. 8 displays the data set of a di�erent detector mod-
ule as in Fig. 6. Compared to Fig. 6, a more prominent
population of 206Pb recoils below the tungsten band is
visible, with a rather long tail extending down to the ac-
ceptance region. Since the lead band and the acceptance
region overlap considerably, a leakage of some 206Pb events
into the acceptance region cannot be excluded.

For an estimate of this background, we follow a sim-
ilar strategy as for the �-background. We define a refer-
ence region for each detector module which contains pre-
dominantly 206Pb recoils, and model the spectral energy
density dNPb/dE in this region. This model is then ex-
trapolated into the energy range of the acceptance region.

As a reference region, we choose the lead recoil band
at energies above the acceptance region, where a possible
WIMP signal cannot contribute. In some detector modules
with wider bands, the lead band still overlaps with the
oxygen band around the lower edge of this energy range.
In this case, we additionally restrict the reference region
to the lower part of the lead band without overlap with
the oxygen band in order to be independent of possible
neutron-induced events on oxygen. The event distribution
of the Pb recoils peaks at the full lead recoil energy of
103 keV and the upper boundary of the reference region

Fig. 8. (Color online) The data of detector module Ch51,
shown in the light yield vs. recoil energy plane. Again, the
shaded areas indicate the bands, where alpha (yellow), oxygen
(violet), and tungsten (gray) recoil events are expected. Ad-
ditionally highlighted are the acceptance region (orange), the
region where lead recoils with energies between 40 and 90 keV
are expected (green), and the events observed in these regions.
The highlighted lead recoil region (green) serves as a reference
region for estimating the 206Pb recoil background.

module nPb
ref

Ch05 17

Ch20 6

Ch29 14

Ch33 6

Ch43 12

Ch45 15

Ch47 7

Ch51 12

total 89

Table 3. Observed counts nPb
ref in the lead reference regions of

the detector modules.

is set at 90 keV so that it covers the low energy tail. An
example of the resulting reference region is highlighted
in green in Fig. 8. Table 3 summarizes the counts nPb

ref
observed in the reference region of each detector module.

Fig. 9 presents the energy spectrum of the events found
in the 206Pb reference regions of all detector modules, but
includes also lead recoils with higher energies to illustrate
the peak at the full nominal recoil energy of 103 keV. In
the energy range of the reference region (below 90 keV),
the tail of the distribution can be modeled by an expo-
nential decay on top of a constant contribution:

dNPb

dE
(E) = APb ·

⇤
CPb + exp

�
E � 90 keV

EPb
decay

⇥⌅
. (1)

For a first rough estimate of the recoil background,
we simply fit such a function to the spectrum of Fig. 9.

NB: Different 
microphysical process 

(heat v. electronic)



What does it look like in LZ?

70

• Put this all together into single model 
• Use the LZ Geant4 detector and optical transport model  

• See “Projected Sensitivity of LZ” (1802.06039) 
• For S1/S2 analysis, threshold is determined by S1 

• Partitioning into photons and electrons matters 
• Run extreme cases for He - NR-like and ER-like
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Factor ~>3 lower 
for ER-like
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S2-only analysis
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• Photon detection efficiency (S1) is about 10% 
• Electron detection efficiency is (we hope) about 100% 

• High gain on S2 channel (80 phd/e-) 
• Enables much lower threshold if you look at “S2-only”

7
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FIG. 7. The DarkSide-50 Ne� spectra at low recoil en-
ergy from the analysis of the last 500 days of exposure
compared with a G4DS simulation of the background
components from known radioactive contaminants. Also
shown are the spectra expected for recoils induced by
dark matter particles of masses 2.5, 5, and 10GeV/c2
with a cross section per nucleon of 10�40 cm2 convolved
with the binomial fluctuation model and detector reso-
lution. The y-axis scales at right hand side are approxi-
mate event rates normalized at Ne� = 10 e�.

masses 2.5, 5, and 10GeV/c2 with a cross section of
10�40 cm2 and standard isothermal halo parameters
(vescape = 544 km/ sec, v0 = 220 km/ sec, vEarth =
232 km/ sec, and ⇢DM = 0.3GeV/(c2 cm3) [60]).

Uncertainties in the expected signal yield above
the analysis threshold are dominated by the average
ionization yield as extracted from the 241AmBe and
241Am13C data and its intrinsic fluctuations. We
have no a priori knowledge of the width of the ion-
ization distribution of nuclear recoils and are not
aware of measurements in liquid argon in the en-
ergy range of interest. We therefore consider two
extreme models: one allowing for fluctuations in en-
ergy quenching, ionization yield, and recombination
processes obtained with binomial distributions and
another where the fluctuations in energy quenching
are set to zero, equivalent to imposing an analysis
threshold of 0.59 keVnr.

Extrapolations of the expected background to the
signal region are mostly a↵ected by theoretical un-
certainties on the low energy portion of the 85Kr and
39Ar �-spectra and by the uncertainty in the elec-
tron recoil energy scale and resolution.

Upper limits on the WIMP-nucleon scattering
cross-section are extracted from the observed Ne�

spectrum using a binned profile likelihood method.
Two signal regions are defined, the first one using
a threshold of 4 e�, determined by the approximate
end of the trapped electron background spectrum,
and the second above a threshold of 7 e�, where the
background is described within uncertainties by the
G4DS simulation. The first region has sensitivity to
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FIG. 8. 90% upper limits on spin independent DM-
nucleon cross sections from DarkSide-50 in the range
above 1.8GeV/c2. See the text for additional details.

the entire range of DM masses explored in this work,
but the data is contaminated by a component that
is not included in the background model, resulting
in weaker bounds on the DM-nucleon cross-section.
The second signal region has limited sensitivity to
DM masses below 3.5GeV/c but, due to the agree-
ment between data and background model, more
tightly constrains the cross-section at higher masses.
For a given fluctuation model and DM mass, we cal-
culate limits using both signal regions and quote the
more stringent of the two.

The 90% C.L. exclusion curves for the binomial
quenching model (red dotted line) and the zero
quenching model (red dashed line) are shown in
Fig. 8. For masses above 1.8GeV/c2, the 90%
C.L. exclusion is nearly insensitive to the choice of
quenching fluctuation model. Below 1.8GeV/c2, the
two exclusion curves rapidly diverge. Without addi-
tional constraints on the quenching fluctuations, it is
impossible to claim an exclusion in this mass range.

Our exclusion limit above 1.8GeV/c2 is com-
pared with the 90% C.L. exclusion limits from
Refs. [21, 61–73], the region of claimed discovery of
Refs. [17, 18, 74–82], and the neutrino floor for LAr
experiments [83]. Improved ionization yield mea-
surement and assessment of a realistic ionization
fluctuation model, which are left for future work,
may be used to determine the actual sensitivity of
the present experiment within the range indicated
by the two curves below the 1.8GeV/c2 DM mass.

The DarkSide Collaboration o↵ers its profound
gratitude to the LNGS and its sta↵ for their in-
valuable technical and logistical support. We also
thank the Fermilab Particle Physics, Scientific, and
Core Computing Divisions. Construction and oper-
ation of the DarkSide-50 detector was supported by
the U.S. National Science Foundation (NSF) (Grants
PHY-0919363, PHY-1004072, PHY-1004054, PHY-
1242585, PHY-1314483, PHY-1314501, PHY-

• Give up ER/NR 
discrimination 

• Subject to single 
electron noise 

• Still very powerful
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Factor ~4.5 lower 
threshold S2 only

• 3 electron threshold assumed for S2 (>250 photons)



What’s next

• This is still fairly speculative 
• Henry’s coefficients not comprehensively measured 

• Temperature dependence, diffusion, etc?  
• Signal yields depend on modeling and MeV scale data
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• How much helium can we get in 

• Test stand at Fermilab - “Henry” 

• State of the art RGA system reading 
gas admixture via capillaries

Henry’s coefficient

75

Liquid level

4.6 cm

Capillaries:
-Bubbling tube 221mm
-Liq. center cap. 204 mm
-Liq. Side cap. 204 mm
-Gas cap. 151 mm



Henry’s coefficient
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How much could we get in?
• Preliminary test on Henry got 

0.1% He in LXe by mass in first 
pass 

• Can we get more in? 

• Temperature dependence? 

• Basically inactive since student 
left two years ago 

Figure 8: (Left) Preliminary results from a measurement at Fermilab showing that the ratio of
He/Xe in 165 K liquid is 0.037 times that of the gas phase. For 1 bar of partial pressure of He,
this ratio corresponds to 0.1% He in the liquid xenon by mass. (Right) Cryostat and associated
hardware designed and built at Fermilab for the SCENE experiment. The cryostat is mobile, and
includes a lifting fixture that allows it to fit inside the beam hall entranceway and then be raised
into the beam line.

The proposal requests support for a Cryogenic Engineer with skills similar to Fermilab Engineer
Terry Tope over several years, with 0.6 FTE requested in the final year. This engineer will serve in a
consulting role in the early years of the proposal, providing advice and safety oversight in designing
the TPC before taking on a larger role in the engineering design of the LZ upgrades. Mr. Tope has
extensive experience with liquid noble gas systems, including many of the PAB stands and argon
purity systems developed for the neutrino program. A Fermilab engineer will be contributing to
the design of the cryogenic systems of LZ over the next three years, providing him or her with
the right tools to understand the requirements for running the LZ circulation system with doped
xenon.

The LZ Collaboration will provide assistance and access to LZ engineering and data, with ad-
ditional scientific contributions and manpower will coming from the groups of Prof. Eric Dahl at
Northwestern (joint with Fermilab) and Prof. Daniel McKinsey of Berkeley, both of whom are
among the world’s experts in liquid xenon experiments of the type proposed here. Assistance with
the beam at Notre Dame will be provided by Prof. Ani Aprahamian. Letters of Collaboration are
attached in Appendix 7.

Timeline:

• Year 1: Construct and operate apparatus for measuring Henry coe�cients. Perform helium-

14

0.037 mol He/mol Xe x  
MHe/MXe ~ 0.1% 
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• Small TPC constructed at Fermilab (XELDA) for a different purpose 

• Testing limits of ER discrimination for inner shell vacancies 

• One 3” PMT facing four 1” PMT 

• Now available for doping measurements

Measuring He-doped LXe
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XELDA waveforms and data analysis
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• Pulsed, monoenergetic beam (at Notre Dame or 
elsewhere) to measure response of to nuclear 
recoils of known energy

• Tunable nuclear recoil energy by changing the 
neutron energy and the scattering angle
– Neutrons of 100 keV - 1.5 MeV
– Recoils of ~1 keV up to 50 keV
– Successful measurements in LAr (1406.4825, 

1306.5675, SCENE)

Neutron	
  detector

TPC

Sca0ering	
  angle,	
  Θ

Pulsed,	
  mono-­‐energe8c	
  neutrons

Figure 8: (Left) Preliminary results from a measurement at Fermilab showing that the ratio of
He/Xe in 165 K liquid is 0.037 times that of the gas phase. For 1 bar of partial pressure of He,
this ratio corresponds to 0.1% He in the liquid xenon by mass. (Right) Cryostat and associated
hardware designed and built at Fermilab for the SCENE experiment. The cryostat is mobile, and
includes a lifting fixture that allows it to fit inside the beam hall entranceway and then be raised
into the beam line.

The proposal requests support for a Cryogenic Engineer with skills similar to Fermilab Engineer
Terry Tope over several years, with 0.6 FTE requested in the final year. This engineer will serve in a
consulting role in the early years of the proposal, providing advice and safety oversight in designing
the TPC before taking on a larger role in the engineering design of the LZ upgrades. Mr. Tope has
extensive experience with liquid noble gas systems, including many of the PAB stands and argon
purity systems developed for the neutrino program. A Fermilab engineer will be contributing to
the design of the cryogenic systems of LZ over the next three years, providing him or her with
the right tools to understand the requirements for running the LZ circulation system with doped
xenon.

The LZ Collaboration will provide assistance and access to LZ engineering and data, with ad-
ditional scientific contributions and manpower will coming from the groups of Prof. Eric Dahl at
Northwestern (joint with Fermilab) and Prof. Daniel McKinsey of Berkeley, both of whom are
among the world’s experts in liquid xenon experiments of the type proposed here. Assistance with
the beam at Notre Dame will be provided by Prof. Ani Aprahamian. Letters of Collaboration are
attached in Appendix 7.

Timeline:

• Year 1: Construct and operate apparatus for measuring Henry coe�cients. Perform helium-

14

Neutron scattering measurement
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• Time	
  of	
  flight	
  to	
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  the	
  neutron	
  8ming	
  
• Pulse	
  shape	
  discrimina8on(PSD)	
  to	
  select	
  
neutrons	
  in	
  the	
  detectors	
  
• Ntof	
  -­‐	
  8me	
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  beam	
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  and	
  neutron	
  
detector	
  
• TPCtof	
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detector	
  
• f90	
  -­‐	
  PSD	
  in	
  LAr	
  
• Npsd	
  -­‐	
  PSD	
  in	
  neutron	
  detector

Neutron	
  sca0ering	
  in	
  SCENE
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• In a doping measurement, for a given scattering angle, He recoils 
have more energy  

• Increased signal on top of that 

• Pushes the peak out past the xenon background 

Xenon “wall”

3.7 keV  
He signal

Xenon “wall”

14 keV 
He signal

Neutron scattering with He in LXe

Measures yield and S1/S2 response v. energy!
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What do I worry about?

• Helium gas and PMTs are not 
a good mix 
• Diffuses through glass 
• Electron cascade ionizes 

He, leading to an after 
pulse 

• In SCENE we got a bottle of 
UHP argon that was 10% He 
• ~1 day of exposure at 

various temperatures
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• Diffusion exponentially suppressed 
by temperature (Arrhenius 
relationship) 

• R11410 has a surprisingly thick 
window (3 mm) 

• Calculation suggests 500 days at 1 
bar/165 K before tube becomes 
inoperable 

• That’s pretty tight… 

• Needs to be tested

Helium diffusion

j.dobson@ucl.ac.uk, IDM2016

Xenon TPC and Skin

9

● 7-tonne active region (cathode → gate), 5.6 tonne FV
● 253 top + 241 bottom 3” φ PMTs (activity ~mBq; high QE)
● TPC lined with high-reflectivity PTFE (R

PTFE
 ≥ 95%)* 

● Instrumented “Skin” region optically separated from TPC 

146 cm

1
4

6
 c

m

*[Francisco Neves’ Tues. talk]

figure 3a The external pressure is equal to the normal 
atmospheric partial pressure of helium (5x10-6 atmospheres). 

     figure 3b The external pressure is 1 atmosphere of pure 
     helium, a situation sometimes found in experiments where 
     an inert environment is desirable. In such environments 
     argon would be a better choice of an inert gas as the 
     molecular size is bigger and the associated permeation rate 
     is many orders of magnitude lower than helium.
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an internal pressure of 1 x 10-3 torr.

time to failure at an internal pressure of 1 x 10-2 torr.

External He P / atm 5 x 10-6 5 x 10-6 11

glass type

fused silica
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(Pressure unit conversion: 
1 atm = 1.01325 bar = 1.01325 x 105 Pa = 760 torr)

where: C = 76 K A/(d V). 

and this linear dependence is evident for many decades of t  
in figures 3a and 3b following.

It is known from studies made on photomultipliers, which are 
activated but still connected to a vacuum station, that 
afterpulses will begin to appear at around 10-3  torr. The onset 
of severe afterpulse behaviour portends the approaching end 
of a photomultiplier, because once the pressure attains 10-2 
torr the device begins to act as a light source leading to 
irreversible electrical breakdown. This not only corrupts 
measurements, but poses a threat to all but the least 
sensitive electronics.  

The figures show the effect of helium diffusion through 
the photomultiplier envelope, for the principle glass types 
used in photomultiplier manufacture (see below for 
definitions). They also indicate when significant degradation 
of performance, and ultimately failure, are likely to occur. 

Using the equation at normal temperature allows the 
elimination of q in (1) by using pint = q/V.  This leads to the 
following relationship between the increase in the partial 
pressure of helium as a function of time.   

...(4)pint = Ctpext /(1 + Ct)

pint = Ctpext ...(5)

two cases are illustrated

rise in pressure versus time

figure 3a rise in a 9266 PMT internal pressure 
when exposed to the partial pressure of helium in 
air.

figure 3b rise in a 9266 PMT internal pressure 
when exposed to pure helium at 1 atmosphere. 

time scales

Fused Silica

Borosilicate

Pyrex

Lime Soda

R

Fused Silica

Borosilicate

Pyrex

Lime Soda

Rise in PMT internal pressure when exposed to pure helium at 1 atm

PMT inoperable

Region of significant afterpulses

1.E+03

1.E+02

1.E+01

1.E+00

1.E-01

1.E-02

1.E-03

1.E-04

1.E-05

1.E-06

1.E-07
1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

In
te

rn
al

 P
re

ss
ur

e 
/ t

or
r

1.E+07 1.E+08
hours

1 yr 10 yrs

10 yrs1 yr

Note that for small t (4) becomes

The material thicknesses and evacuated volume of a 9266 
photomultiplier have been assumed for the purpose of 
calculation.

fused silica: These glasses are close to 100% silica 
(SiO2) such as spectrosil    2000, Corning 7940 or 
equivalent

pyrex    : Although technically a borosilicate glass, pyrex   
has a lower boric oxide (B2O3) content than those 
referred to as borosilicate in this report, such as Corning 7740, 
Schott 8330 or equivalent.

borosilicate: Higher boric oxide content glasses such as 
Corning 7052, Schott 8250 or equivalent.

lime soda: These glasses have CaO and increased 
Na2O content place of B2O3, such as Schott AR-GLAS    
or equivalent. 

glass types used in photomultipliers 

R

.

R

R

R

Example for ET9226 PMT
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• Silicon PMs are VUV sensitive and will not have a He after pulsing 
problem 

• Could eventually replace the upper LZ PMT array with SiPMs 

• Lower backgrounds, might be valuable for double beta decay studies 

• Other dark matter experiments already looking at this (DarkSide) 

• Plan to implement in XELDA already, just so we don’t have to worry about 
the top array

Possible solution
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He doping in LXe

• Physically possible 

• Keep low background level achieved in LXe TPC 

• Same signal readout with LXe sensitive light detectors 
(maybe with SiPM array) 

• Increased signal yield from He recoils 

• Lower energy thresholds for WIMP-He scattering 

• Properties measurable using existing techniques
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Making projections

• Using the NEST 2.0 alpha model, the LZ simulation, and expected LZ 
backgrounds 

• Analysis and sensitivity using the LZ Profile Likelihood Ratio package 

• For now, I assume ER-like partitioning of photons and electrons in He recoils 

• more conservative with regard to background rejection and S1/S2 
sensitivity, slightly more optimistic for S2-only
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Making projections
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Making projections

• Location of LZ Helium lines depends critically on assumed signal yield  

• ~225 events/day/pb for 100 MeV WIMP with this yield 
• S2-only line is for 20 live days - limited by neutrino rate on xenon 
• Also looked at more conservative 5e- S2-only threshold  
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He/Ne doping in LXe
• Physically possible 

• Keep low background level achieved in LXe TPC 

• Same signal readout with LXe sensitive light detectors 

• Increased signal yield from He recoils 

• Lower energy thresholds for WIMP-He scattering 

• Properties measurable using existing techniques 

• Potential reach to well below 1 GeV dark matter 

• Depends on properties that need to be measured

90



Backup
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S1

S2
(2)
~1.4%xQE SE/phd
QE~2E-4
t~ᶞs

(4)
~0.3%xQE SE/phd
QE~2E-4
t~max drift time

(1)&(3)
~0.2%SE/phd
t~ᶞs(gate)+expo to 
max drift time

Max
drift
time

ᶦ~800ᶞs

(7): unknown rate
(8)~20Hz of SEs

(5)
~50us
<10%xS2

(6)
> 1ms
>10%xS2

Schematic

Processes (1-4) occur 
after S1 as well (much 
smaller scale)

• LUX/XENON have seen significant electron 
noise - e-trains, e-burps, etc 

• Photoionization on impurities, grids 

• Delayed electron extraction 

• … 

• Area of active work by LZ Electron 
Backgrounds WG
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Single	electron events

22

Single-e process	very	difficult	
to	model

- Photoionization	after	S1/S2:	
grids	ionization,	bulk	
ionization…	

- Trapped	S2	electrons	(e-
trains)

- Field	emission	single-e

P.	Beltrame	- Prospect	 in	Low	Mass	Dark	Matter	(Munich,	30/11	- 1/12	2015)

LUX	trigger	system	is	capable	of	triggering	on	signals	
from	single	extracted	electrons arXiv:1511.03541v1

Electron (S2-only) backgrounds
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Table
ID background timing (us) cause effect on analysis Physics affected

1 photoionization of impurities in 
LXe above gate grid

<2.5 suspect mostly O2 S2 size determination energy resolution

2 photoionization of gate grid 2.5 175 nm on SS S2 size determination energy resolution

3 photoionization of impurities in 
bulk LXe

3—806 suspect mostly O2 complicates multiple 
scatter tagging

-

4 photoionization of cathode grid 806 175 nm on SS not a problem not a problem

5 fast component of delayed 
emission

O(100) emission of thermalized electrons 
from initial ionizing event

S2 size determination energy resolution

6 slow component of delayed 
emission

O(1000+) unknown S2-only analysis 8B, low-mass DM

7 e-burps seems random? ? S2-only analysis for very 
small burps

8B, low-mass DM

8 faint grid emission random asperities on wires

Electron (S2-only) backgrounds



Making projections
• At very low thresholds (where we want to go), we hit coherent scattering 

of neutrinos  

• In doped LXe, N is still ~70, but A is now 4 or 20, instead of ~130 

• Hit the neutrino background at x1000 higher WIMP cross section for 
helium 

vm =

q
QmN/2m2

r (1)

vesc = 544 km/s (current value) (2)

mN is mass of nucleus

mr =
mNm�

mN +m�
(3)

mn = m� (4)

Q, vm

R⌫,coh

R�
⇠ N2/A2

(5)

1
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Signal yield

what are the expected S1 and S2 yields for He/Ne recoils in LXe? As described above, electrons
deposit their energy into electronic excitations (electronic stopping) while xenon recoils in LXe
deposit their energy into both electronic excitations and elastic collisions with nuclei (nuclear
stopping). All the electronic energy is eventually collected as signal, but some of the energy given
to nuclear recoils is lost as heat. Calculating the final electronic energy deposition from a xenon
recoil is more complicated than simply taking the amount given directly from the primary recoil to
electronic excitations, as secondary nuclei from the nuclear collisions in turn partition their energy
into electronic and nuclear stopping. Lindhard theory [40] gives an approximation for the “Lindhard
factor”, or the total electronic energy deposition from nuclear recoils relative to electronic recoils of
the same energy. Figure 7 shows a plot of the Lindhard factor vs. energy for xenon, and the signal
produced by low energy xenon recoils is less than 20% that produced by ER of the same energy.
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Figure 7: Fraction of energy going into ob-
servable signal (Lindhard factor) vs. recoil
energy for xenon recoils in LXe.

Recoil Lindhard SRIM
Xenon 0.02 0.02
Neon 0.20 0.09
Helium 0.68 0.69

Table 1: Estimated fraction of energy given to
electronic stopping for nuclear recoils (not ac-
counting for secondary cascades) from Xe, He,
and Ne recoils in LXe, calculated using Lindhard
theory [41] or the SRIM simulation package [42].

Because helium and neon are so much lighter than xenon, they will not lose as much energy
in elastic collisions with xenon atoms, leaving more energy for electronic excitation and a corre-
spondingly larger signal. Simple approximations for the Lindhard factor do not exist for nuclei
moving through fluids composed of a di↵erent element, but one can estimate the raw stopping
powers (before accounting for the secondary cascades) using either Lindhard theory [41] or the
SRIM simulation package [42]. Table 1 shows the predicted amount of energy going directly from
the primary recoil into electronic stopping from 5 keV Xe, He, and Ne recoils in LXe calculated
via both methods. Neon and especially helium have a much larger fraction of energy deposited
directly to electrons, i.e. directly into signal, without accounting for the secondary cascades that
can only increase these fractions. It should be noted that the e↵ect of the cascades will be reduced
for neon and helium because they will not e�ciently transfer energy to the predominantly xenon
atoms around them, leading to more sub-ionization energy depositions. Even so, one can expect
larger signals (both charge and light) from helium and neon recoils in LXe than from xenon recoils,
and a correspondingly lower energy threshold.

The second key question is how will that increased signal be partitioned into S1 and S2; what
happens to the S2/S1 ratio that is so important for rejecting electron recoil backgrounds in LZ?
Given that the ratio is determined by track structures, and recoiling electrons will still be interacting
with xenon atoms, the S2/S1 ratio for electrons should be unchanged. As it is not fully understood
what drives the partitioning between S1 and S2 for xenon recoils in LXe, the most that can be said
here is that He/Ne recoils will likely lie below the electron band shown in Fig. 4. As one example,
in scintillating CaWO4 crystals operated by the CRESST dark matter experiment, oxygen recoils
produce a light/heat ratio that lies between the electron and tungsten recoil bands [43]. One can
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• At worst, we can expect a factor of 3.5 more signal for helium 
recoils in LXe 

Even lower thresholds with the light target!
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