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® |imited at low mass by detector threshold
® |imited at high mass by density

® Eventually limited by neutrinos




So where are we! (LZ edition)
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Z-exchange X
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“This era will answer the question: does the dark matter couple

at O(0.1) to the Higgs boson”
N.Weiner, CIPANP 2015




The case for dark matter

We know It interacts
gravitationally

It Is "dark” - should not
interact with light or
electromagnetism

Nearly collision less

Slow

must be bosonic
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It’s
probably
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right?



SI WIMP-nucleon cross section [cm?]
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Dark Matter—nucleon os; [cm?©]
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DM Prognosis?

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

E must be bosonic must be composite E
mpj
~107%Y eV« | ' > ~ 100Mg
~ 100 eV ~ 10" GeV
TMpPM

Courtesy G. Krnjaic .



DM Prognosis?

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

E must be bosonic must be composite i
mpi
~ 107%" eV z | > ~ 100Mg
~ 100 eV ~ 10" GeV
MpDM

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

Why is this good news?

Courtesy G. Krnjaic



Thermal dark matter

* “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

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

mMpM

nonthermal nonthermal

10720 eV ~ 100M,

mpyp ~ 1019 GeV

< MeV MeV GeV Mz > 100 TeV

Light DM “WIMPSs”
13




Thermal dark matter

mpwMm

nonthermal nonthermal

10720 eV ~ 100M,

mp; ~ 101 GeV

< MeV MeV GeV Mz > 100 TeV
Neff / BBNW too much
Light DM “WIMPs”
Wide open LZ, LAr, PICO, LHC, etc

Mature >5 GeV program
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Comoving Number Density

Are there actual candidates?

oo | | e Annihilation cross section
needed for the relic abundance
:Z: Increasing <o,v>
o V ________ < oV >gnnr 3 x 107 %%cm?sec™?
o NS ¢ ________  New weak scale particle has to
o be heavier than ~a few GeV
50 S R * Lee and Weinberg, PRL 39
| 1;)(=m/'I‘ (time —:;o o (1 977) 165'1 68
X f
2 9
W, Z QT B B m, 2
ov ~ —= ~ 107 em’s 1( X)
m GeV
X f
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Are there actual candidates”

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

Asymmetric DM

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

Secluded DM
Forbidden DM
SIMP

DM
coupling

“| DER |

Visible
coupling

~reeze In models

AN

Heavy
Mediator

Light
Meqaiator

N

Dark Matter: Anomalies,

YeS ! isms, and Detection Strategies

C |
Small-scale structure osmology
E'%.Be
_ Nuclear &
Muonic hydrogen Atomic Physics
e e —_
Muon g-2
kle\/ MIeV MediatorGe,V TeIV
| | Mass | |
Freeze-in (heavy mediator) _ !Inelastic
«....5ecluded [ _Direct — thermal 4 DM-spin-dep. (e.g. Majorana)
lEIashc
Accelerator
«....Secluded [/ _Direct — Asymmetric
SIMP/ELDER
Direct detection
Freeze-in (ultralight mediator) "
kIeV MIeV GLTV TeIV
I I I
DM Mass
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What do you need for low mass?

dR  py _ 00A® / vese f(v)
7 F d
d@QQ  my ” 2777,229 X Q) o v Y

R(cts/100kg/yr) for 10-4¢ cm?, 100 GeV

Xe
Ge 100
Ar 0.50f
S

Ne 4 1o-

0.05"

Energy threshold (keV)
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What do you need for low mass?

R(cts/10kg/yr) for 104> cm?, 10 GeV

Xe

Ar 0.50
Si
Ne (10

0.05

Energy threshold (keV)
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What do you need for low mass?

A2
d—R:ﬂxJO X F4(Q) %
dQ  m,  2mZ

Vyy, = \/QmN/Qm% Vese = D44 km /s (current value)
. M NIy,
™ N 1S IIlaSS Of nucleus mfr —
MmN -+ My

e | ow threshold

* Low mass target (for better kinematic match to the
dark matter mass)

e For given @, v, IS minimized when m, = m,

19



What do you need for low mass?

dR £0 00 A2

— = — X x F? X
dQ  m,  2mZ (@)

—~ 1 | For same WIMP mass, —Hey
=10 F Ua mav rernil aneray e —Ge;
o - He max recoil energy Iis 5
— - 20-30x bigger than Xe —Xe |
> 0 S
310 - e-
o |
Q |
O 1/
510
O [
e _2|
c10 ¢
g i
<1073 ” At same recoil energy,
— He is sensitive to 5.5x

_4f | smallerl masses thgn Xe

10 —2—1012
10 10 10 10 10

WIMP mass (GeV/c)
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10°f(Jol) [km/s]™

Light targets less sensitive to halo uncertainty

i _ po  ood”
dQ m, = 2m2

SDSS-Gaia DR2
Heliocentric |v|
|z| >2.5 kpc

de <4.0 kpc

200

400 600 800
v [km/s]

Ox—n [cm?]
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Light targets less sensitive to halo uncertainty

__MB halo (v___ =544 km/s)|
e MB halo (v___ =600 km/s) |
5 esc
O 10 - :
> mx =8 GeV |
- Q=3 keV
a
> Vo for
5 10 A=4
qv) :
1 ©®) I
e E
> |
' v . forA=129),
min
107 ' '
0 200 400 600
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What don't you need for low mass?

Aot of mass

SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)
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LUX-Zeplin (LZ)

e 7 tonne active LXe TPC

 Heavy target
* Excellent self shielding

 (Good discrimination
 Low threshold (<3 keV)

 Huge effort to make it
clean and low backgrounad

e >30 Institutions, ~200 people

e Now under construction in
Lead, SD

24



Two phase Xenon TPCs

® |nteraction in the xenon
creates:

® Scintillation light (~10 ns)

® jonization electrons E

field ‘

® Electrons drift through e * | ortime
electric field to liquid/gas T indicates depth

surface ‘81

® Extracted into gas and
accelerated creating

. . . . — jonization electrons
Frﬁportlonal SCIﬂtIIIat|0n VN UV scintillation photons (=175 nm)
Iight -




Two phase Xenon TPCs

® Excellent 3D reconstruction
(~mm)

® / position from S1-S2

timing
e XY position from hit - . |
pattern of S2 light 2. a ]
i Drift time
® Allows for self shielding, T e indicates depth

rejection of edge events S

® Ratio of charge (S2) to light
(S1) gives particle ID

— jonization electrons

® Better than 995% VN UV scintillation photons (~175 nm)
rejection of electron
recoil events
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SI WIMP-nucleon cross section [cm?]

LUX-Zeplin (LZ)

10+

LZ sensitivity (1000 live days) — LUX (2017)
Projected limit (90% CL one-sided) ____ xENONIT (2017)

10—43 B

+ 10 expected

PandaX-II (2017)
+20 expected

10+

107%

pMSSM11
(MasterCode, 2017)

1074

107

10—48
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1 0—49
WIMP mass [GeV/c?]
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LUX-Zeplin (LZ)

LZ sensitivity (1000 live days) — LUX (2017)
Would be nice Projected limit (90% CL one-sided) __ xENONIT (2017)
to extend +10 expected PandaX-I (2017) =

+20 expected

further down
here!

107%

pMSSMI11
(MasterCode, 2017)

1074

107

SI WIMP-nucleon cross s¢
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—49 IIIIIII | | IIIIIII | | IIIIIII
10 10 100 1000

WIMP mass [GeV/c?]
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Can we add He or H2 to LXe"?

Dissolve small quantities of He/H2 in liquid xenon
Extend the reach of a detector like LZ (or XENONNT or PandaX, etc)

Add new targets to field of direct detection

 No existing experiments using either
 Talk on HeRALD by H. Pinckney next
* NEWS-G gas detector in Canada another contender

Capitalize on investment in large detectors by adding flexibility

30



10 |

Concentration (ppb g/g)

10°

0

10 |

Dissolving He/H in LXe?

Date (mm/dd/yy)

Helium, Run03
- A /
I\
''m —
REROR N B A
From .8 7
- LSB9 \\ T S e
\ II:, r’// |’ \iz.;ﬁf‘i/
| \ /o - 4 -Getter In
R \ LA A
& o - o - Getter Out
| \ /17
: % - = -Det. Return
L Condensation ‘)\«ZI —%—PMT Purge ||
. CAY gas-liquid solubility
! A
I’ 7 ” [cire
L From |, 4~ Stop \ Average He \
| Bottle [& in bulk Xe
Farm
2/01/13 03/01/13 04/01/13 05/01/13

31

L UX fill data

Some residual He in
the source bottles

Data imply 3e-3
mass fraction for 1
atm partial pressure



Concentration Relative to Gas Phase

0.1

0.01

Dissolving He/H in LXe?

*He/12°Xe Normalized to Gas Phase

|

Liquid Input Gas
Phase Adjust  Phase

0 2 4 6 3

Time (Minutes)

0.037 mol He/mol Xe x
Mue/Myxe ~ 0.1%

e He fraction confirmed in

oreliminary test at

e Achieved 0.1%

—ermi

e in

ab

_Xe by

mass on first attempt at 1 bar
of partial pressure

 No data for Ho in xenon, but
scaling by argon data, 25%

better than He

10
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Backgrounds

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

 No new backgrounds introduced (tritium?)

3

10° |
€107
=7 : Size of 10
£ Size of LZ
g | kg LHe

1
<10
S
"6 i
s | f 150 x 150
o 10° | —Liquid xenon ,: cm 30 x 30 cm
= | —Liquid helium ;

_17

10 - -
107 10° 10’
Gamma energy [MeV]

o Self shielding is not effective in He/H-only detector
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Signal detection

Helium or Hydrogen recoils will interact with xenon atoms and
electrons

e Excitations will be xenon excitations
e Alpha particles for example

Keep same photon detection schemal
R11410
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Xenon micropnysics

e Xenon recolls in LXe lose a lot of energy to heat (Lindhard

factor)

e Lessthan 20% of a ~<7 keV
recoll goes into detectable

signal

* [he rest goes into nuclear

o
S
o

Lindhard factor
o
N

Fraction of Xe recoil energy
going into signal

0.1t————

collisions that lead to heat

10° | 10’
Recoil energy [keV]

* Light nuclei - fewer strong nuclear collisions

e-

He
~

35

Xe

Not to scale



Modeling He recoils in LXe (v1)

o Stopping and Range of lons in Matter (SRIM)

e (Calculate the energy lost to nuclear (heat) and electronic (signal)
stopping

Depth vs. Y-Axis

Depth vs. Y-Axis

— Target Depth —

— Target Depth —

10 keV Xe in LXe 10 keV He in LXe
~100 A ranges ~1000 A ranges
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Modeling He recoils in LXe (v1)

o Stopping and Range of lons in Matter (SRIM)

e (Calculate the energy lost to nuclear (heat) and electronic (signal)
stopping

— 0.8-
®
C
Re
506" —He e- stopping
S ---Xe e- stopping
é 0.4- — Xe e- stopping with cascades
&
T

0.2-

~—
OO 5 10 15 20

Energy [keV]
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Modeling He recoils in LXe (v2)

 Noble Element Simulation Technique (NESTv?2)

* Data driven model for signal processes in LXe, including alpha
data from LUX and test chambers

* High energies, but at least it's real He nuclel in LXe

Light Yield vs. Recoil Energy from a-particles 210pg Charge Yields from a-particles
525000 1 & NEST 35000 — — Dahix1.0
4 Bradley Thesis 7—'% - Aprile 2006 x1.05
e —— Aprile 1991 x1.07
500000 - ol 30000 - —— Aprile qtd. in LUX x1.09 -
, ~@- NEST -
475000 4 e
7+’_ 25000 —
2 450000 - et 2
5 L7 2 20000
5 - T
= 425000 - ,";‘ D
) v
7 J
—+r— 15000 —
400000 1 e
re
rd
375000 - s 10000 —
<
rd
350000 - _+_/ 5000 — ®
5.0 5.5 6.0 6.5 7.0 7.5 8.0 | | ! | | ! | | |

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Recoil Energy (MeV) Drift Field (kV/cm)
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http://nest.physics.ucdavis.edu/site/

[otal Quanta (e+ph)

Modeling He recoils in LXe (v1+2)
Total quanta = ‘ + ‘

Factor >~3 more

0 1' > 3 4
Nuclear recoil energy (keV)
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Fraction into signal

Modeling H recoils in LXe (SRIM)

1 -

0.8

0.6 —H e- stopping
—He e- stopping
- - Xe e- stopping

0.4+ — Xe e- stopping with cascades

0.2

il
O """""""""""""""""""""""""
0 S 10 15 20

Energy [keV]
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A Key guestion

* What happens to S2/51 partitioning?

Iogm(SthSﬂ X,Y,Z corrected

(a) Tritium ER Calibration

.
- ¥
o .
s
Ly
=

- -
L
o
.

e Ay !
ol e T e
PR s

A £ s
T e—— = -

S st e L P R A
Sl e T S s 2 s
P e TR S S e

R e e Lt s T e
S i e e

J_,_._'_ s
£ -

(b) AmBe and Ci-252 NR Calibration

o
I_';-—-+__;"u_ |“ k4 ?x:. ot . ko4 * ®

- il X m b )
] o My ] ] 1
— N i o e T e .._.
3 fh?—‘-g—lé—!-%xﬂ_f‘_ A~
e e X e n K T i N
W W e — - L I P S

H“ x W
o5 —
T " " ®

UX data

10 20 30 40
S1 x,y,z corrected (phe)
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Light Yield

XEeNnon micropnysics

* What happens to S2/51 partitioning?

o

O
W

|
80

| I
0 20 40 60
Energy [keV]

CRESST data
In scintillating
bolometers

NB: Different
microphysical process
(heat v. electronic)



What does it look like in LZ"?

e Put this all together into single model

 Use the LZ Geant4 detector and optical transport model
* See “Projected Sensitivity of LZ” (1802.06039)

e For S1/S2 analysis, threshold is determined by S
e Partitioning into photons and electrons matters
* Run extreme cases for He - NR-like and ER-like

 Used SRIM for H - looks similar but slightly better
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Energy thresholo

Trigger efficiency
o
o

O
N
I

S
Sk

—He S1/S2 (ER-like)

—He S1/S82 (NR-like)
—Xe Sj /82 S

Factor ~>3 Iower

o
=
—h
O
q‘
-
=
3
m‘

/€¥Factor 2
/ for S1/52
(NR-like)

Energy (keV)
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S2-only analysis

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”

10—38

10—39

Give up ER/NR
discrimination 3 g

[ cm?]

1] —nd
o =
o —
. ' 8 41 B
Subject to single 3 *"¢ e
9 = - =
. 2 B
I 10—42 L DarkSide-50 Binomial
e eC ron nOISe a'; — DarkSide-50 No Quenching Fluctuation
) [~ —— NEWS-G 2018 ..o LUX 2017
+ — =— XENON1T 2017 —— PICO0-60 2017
g 10743 = PICASSO 2017 -.-.CDMSLite 2017
. — —— CRESST-III 2017 PandaX-II 2016
Stl || Very powerful v, - XENON100 2016 DAMIC 2016
¥ - = — 'CDEX 2016 CRESST-II 2015
g 10744 j.— -+ - - SuperCDMS 2014 CDMSlite 2014
= COGENT 2013 CDMS 2013
- CRESST 2012 DAMA/LIBRA 2008
— Neutrino Floor
10—45 1 1 o) ) ‘ ) -\ : 1 ] | .
5x10°! 1 2 3 4 5 6 7 8910

M, [GeV/c?]



o o
(@) (00

O
N

Trigger efficiency

0.2

* 3

Energy threshold

Factor~dSlower // [/
threshold 52 only /g / (o 6ol (ER-ike)
)/ | reszony(NR-ikey

- [T"Xe S2-only

10 10 10 10

Energy (keV)

electron threshold assumed for S2 (>250 photons)
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Making projections

N -35 1
- 10 36 ~ LZHe 10 _8_
2. 1079} S2-only, 5e- LZ He 1 OO '_(7)'
n -37| ‘e S1/S2 1401
S 19 38>\ Ve S Ozb
CC) 107°°¢ N \;.“ T \\ NEWS-G 110~ S
o 10739 o SN% S : 103 &
D 4mod0| LZHe S TN o 4 3
:C5 10 S2-only, 3e- \\\’ﬁ.\ \ CRESSTH 110 -
l 10_41 g “\{'_' \__slg~ CDMSLite \ < 0—5 q%
AN ——m e ——_——— —_— = DS-50 1N-6 =
_'-|q=) 10 42\ Superfluid \\ S2-only _ | O 6 -'C_U'
(4v 1 0—43 | LHe proposal SuperCDMS ™~ - 0_7 =
> : _44 Si+Ge HV T ———K 41 N-8 ¢
. 0.05 0.10 0.50 1 5 10 50

Dark Matter Mass [GeV/c?]
* 0.3% loading (1 bar partial pressure) - 15 kg, 20 days for S2-only, 100 days for S1/S2

 Location of LZ Helium lines depends critically on assumed signal yield
« ~225 events/day/pb with S2 only at 100 MeV WIMP with this yield

 Dotted line is be- S2-only threshold
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With Rydrogen

G 10739

o
5 10% \ =
— 10-37| * %
» 10 %
S . _ag N N o
10 i \ . \ C
S Y% . N = S
© 107% NI S
S 10740} N~ ”%\‘ =
(- \.‘.‘\’ -
10| \ T q05 L
| -
_ N —— — DS-50 —_ -lq—')
% 10742} Superfluid = S2-only 107° ©
_4 LHe proposal _7
= 10| gEr 10772
X 1074 107° 5
alh 0—45 | | | | | ‘ O
0.05 0.50 ) 50

Dark Matter Mass [GeV/c?]

e Projection from calculating yields with SRIM + LZ detector model
* Definitely to be taken with grain of salt

* 0.0375% H2 (0.1 bar partial pressure), 1.9 kg, 500 days
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SD Hydrogen

3 " y

Dark Matter Mass [GeV/c?]

e Projection from calculating yields with SRIM + LZ detector model
* Definitely to be taken with grain of salt

* 0.0375% H2 (0.1 partial pressure), 1.9 kg, 500 days
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What do | worry about

Example for ET9226 PMT

Helium gas and PMTs are not a good

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

MIxX

Diffusion exponentially suppressed by

temperature (Arrhenius relationship)

Calculation suggests 500 days at 1 bar/ | ="
165 K before tUbe becomes inOperable 1.E+01 1.E+02 1.E+03 1.E+£4ours1.E+05 1.E+06 1.E+07 1.E+08
Exquisitely sensitive to temperature, R11410

and that's pretty tight...
Needs to be tested

Could use SiPMs...
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What do | worry about (H)

PMT diffusion is suppressed

Hydrogen is flammable in mine environment

Purification - getter will take out the H2
Suppression of S2 production
 Molecular modes can slow down electrons

 Could recover with increased voltage
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What do | worry about

e This is still fairly speculative

 Henry’'s coefficients not comprehensively measured

* Temperature dependence, diffusion, etc”?

* Signal yields depend on modeling and MeV scale data

NEEDS

CALIBRATION!

 Monoenergetic neutron scattering experiment is where | would
start
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What do | worry about

e Cryogenics - what does the presence of the non-condensible
gas do to our cryogenics

 Bubble He/H2 through the bottom of the cryostat?

 Phase separated at weir drain (in LZ design)?

e Should be distilled out fairly efficiently

* [ntroduction and mixing that worries me the most
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He/H 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
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Backup
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Neutron scattering measurement

TPC

Pulsed, mono-energetic neutrons

Scattering angle, ©

Neutron detector

« 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)
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Neutron scattering in SCENE

Time of flight to measure the neutron timing

N
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Pulse shape discrimination(PSD) to select
—[20 neutrons in the detectors
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100 s * Ntof - time between beam pulse and neutron
80 detector
60 —10

TPCtof - time between beam pulse and LAr
5 detector

f90 - PSD in LAr
Npsd - PSD in neutron detector

"40 -20 0 20 40 60 80 100 120
TPCtof [ns]

LAr-TPC Neutron Detector

s - M0 a (b)-
‘Neutrons - = =

TTTT |I R | ITTT

Photons

" Neutrons

o
TTT

| EPT TP S VY (UG PRV Wt PR SO fq et e Ty ;
0 v b by b by e b by by by by
-40 -20 0 20 40 60 80 100 120 EEO 0 20 40 60 80 100 120 140 160 180 0

TPCtof [ns] Ntof [ns]

58



Neutron scattering with He Iin LXe

* 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

100 keV neutrons, 22.5 degrees, 3.7 keV He recoils 100 keV neutrons, 45 degrees, 13.7 keV He recoils

s 30r 30
§ F g : 4— Xenon “wall”
S o 4— Xenon “wall ok
2 = Helium single scatters I = Helium single scatters
% C - B E
O 20 - All scatters 201~ -+ All scatters

15 : 153— E

105_ < 3.7 keV 10; 14 keV

: He signal = i He signal
S 5 % — ]
O‘_I—l ....... S ks W o CPRCRL SN s frn S 1 6 b Vs il |] LT ”m IIIIIIIIIII :5

100 200 300 400 500 600 700 800 900 1000
Number of quanta

0O 50 100 150 200 250 300 350 400 450 500 0
Number of quanta

o

Measures yield and S51/52 response v. energy!
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