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- solid−state answer to recoil nucleus: 

phonons (𝒇𝒆𝒘𝒎𝒆𝑽)

scintillation (𝟏𝟎𝟎…𝟐𝟎𝟎 𝒆𝑽)

ionisation    (< 𝟐𝟎 𝒆𝑽)

Jan. 18, 20242

 Detecting 𝑾𝑰𝑴𝑷 recoils on the 𝒌𝒆𝑽 − energy scale

Recap of Lecture 𝟏𝟔

- scattering kinematics of 𝑾𝑰𝑴𝑷 𝒎(𝝌𝟎) & 𝒏𝒖𝒄𝒍𝒆𝒖𝒔𝒎(𝑵) via reduced mass 𝝁

- mass ratio 𝒎(𝝌𝟎)/𝒎(𝑵) determines recoil energy 𝑬𝑹 of nucleus with

´optimum´ case for equal masses

- spin−dependent 𝑾𝑰𝑴𝑷 interaction via 𝒁𝟎 − boson: sSD ~ (J + 1) / J

coupling to distribution of spin inside a nucleus (unpaired nucleon 𝒑, 𝒏)

 𝑷𝑰𝑫 via quenching

energy 𝑬𝑹
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Introducing the famous ´𝑾𝑰𝑴𝑷´ plot

 Comparing different experiments in a 𝟐 − parameter plot: 

𝑾𝑰𝑴𝑷 mass
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𝑾𝑰𝑴𝑷 plot in case of a signal (claim)

 Claiming an evidence for a 𝑫𝑴−signal: error ellipses for 𝒎 𝝌𝟎 , 𝝈𝒔𝒄𝒂𝒕𝒕𝒆𝒓
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 We see no signal above background and draw an exclusion curve (𝟗𝟎% 𝑪𝑳)

𝑾𝑰𝑴𝑷 plot in case of no signal

excluded 𝑾𝑰𝑴𝑷
parameter region

allowed 𝑾𝑰𝑴𝑷
parameter region

NO

SIGNAL
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 For very light 𝑾𝑰𝑴𝑷𝒔 our sensitivity decreases: an effect of the threshold

𝑾𝑰𝑴𝑷 plot in case of no signal: light 𝑾𝑰𝑴𝑷𝒔
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 For heavy 𝑾𝑰𝑴𝑷𝒔 our sensitivity decreases: an effect of the 𝑾𝑰𝑴𝑷− flux

𝑾𝑰𝑴𝑷 plot in case of no signal: heavy 𝑾𝑰𝑴𝑷𝒔

excluded 𝑾𝑰𝑴𝑷
parameter region

for 𝒎 𝝌𝟎 ≫ 𝑴𝑵

𝚽 ~ Τ𝟏 𝒎 𝝌𝟎

much smaller

𝑾𝑰𝑴𝑷 flux for

very heavy 𝑫𝑴−

particles
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 For optimum sensitivity the masses of 𝑾𝑰𝑴𝑷 & target should be identical

𝑾𝑰𝑴𝑷 plot in case of no signal: all 𝑾𝑰𝑴𝑷 masses

excluded 𝑾𝑰𝑴𝑷
parameter region

for 𝒎 𝝌𝟎 = 𝑴𝑵

optimum sensitivity
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 Better sensitivity: 𝑫𝑴 detector should be larger & background smaller

𝑾𝑰𝑴𝑷 plot in case of no signal: better sensitivity

excluded 𝑾𝑰𝑴𝑷
parameter region at present

larger target mass &

lower background rate &

smarter analysis tools
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 The ´preferred´ 𝑺𝑼𝑺𝒀 − parameter space is ´re−adjusted´ from time to time …

𝑾𝑰𝑴𝑷 plot in case of no signal: theory responds

Jan. 18, 2024
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 A scintillator−based 𝑫𝑴− experiment yielding a highly controversial result

Direct 𝑾𝑰𝑴𝑷 searches: 𝑫𝑨𝑴𝑨*/𝑳𝑰𝑩𝑹𝑨

*𝑫𝑨rk 𝑴𝑨tter experiment

𝑵𝒂𝑱 crystals (in a 𝟓 × 𝟓matrix), 

read−out via 𝟐 low−𝒃𝒈 𝑷𝑴𝑻𝒔

𝑪𝒖 − shielding (𝟏𝟎 𝒄𝒎) & flushed

with high−purity, dry 𝑵𝟐 − gas to

reduce 𝑹𝒏 − emanation & humidity

concrete − shielding

(𝟏𝒎)

Boliden−𝑷𝒃 − shielding (𝟏𝟓 𝒄𝒎)

polyethylene / paraffine−shielding

Jan. 18, 2024
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 A scintillator optimized for low−energy events (measurements 𝟏𝟗𝟗𝟓… today) 

-  large target mass: 𝒎 = 𝟐𝟓𝟎 𝒌𝒈 𝑵𝒂𝑱 scintillating crystals 

-  detection based only on 𝟏 parameter: scintillation light only ( no 𝑷𝑰𝑫)

-  read−out of scintillating crystals via 𝟐 𝑷𝑴𝑻𝒔: light yield ~ 𝟓 Τ…𝟕 𝒑. 𝒆. 𝒌𝒆𝑽

-  scintillating crystals formed from special

low−activity materials with 𝒃𝒈 − rate 𝑹

𝑹 = 𝟏…𝟐 𝒆𝒗𝒆𝒏𝒕𝒔 𝒌𝒆𝑽−𝟏𝒌𝒈−𝟏𝒅𝒂𝒚−𝟏

-  rather high energy threshold for 𝑾𝑰𝑴𝑷𝒔

𝑬𝒕𝒉𝒓𝒆𝒔 = 𝟐 𝒌𝒆𝑽 (for electron recoils)

= 𝟐𝟎 𝒌𝒆𝑽 (for nuclear recoils of 𝟐𝟑𝑵𝒂)

*𝑳arge Sodium 𝑰odide 𝑩ulk for 𝑹𝑨re processesJan. 18, 2024

Direct 𝑾𝑰𝑴𝑷 searches: 𝑫𝑨𝑴𝑨/𝑳𝑰𝑩𝑹𝑨*
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 Since 𝟏𝟗𝟗𝟓: the event rate is apparently modulated with period of 𝑻 = 𝟏 𝒚𝒆𝒂𝒓

Results from 𝑫𝑨𝑴𝑨/𝑳𝑰𝑩𝑹𝑨: annual modulation

- observed event rate (above threshold): small variation over many years (decades!)

𝑫𝑨𝑴𝑨/𝑳𝑰𝑩𝑹𝑨: mass = 𝟐𝟓𝟎 𝒌𝒈

data: 𝟎. 𝟖𝟕 𝒕𝒐𝒏 ∙ 𝒚𝒆𝒂𝒓𝒔

- phase 𝒕𝟎 of the modulation:

𝒕𝟎(𝒆𝒙𝒑𝒆𝒄𝒕𝒆𝒅) = June, 𝟐

𝒕𝟎(𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅) = May, 𝟏𝟕 (± 𝟕 days)

Jan. 18, 2024
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Results from 𝑫𝑨𝑴𝑨/𝑳𝑰𝑩𝑹𝑨: annual modulation

lo
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~𝟐…𝟕% effect

recoil energy 𝑬𝑹 in detector

𝒗 𝒕 = 𝒗𝑺 + 𝒗𝑬 ∙ 𝐜𝐨𝐬(𝟔𝟎°) ∙ 𝐜𝐨𝐬𝝎(𝒕 − 𝒕𝟎)

variation of detector ´speed´ over one year

Jan. 18, 2024

- observed event rate (above threshold): small variation over many years (decades!)

- phase 𝒕𝟎 of the modulation:

𝒕𝟎(𝒆𝒙𝒑𝒆𝒄𝒕𝒆𝒅) = June, 𝟐

𝒕𝟎(𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅) = May, 𝟏𝟕 (± 𝟕 days)

 Since 𝟏𝟗𝟗𝟓: the event rate is apparently modulated with period of 𝑻 = 𝟏 𝒚𝒆𝒂𝒓
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𝑫𝑨𝑴𝑨/𝑳𝑰𝑩𝑹𝑨: updated results − 𝟐𝟎𝟎𝟑… . 𝟐𝟎𝟏𝟕

 Total exposure 𝑴 ∙ 𝒕 = 𝟐. 𝟖𝟔 𝒕𝒐𝒏 × 𝒚𝒆𝒂𝒓𝒔, evidence for modulation = 𝟏𝟑. 𝟕 𝝈

𝒓
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- modulation is only seen in 

low−energy interval from

𝟏…𝟔 𝒌𝒆𝑽 (above 𝑬𝒕𝒉𝒓𝒆𝒔)

- evidence for modulation: 

but is it really induced by

𝑾𝑰𝑴𝑷− interactions? 
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 𝑫𝑨𝑴𝑨/𝑳𝒊𝒃𝒓𝒂 favoured signal region & results by other experiments

𝑫𝑨𝑴𝑨/𝑳𝑰𝑩𝑹𝑨: 𝑾𝑰𝑴𝑷 signal region & exclusions

- 𝑫𝑨𝑴𝑨/𝑳𝑰𝑩𝑹𝑨 favours

low−mass 𝑾𝑰𝑴𝑷𝒔:

a region initially also

favoured by other early

experiments as well

- modern experiments

(𝑿𝑬𝑵𝑶𝑵, 𝑳𝑼𝑿,…)

however exclude

low−mass region

of 𝑫𝑨𝑴𝑨/𝑳𝒊𝒃𝒓𝒂!

Jan. 18, 2024
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 Many other ´𝑫𝑴− signals´ were due to

systematic effects: 𝑫𝑨𝑴𝑨 remains…

- comparison is somewhat model−

dependent due to different 𝑫𝑴− halo

assumptions of each experiment

𝑫𝑨𝑴𝑨/𝑳𝑰𝑩𝑹𝑨: 𝑾𝑰𝑴𝑷 signal region & exclusions

comparing ´apples

& oranges´ ??

- systematics: detector response at 𝑬𝒕𝒉𝒓𝒆𝒔? 

Jan. 18, 2024

𝑵𝒂𝑱
𝑿𝒆

𝑳𝑼𝑿
(exclusion)

𝑾𝑰𝑴𝑷 mass 𝑴𝝌(𝑮𝒆𝑽)

𝑫𝑴− signals & exclusion curves

𝟔 𝟏𝟎 𝟏𝟓 𝟐𝟎 𝟐𝟓
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(exclusion)

𝑾
𝑰𝑴

𝑷
𝝄
𝑺
𝑰(
𝒑
𝒃
)
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 Combining 𝒏𝒆𝒖𝒕𝒓𝒐𝒏𝒔 & 𝒏𝒆𝒖𝒕𝒓𝒊𝒏𝒐𝒔may give rise

to an annual modulation of events in 𝑫𝑨𝑴𝑨

𝑫𝑨𝑴𝑨/𝑳𝑰𝑩𝑹𝑨: explaining the 𝟏 𝒚𝒓modulation

Jan. 18, 2024
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 Modulation due to the specific

𝑫𝑨𝑴𝑨/𝑳𝒊𝒃𝒓𝒂 analysis method?!

𝑫𝑨𝑴𝑨/𝑳𝑰𝑩𝑹𝑨: explaining the 𝟏 𝒚𝒓modulation

Notorious dark-matter signal could be due 

to analysis error (nature.com)

- if the background in 𝑫𝑨𝑴𝑨/𝑳𝒊𝒃𝒓𝒂 is slowly

increasing over the years (slow migration

of 𝒓𝒂𝒅𝒐𝒏 or other impurities) this could

mimic a 𝑫𝑴− signal!

- problem: 𝑫𝑨𝑴𝑨/𝑳𝒊𝒃𝒓𝒂 does NOT reveal

the full data (missing transparency)

- other collaborations showed that a 

non−constant background is dangerous

Jan. 18, 2024

https://www.nature.com/articles/d41586-022-02222-9
https://www.nature.com/articles/d41586-022-02222-9
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 𝑺𝑨𝑩𝑹𝑬, 𝑪𝑶𝑺𝑰𝑵𝑬 − 𝟏𝟎𝟎 & 𝑨𝑵𝑨𝑰𝑺: can we reproduce the results from 𝑫𝑨𝑴𝑨?

𝑫𝑨𝑴𝑨/𝑳𝑰𝑩𝑹𝑨: new tests by 𝑵𝒂𝑱 detectors

- experiment also in Southern Hemisphere: same 𝑾𝑰𝑴𝑷𝒔, but different background

Jan. 18, 2024
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Jan. 26, 2023

21

 Test with 𝑵𝒂𝑱 detectors at 𝑳𝑵𝑮𝑺 & 𝑺𝑼𝑷𝑳

𝑺𝑨𝑩𝑹𝑬* experiment in both hemispheres

*𝑺odium−iodide with 𝑨ctive 𝑩ackground 𝑹𝑬jection 

crystal

inch)

- high−purity crystals 𝟓 𝒌𝒈 with active scintillator veto

𝑺𝑼𝑷𝑳 − 𝑺tawell 𝑼nderground 

𝑷hysics 𝑳ab (𝟐𝟗𝟎𝟎𝒎.𝒘. 𝒆.)

- 𝟐 identical set−ups at Southern & Northern Hemispheres

Jan. 18, 2024

𝑷𝑴𝑻 (𝟑 − 𝒊𝒏𝒄𝒉)

𝑵𝒂𝑱 𝒄𝒓𝒚𝒔𝒕𝒂𝒍

𝑷𝑴𝑻𝑪𝒖
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 A 𝑵𝒂𝑱 detector 𝟏𝟎𝟔 𝒌𝒈 like 𝑫𝑨𝑴𝑨/𝑳𝑰𝑩𝑹𝑨 at 𝒀𝒂𝒏𝒈𝒀𝒂𝒏 𝑳aboratory (𝒀𝟐𝑳)  

𝑪𝑶𝑺𝑰𝑵𝑬 − 𝟏𝟎𝟎 experiment in South Korea

- start of measurements in 𝟗/𝟐𝟎𝟏𝟔

- publication of first results in

𝟏𝟐/𝟐𝟎𝟏𝟖, 𝟏𝟏/𝟐𝟎𝟐𝟏 full results:

no modulation, rules out 𝑾𝑰𝑴𝑷−

interactions claimed by 𝑫𝑨𝑴𝑨/𝑳𝒊𝒃𝒓𝒂

Jan. 18, 2024
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 The leading technology to directly observe very rare 𝑾𝑰𝑴𝑷 interactions

𝟒. 𝟓. 𝟐 Liquid noble gas detectors

t1

tn

ti

𝑷𝑴𝑻𝒔

𝑳𝑨𝒓

𝑳𝑿𝒆

𝑾𝑰𝑴𝑷 −
scattering

fiducial 
volume

𝟏 −phase layout: spherical geometry with 𝟒𝝅 𝑷𝑴𝑻 − coverage

Jan. 18, 2024
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 𝑳𝑨𝒓 & 𝑳𝑿𝒆 detectors: overview of their major advantages in 𝑫𝑴− searches

- large target masses: 𝒎 = 𝟏…𝟏𝟎 𝒕 (𝟓𝟎 𝒕 in future)

- large stopping power (large 𝒅𝑬/𝒅𝒙 for 𝒎. 𝒊. 𝒑.),   

 good self−absorption of external background

- high scintillation light yield (𝟒𝟎…𝟓𝟎 𝒑. 𝒆. 𝒌𝒆𝑽−𝟏)

- good particle discrimination in 𝟐 −phase layout

liquid & gaseous noble gas 𝑻𝑷𝑪

Liquid noble gases: scintillation& ionisation

Jan. 18, 2024

t1

tn

ti

𝑷𝑴𝑻𝒔

𝑳𝑨𝒓

𝑳𝑿𝒆

𝑾𝑰𝑴𝑷 −
scattering

fiducial 
volume

- high position resolution (on the 𝒄𝒎 − scale) via 

𝑷𝑴𝑻 − timing, also important to define fiducial volume
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 Comparing different noble gases as to their key performance parameters

- xenon offers the distinct advantages of highest charge & light yields

Liquid noble gases: scintillation& ionisation yields

liquid noble gas detectors: properties relevant for DM−searches

𝒁(𝑨)
ionisation

(𝒆− 𝒌𝒆𝑽−𝟏)
scintillation yield

(photons 𝒌𝒆𝑽−𝟏)
scintillation light 

𝝀 (𝒏𝒎)

neon 𝟏𝟎 (𝟐𝟎) 𝟒𝟔 𝟕 𝟖𝟓 (𝑾𝑳𝑺)*

argon 𝟏𝟖 (𝟒𝟎) 𝟒𝟐 𝟒𝟎 𝟏𝟐𝟖 (𝑾𝑳𝑺)*

xenon 𝟓𝟒 (𝟏𝟐𝟗…𝟏𝟑𝟏) 𝟔𝟒 𝟒𝟔 𝟏𝟕𝟓

*𝑾𝑳𝑺 = 𝑾ave−𝑳ength−𝑺hifter

- neon & argon: scintillation produces short−wave light which is too short in 𝝀

to be detected by 𝑷𝑴𝑻𝒔  requires to install 𝑾𝑳𝑺* elements in front of 𝑷𝑴𝑻𝒔

Jan. 18, 2024
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 Scintillation processes in liquid noble gases: emission of short−wave light

- Liquid noble gases emit scintillating light in the 𝑽𝑼𝑽 (𝑽acuum 𝑼ltra−𝑽iolet) 

range with 𝝀 < 𝟐𝟎𝟎 𝒏𝒎

Liquid noble gases: scintillation

wavelength 𝝀 (𝒏𝒎)

𝑼𝑽 visible 𝑰𝑹

𝟏𝟎𝟎 𝟐𝟖𝟎 𝟒𝟎𝟎 𝟕𝟖𝟎

𝑼𝑽 𝑪 𝑩 𝑨

𝑳𝑨𝒓

𝑵
𝒂
𝑱

𝑪
𝒔𝑱

organic scint.

𝑳𝑿𝒆

- for comparison: 

anorganic scintillators like 

𝑵𝒂𝑱, 𝑪𝒔𝑱 emit long−wave light with

𝝀𝒎𝒂𝒙 ~ 𝟒𝟎𝟎…𝟓𝟎𝟎 𝒏𝒎

𝑪𝒔𝑱𝑳𝑿𝒆

Jan. 18, 2024
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 Liquid argon emission of ultra short−wave light with 𝝀 ≈ 𝟏𝟐𝟎…𝟏𝟑𝟎 𝒏𝒎

Liquid noble gases: scintillation of 𝑳𝑨𝒓

- requires wavelength shifter (photo−

fluorescent material) in front of 𝑷𝑴𝑻𝒔

with bialkali photo−cathode

wavelength 𝝀 (𝒏𝒎)

𝟏𝟐𝟎 𝟏𝟒𝟎 𝟏𝟔𝟎 𝟏𝟖𝟎 𝟐𝟎𝟎 𝟐𝟐𝟎 𝟐𝟒𝟎

emission of 𝑳𝑨𝒓

e
m

is
s
io

n
(r

e
l.
 i
n

te
n

s
it
y
)

𝟏𝟎𝟎

𝟏𝟎

𝟏

𝑻𝑷𝑩 (𝑻etra𝑷henyl−𝑩utadiene) 

𝑾𝑳𝑺

𝑷𝑴𝑻

Jan. 18, 2024
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 Scintillation light in the 𝑽𝑼𝑽 due to formation of excimers

- along the very short track of the

recoiling nucleus: excited dimers

(´excimers´) are formed

 formation (very short−lived) of a noble

gas ´molecule´ requires a large

excitation energy of 𝑬 ~ 𝟏𝟎 𝐞𝐕

 decay of the excimer after a few 𝒏𝒔,

resulting in 𝑽𝑼𝑽 scintillation light

𝑿𝒆

𝑿𝒆

(𝑨𝒓𝟐
∗ , 𝑿𝒆𝟐

∗ ) = ´excimer´

𝑨𝒓
𝑨𝒓

𝟏𝟕𝟓 𝒏𝒎

𝑾𝑳𝑺
𝟏𝟐𝟖 𝒏𝒎

Liquid noble gases: scintillation light detection

- 𝑳𝑿𝒆: special class of 𝑷𝑴𝑻𝒔 required

which are sensitive in the 𝑽𝑼𝑽 − range

𝑷𝑴𝑻𝒔

Jan. 18, 2024
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 Scintillation of 𝑳𝑨𝒓

Liquid noble gases: gas−kinetic processes

scattering process

scintillation light 𝑽𝑼𝑽

ionisation

ionised molecule

~ Τ𝟐 𝟑

𝑨𝒓+

𝑨𝒓+ + 𝑨𝒓 + 𝑨𝒓 → 𝑨𝒓𝟐
+ + 𝑨𝒓

𝑨𝒓𝟐
+

𝑨𝒓

𝑨𝒓*

excitation

𝑨𝒓

decay &
dissociation

excited molecule

𝑨𝒓*+ 𝑨𝒓 → 𝑨𝒓𝟐
∗

~ Τ𝟏 𝟑

𝑨𝒓𝟐
∗

𝑨𝒓 𝑨𝒓 𝑨𝒓

𝑨𝒓𝟐
+ + 𝒆− → 𝑨𝒓𝟐

∗ + heat

𝑨𝒓𝟐
∗

Jan. 18, 2024
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 Different steps in the scintillation process using 𝑳𝑨𝒓 as an example

Liquid noble gases: gas−kinetic processes − 𝑳𝑨𝒓

- ionising radiation in liquid noble gas: nuclear recoil of 𝟒𝟎𝑨𝒓 or electron track

- Τ𝒅𝑬 𝒅𝒙 along track: formation of ions (𝑨𝒓+) & excited atoms (𝑨𝒓*)

- in both cases: formation of a short−lived excited molecule (𝑨𝒓𝟐
∗ )

- de−excitation of excited 𝒅𝒊𝒎𝒆𝒓 / 𝒆𝒙𝒄𝒊𝒎𝒆𝒓 (𝑨𝒓𝟐
∗ ) 

 emission of scintillation light in the 𝑽𝑼𝑽 − range 

Jan. 18, 2024
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 A closer look at electronic states for 𝑳𝑨𝒓

Liquid noble gases: formation of excimers

𝑨𝒓 + 𝑨𝒓
potential

𝒓atomic distance

p
o
te

n
ti
a

l 
𝑽
(𝒓
)

𝟗. 𝟒𝟓 𝒆𝑽 = 𝟏𝟐𝟖 𝒏𝒎

𝟏𝟏. 𝟖𝟐 𝒆𝑽

𝟏𝟏. 𝟕𝟐 𝒆𝑽

𝟏𝟏. 𝟔𝟐 𝒆𝑽

𝟏𝟏. 𝟓𝟒 𝒆𝑽

𝑨𝒓*

dissociative 𝑨𝒓 𝑨𝒓+

#𝟏- #𝟏 primary excitation: 

low−lying atomic states 𝑨𝒓*

with ∆𝑬𝒆𝒙𝒄= 𝟏𝟏. 𝟓…𝟏𝟏. 𝟖 𝒆𝑽

- #𝟐 scattering process:

𝑨𝒓* + 𝑨𝒓 → 𝑨𝒓𝟐
∗

formation of an excimer

state (𝟗. 𝟒𝟓 𝒆𝑽) is allowed

energetically

- #𝟑 excimer decay:

𝑨𝒓𝟐
∗ → 𝑨𝒓 + 𝑨𝒓 + 𝑽𝑼𝑽

𝑽𝑼𝑽 emission

𝑨𝒓𝟐
∗ excimer

potential

#𝟐

#𝟑

Jan. 18, 2024
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 An important property of 𝑫𝑴− detection with 𝑳𝑨𝒓: 𝒔𝒊𝒏𝒈𝒍𝒆𝒕 / 𝒕𝒓𝒊𝒑𝒍𝒆𝒕 states

RECAP: 𝒔𝒊𝒏𝒈𝒍𝒆𝒕 & 𝒕𝒓𝒊𝒑𝒍𝒆𝒕 states

- important: selection rules for de−excitation of excimer to 𝒈. 𝒔. atoms

𝑨𝒓
𝑨𝒓

 different decay times of 𝒔𝒊𝒏𝒈𝒍𝒆𝒕 / 𝒕𝒓𝒊𝒑𝒍𝒆𝒕 states

Jan. 18, 2024

repulsive 𝒈𝒓𝒐𝒖𝒏𝒅 𝒔𝒕𝒂𝒕𝒆

𝟏𝜮𝒈
+

𝒔𝒊𝒏𝒈𝒍𝒆𝒕

𝟏𝜮𝒖
+

ۧ⇑⇓ − ۧ⇓⇑

𝟐

||

𝟑

𝒕𝒓𝒊𝒑𝒍𝒆𝒕

𝜮𝒖
+

ۧ⇑⇑|

ۧ⇓⇓|

ۧ⇑⇓ + ۧ⇓⇑

𝟐

||
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 𝑫𝑴− search with 𝑳𝑨𝒓: decay time of the excimer is an important tool

Decay of argon: 𝒔𝒊𝒏𝒈𝒍𝒆𝒕 & 𝒕𝒓𝒊𝒑𝒍𝒆𝒕 states

- decay of excimer  the 𝒔𝒊𝒏𝒈𝒍𝒆𝒕 & 𝒕𝒓𝒊𝒑𝒍𝒆𝒕 decay times differ significantly:

can this be used for background discrimination between 𝑾𝑰𝑴𝑷𝒔 & 𝒆−?

𝝉𝑺 (singlet) = 𝟔 𝒏𝒔 𝝉𝑻 (triplet) ≈ 𝟏. 𝟔 𝝁𝒔

Jan. 18, 2024

𝑨𝒓
𝑨𝒓

repulsive 𝒈𝒓𝒐𝒖𝒏𝒅 𝒔𝒕𝒂𝒕𝒆

𝟏𝜮𝒈
+

𝒔𝒊𝒏𝒈𝒍𝒆𝒕

𝟏𝜮𝒖
+ 𝟑

𝒕𝒓𝒊𝒑𝒍𝒆𝒕

𝜮𝒖
+



Exp. Particle Physics - ETPG. Drexlin – ATP-1 #1734

Decay of argon: 𝒔𝒊𝒏𝒈𝒍𝒆𝒕 & 𝒕𝒓𝒊𝒑𝒍𝒆𝒕 states

Jan. 18, 2024

𝑨𝒓
𝑨𝒓

repulsive 𝒈𝒓𝒐𝒖𝒏𝒅 𝒔𝒕𝒂𝒕𝒆

𝟏𝜮𝒈
+

𝒔𝒊𝒏𝒈𝒍𝒆𝒕

𝟏𝜮𝒖
+ 𝟑

𝒕𝒓𝒊𝒑𝒍𝒆𝒕

𝜮𝒖
+

´𝑾𝑰𝑴𝑷 sprinter´

 𝑫𝑴− search with 𝑳𝑨𝒓: decay time of the excimer is an important tool

´background walker´

𝑾𝑰𝑴𝑷 recoil nucleus 

~𝟕𝟎% of excimers in

𝒔𝒊𝒏𝒈𝒍𝒆𝒕 states

background electron

𝟖𝟎…𝟗𝟎% of excimers in

𝒕𝒓𝒊𝒑𝒍𝒆𝒕 states
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 𝑷ulse 𝑺hape 𝑫iscrimination (𝑷𝑺𝑫): prompt fraction 𝒇𝒑 of light seen by 𝑷𝑴𝑻𝒔

𝑫𝑴− searches with 𝑳𝑨𝒓 − detectors

- particle discrimination between

𝑾𝑰𝑴𝑷− recoils & 𝒃𝒈 − electrons:

different fraction of excimers in

𝒔𝒊𝒏𝒈𝒍𝒆𝒕 / 𝒕𝒓𝒊𝒑𝒍𝒆𝒕 state

- 𝑷𝑰𝑫 − parameter 𝒇𝒑:

fraction of ´early´ light in the

first 𝟏𝟎𝟎 𝒏𝒔

 small for 𝒕𝒓𝒊𝒑𝒍𝒆𝒕 states (𝒆−) 

 large for 𝒔𝒊𝒏𝒈𝒍𝒆𝒕 states ( 𝑨𝒁) 

Jan. 18, 2024

nuclear recoils

electron recoils

recoil energy 𝑬𝑹 𝑴𝒆𝑽𝒆𝒆
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𝟏. 𝟎

𝟎. 𝟖

𝟎. 𝟔

𝟎. 𝟒

𝟎. 𝟐

𝟎 𝟏𝟎 𝟐𝟎 𝟑𝟎 𝟒𝟎 𝟓𝟎 𝟔𝟎



Exp. Particle Physics - ETPG. Drexlin – ATP-1 #1736

 Direct 𝑫𝑴− searches: we need large detector masses – is this possible?

HANDS−ON: MARKET RESEARCH INTO 𝑳𝑿𝑬/𝑳𝑨𝑹

- 𝑳𝑨𝒓 − experiments: argon is available in huge quantities due to 𝟒𝟎𝑨𝒓 − content

- 𝑳𝑿𝒆 − experiments: rather limited

xenon world production (𝟔𝟎 𝒕 𝒚𝒓−𝟏)

 significant cost factor in direct

𝑫𝑴− searches (𝑫𝑨𝑹𝑾𝑰𝑵 𝟓𝟎 𝒕)

Jan. 18, 2024

𝒂𝒓𝒈𝒐𝒏 − 𝟒𝟎 𝟎. 𝟗𝟑 % 𝟕𝟎𝟎. 𝟎𝟎𝟎 𝒕/𝒚𝒓

𝒙𝒆𝒏𝒐𝒏 𝟎. 𝟎𝟎𝟎𝟎𝟎𝟖𝟕 % 𝟔𝟎 𝒕/𝒚𝒓
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 xenon: a precious by−product of commercial air liquefication

HANDS−ON: PRODUCTION OF 𝑳𝑿𝑬

𝒐𝒙𝒚𝒈𝒆𝒏
𝒏𝒊𝒕𝒓𝒐𝒈𝒆𝒏
𝒂𝒓𝒈𝒐𝒏

𝟏 – compression

of air

𝟐 – air

pre−cooling

𝟑 – cleaning of air

(molecular sieve) 𝟒 – cooling of air

𝟓 – separation of air

in 𝟐 columns

𝟔 – withdrawal

𝟕 – storage

𝟗𝟎. 𝟐 𝑲

𝟕𝟕. 𝟒 𝑲

𝟖𝟕. 𝟑𝑲

- xenon: generated in several

large−scale commercial

𝑨ir 𝑺eparation 𝑼nits (𝑨𝑺𝑼s)

goal: production of oxygen

for steel mills

- global 𝑨𝑺𝑼 throughput:

~ Τ𝟏𝟎𝟎 𝒌𝒎𝟑 𝒚𝒆𝒂𝒓

- cryodestillation allows to

separate xenon from 𝒂𝒓𝒈𝒐𝒏
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Q: Messer-Griesheim



Exp. Particle Physics - ETPG. Drexlin – ATP-1 #1738

 𝑫𝑴− consumption compared to others

𝑩𝑮𝑹 study 𝟐𝟎𝟏𝟗

Jan. 18, 2024

HANDS−ON: PRODUCTION OF 𝑳𝑿𝑬

BGR - Homepage (bund.de)

https://www.bgr.bund.de/DE/Home/homepage_node.html
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 𝑿𝒆𝒏𝒐𝒏 as cryogenic fluid contains 𝟖𝟓𝑲𝒓 − a source of background

Liquid noble gases: intrinsic background

- 𝒌𝒓𝒚𝒑𝒕𝒐𝒏 & its isotope 𝟖𝟓𝑲𝒓 − unwanted admixture due to similiar boiling points

we need to purify

our xenon from this

𝒌𝒓𝒚𝒑𝒕𝒐𝒏 – again by

𝒄𝒓𝒚𝒐𝒅𝒆𝒔𝒕𝒊𝒍𝒍𝒂𝒕𝒊𝒐𝒏!  
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 Example: large−scale cryodestillation of xenon to remove 𝟖𝟓𝑲𝒓

Liquid noble gases – fighting intrinsic background

- 𝒙𝒆𝒏𝒐𝒏 target successfully purified: no traces of 𝟖𝟓𝑲𝒓 detected

cryo−
distillation

column

𝑻𝑷𝑪
storage
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http://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjaipewwenYAhXSJOwKHZbcADoQjRwIBw&url=http://daily-devotional.org/daily-devotions/is-your-life-a-success/&psig=AOvVaw26jHNjcL_TPDnshflJdItE&ust=1516639667207500
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 Example: large−scale removal of isotope 𝟑𝟗𝑨𝒓 is required in 𝑳𝑨𝒓 detectors

Liquid noble gases – fighting intrinsic background

- 𝜷 − emitting isotope 𝟑𝟗𝑨𝒓 :
trace amounts are part of the

atmospheric argon inventory

𝜷 − decay with 𝑸 = 𝟓𝟔𝟓 𝒌𝒆𝑽

𝒕½ = 𝟐𝟔𝟗 𝒚𝜷

𝟑𝟗𝑨𝒓

 very high 𝜷 − activity: 

~ 𝟏 𝑩𝒒 per 𝒌𝒈 𝑨𝒓
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𝟎 𝟐𝟎𝟎 𝟒𝟎𝟎 𝟔𝟎𝟎 𝟖𝟎𝟎

energy (𝒌𝒆𝑽)

ra
te

 (
𝒔
−
𝟏
𝒌
𝒆
𝑽
−
𝟏
𝒌
𝒈
−
𝟏
)

𝟏𝟎−𝟐

𝟏𝟎−𝟒

𝟏𝟎−𝟔
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 Example: underground 𝑨𝒓

Liquid noble gases – fighting intrinsic background

extraction of underground argon

Jan. 18, 2024

- 𝜷 − emitting isotope 𝟑𝟗𝑨𝒓 :
produced by 𝒏, 𝟐𝒏 − reactions

of cosmic ray muons in the

atmosphere off 𝟒𝟎𝑨𝒓
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 Early 𝑫𝑴− experiments focused only on 𝟏 parameter: scintillation light 

Liquid noble gases: single phase experiments

t1

tn

ti

𝑷𝑴𝑻𝒔

𝑳𝑨𝒓

𝑳𝑿𝒆

𝑾𝑰𝑴𝑷−
scatter

fiducial 
volume

𝑳𝑿𝒆

- 𝟏 phase experiments: entire target mass in form of

a liquid noble gas – 𝑳𝑿𝒆 or 𝑳𝑨𝒓

spherical geometry

𝑳𝑨𝒓

Jan. 18, 2024
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 𝑹 & 𝑫 prototype for a (planned) larger detector (𝑪𝑳𝑬𝑨𝑵) with 𝟏 parameter

Liquid Argon experiments: 𝑴𝒊𝒏𝒊𝑪𝑳𝑬𝑨𝑵

𝟓𝟎𝟎 𝒌𝒈 𝒂𝒓𝒈𝒐𝒏

(𝟏𝟓𝟎 𝒌𝒈 fiducial mass) 

Ø = 𝟒𝟓 𝒄𝒎

𝟗𝟐 𝑷𝑴𝑻𝒔

𝑷𝑴𝑻lightguideacrylic
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- 𝑷ulse 𝑺hape 𝑫iscrimination (𝑷𝑺𝑫) to separate nuclear recoils from electrons

Liquid Argon experiments: 𝑴𝒊𝒏𝒊𝑪𝑳𝑬𝑨𝑵

Jan. 18, 2024

 𝑹 & 𝑫 prototype for a (planned) larger detector (𝑪𝑳𝑬𝑨𝑵) with 𝟏 parameter
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 𝑫ark Matter 𝑬xperiment using 𝑨rgon 𝑷ulse

shape discrimination

Liquid Argon experiments: 𝑫𝑬𝑨𝑷

𝑳𝑨𝒓
𝑫𝑬𝑨𝑷

- target mass: 𝟑. 𝟔 𝒕 liquid argon (𝟏 𝒕 fiducial mass)

- threshold: 𝟏𝟓 𝒌𝒆𝑽𝒆𝒆 = 𝟔𝟎 𝒌𝒆𝑽𝑵𝑹

𝒆𝒆: 𝒆lectron 𝒆quivalent

𝑵𝑹: 𝑵uclear 𝑹ecoil 

Jan. 18, 2024
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 𝑫ark Matter 𝑬xperiment using 𝑨rgon 𝑷ulse

shape discrimination

Liquid Argon experiments: 𝑫𝑬𝑨𝑷

𝑫𝑬𝑨𝑷

- target mass: 𝟑. 𝟔 𝒕 liquid argon (𝟏 𝒕 fiducial mass)

- threshold: 𝟏𝟓 𝒌𝒆𝑽𝒆𝒆 = 𝟔𝟎 𝒌𝒆𝑽𝑵𝑹

𝒆𝒆: 𝒆lectron 𝒆quivalent

𝑵𝑹: 𝑵uclear 𝑹ecoil 
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 𝑫𝑬𝑨𝑷 detector setup in detail

Liquid Argon experiments: 𝑫𝑬𝑨𝑷

steel sphere

𝟑𝟔𝟎𝟎 𝒌𝒈 liquid 𝑨𝒓

𝟒𝟖 muon veto−𝑷𝑴𝑻𝒔

𝟐𝟐𝟓 𝑷𝑴𝑻𝒔

acrylic flow guides

steel spring

filling material

foam material

acrylic sphere

inner side with 𝑾𝑳𝑺
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 Measurements and results

- 𝑫𝑬𝑨𝑷 event

Liquid Argon experiments: 𝑫𝑬𝑨𝑷

- measurements & data taking since 𝟐𝟎𝟏𝟔

- 𝑫𝑴− results 𝟐𝟎𝟏𝟗

- 𝟐𝟑𝟏 days measurement time

- no 𝑾𝑰𝑴𝑷 signal

- 𝝈𝑺𝑰 < 𝟑. 𝟗 × 𝟏𝟎−𝟒𝟓 𝒄𝒎𝟐 (𝟏𝟎𝟎 𝑮𝒆𝑽𝑾𝑰𝑴𝑷𝒔)

- optimised for extreme radio purity of all

detector components
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