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Collider Dark Matter Searches
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Direct Dark Matter searches = searches for 
interactions of DM particles with SM particles

ÅSimplest model of 
interactions considers 
elastic interactions of 
ά²Ŝŀƪƭȅέ LƴǘŜǊŀŎǘƛƴƎ 
Massive Particles 
(WIMPs) with nuclei
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This Presentation

ÅIs nota review of recent experimental results on direct Dark Matter searches
ÅSeeά5ƛǊŜŎǘ ŘŜǘŜŎǘƛƻƴ ƻŦ ŘŀǊƪ ƳŀǘǘŜǊ όŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǾƛŜǿύέ ōȅ Marc Schumann at TAUP 2021  

(https://indico.ific.uv.es/event/6178/timetable/#20210831)
Å!ƭǎƻ άDirect Detection of WIMP Dark Matter: Concepts and Statusέ by Marc Schumann 

(arXiv:1903.03026)

ÅIs nota statusreport on any particular experiment
ÅSeeexperimental presentations at TAUP 2021 or LIDINE 2021

ÅIsa discussion of experimental and analysis techniques supported by illustrations from 
some recent and current experiments

ÅIs limited to a WIMP paradigm only and Spin-Independent interactions interpretation

19/10/2021 Sergey Burdin / School on Dark Matter and Hidden Sectors 5

https://indico.ific.uv.es/event/6178/timetable/#20210831


DM Properties

ÅMass unknown

ÅInteractionsfeeble (with possibilities of some 
exceptions) or very feeble (gravitational scale)
ÅSome argumentsin favourof weakscale

ÅSeetheory reviewby MaximPospelov@TAUP2021

H. Baer et al. / PhysicsReports 555 (2015) 1ς60
APPEC Committee Report (arXiv:2104.07634)
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Experimental Techniques

ÅLiquid Xenon 
double-phase 
experiments 
(LUX/LZ, XENON, 
Panda) are leading 
DM searches in 
WIMP region

ÅThis technique will 
be used as an 
example

Published results including 
calibration procedures

Commissioning run results
(current best sensitivity)

Commissioningandstart datataking
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Elastic Scattering Kinematics
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Sun

Earth

DM flow

ÅThe simplest approximation is an elastic scattering 
on a nucleus

ÅMomentum transfer

▲ Ⱨ○ ἫἷἻⱣ, where ὺis the DM 

particle velocity, —is the scattering angle 

and  Ⱨ
□ □╝

□ □╝
is reduced mass, where 

mɢand mN are dark matter and target nucleus 
masses.

ÅTarget atom (nucleus) recoil energy:
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Event Rate

ÅDetector parameters: 
ÅM ïdetector mass

ÅmNïdetector material (mass of a nucleus of detector target material)

Åvminïminimum detectable velocity of a DM particle (depends on a 
minimum detectable energy in the detector) 

ÅDM model parameters: 
Åɟ0ïDM local density (0.3 GeV/c2/cm3 accepted)

Åmɢïmass of DM particle (scan of a mass range)

Åf(v) ïDM velocity distribution

Åvescïescape velocity of a DM particle (544 km/s accepted)

Å ÄÉÆÆÅÒÅÎÔÉÁÌÃÒÏÓÓÓÅÃÔÉÏÎÏÆ$-ÉÎÔÅÒÁÃÔÉÏÎÓ×ÉÔÈ3-

ŦǊƻƳ aŀǊŎ {ŎƘǳƳŀƴƴΣ ά5ƛǊŜŎǘ 5ŜǘŜŎǘƛƻƴ ƻŦ ²Lat 5ŀǊƪ aŀǘǘŜǊΥ /ƻƴŎŜǇǘǎ ŀƴŘ {ǘŀǘǳǎέΣ ŀǊ·ƛǾΥмфлоΦлолн
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Expected Number of DM Events in a detector

ÅTïexposure time

ÅEhigh=
Ⱨ○□╪●

□╝
ïmaximum recoil energy

Å᷾ (Enr) ïdetector efficiency

ÅElowïenergy threshold determined by detector efficiency and noise

Ådetermines minimum detectable velocity of a DM particle (not as useful as it is in 
the lab-frame)

Åor a minimum detectable mass of a DM particle
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Velocity Model

Åᴆὺ ïlab-frame DM velocity

Åʎ ïvelocity dispersion 

arXiv:2105.00599

Sunôs peculiar velocity

Earth's velocity relative to the Sun

Milky Way's rotation
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Minimum Detectable DM mass

Å□Ⱶ
□░▪ □╝

□╝

╔╝╡
╣▐►○□╪●

■╪╫

ὺ ͯὺ + ὺͯχψπὯάȾί

LUX efficiency from PRL 118, 021303 (2017)

᷾(Enr) 
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Minimum Detectable DM mass

Å□Ⱶ
□░▪ □╝

□╝

╔╝╡
╣▐►○□╪●

■╪╫

ὺ ͯὺ + ὺͯχψπὯάȾί

᷾(Enr) 

DarkSide-20k efficiency from Eur. Phys. J. Plus (2018) 133: 131
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Interaction cross-section

ÅůSIïspin-independent cross-section

ÅCoherent interaction with entire nucleus (cf. de 
Broglie wavelength of 100GeV WIMP 
ɚ=h/(mv)~17fm with the size of a nucleus)

ÅHigher momenta Ą smaller ɚĄ loss of coherence 
taken into account by FSI(Enr)

ÅůSI ů ὃ where ů▪ïspin-independent 

WIMP -nucleon cross-section, µnïreduced WIMP-
nucleon mass, Aïatomic number

Åů▪ is used to compare results of different experiments
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Rate in different target materials

ÅXeis enhanced by A2

dependence

ÅRate for Xestarts to be 
affected by form-factor at 
high momentum transfers

n

Integral from threshold to maximum energy 
(multiplied by mass and exposure time) 
gives the number of expected events
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Dual-phase Liquid Xenon Time Projection Chamber

ÅLUX example

Á61 top + 61 bottom ultra-low 
background PMTs

Á370 kg of liquid xenon
Á250 kg in the active region 

Á120 kg fiducial.

ÁtƭŀŎŜŘ ƛƴ ǘƘŜ ǾƛǎƛǘƻǊǎΩ centerin Lead (SD, USA)

Titanium vessels

PTFE reflector panels

Thermosyphon

Copper shield

49 cm

5
9
 c

m

Cathode grid

Anode grid

Top PMT array

Bottom PMT array

Gate grid
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Interactions in Liquid Xenon TPC

ÅParticle interaction Ą ionisation (ne) + scintillation (nph) + heat (not detected)
Xe+ + e- Xe* ƚ̟

Xe*
Ą Xe2

*
Ą2Xe+hɜ

+Xe

178nmSinglet (4ns)
Triplet (22ns)

Scintillation:

Ionisation: Xe+ and e- are pulled apart by electric field E or recombine 
producing scintillation photons

Xe+
Ą Xe2

+ + XeĄ 2Xe + Xe**
Ą 2Xe + Xe* + ǩɤĄ 4Xe+ hɜ

+2Xe +e- +Xe

Heat and recombination fractions are higher for nuclear recoils Ą

lower total output of ne and nph and lower relative output of ne. The 
later is used for discrimination of nuclear recoils from electron recoils

ne

nph

Ὁ
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S1 & S2 signals

ÅScintillation photons nph are detected 
immediately after interaction by top and bottom 
PMT arrays though more light could be detected 
by the bottom PMT arrays due to internal 
reflection in LXe

ĄS1 ~ nph
ÅPHD -ƴǳƳōŜǊ ƻŦ ŘŜǘŜŎǘŜŘ ǇƘƻǘƻƴǎ ґ tI9 ŀǎ мтуƴƳ 

photons can produce double photoelectrons

ÅIonisation electrons ne drift up (drift velocity 
0.15 cm/µs @ LUX) and produce scintillation 
light after extraction from liquid xenon and 
acceleration/amplification in the gaseous region

ĄS2 ~ ne
ÅPattern in the top PMT array Ą x, y coordinates
ÅDrift time Ą z coordinate
ÅResolution ~ mm

ne

nph

Ὁ
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An example of LUX event

ne

nph

Ὁ
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Energy Reconstruction

ÅEeeïelectronic equivalent energy

ÅW=13.7 eV ïthe average energy required to 
generate a quantum (either a photon or electron)

ÅS1c& S2cïposition corrected S1and S2

Åg1ïnumber of photons detected for each photon 
leaving the recoil site Ą S1c = nphĀ g1

Åg2ïnumber of photons detected for each electron 
leaving the recoil site Ą S2c = neĀ g2

ÅὉ πȢρχσĀὉȢ (from LUX calibration)

ÅDetection of nuclear recoil energy is suppressed

ne

nph

Ὁ

Ὁ ὡ ὲ ὲ ὡ
Ὓρὧ

Ὣ

Ὓςὧ

Ὣ
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Energy Calibration

Åg1 = 0.117 Ñ0.003 phd/photon

Åg2 = 12.1 Ñ0.8 phd/electron

Åfrom fit to VS. 

dependence

LUX Calibration:  PRD 97, 102008 (2018)

Ὁ ὡ
Ὓρὧ

Ὣ

Ὓςὧ

Ὣ
ᴼ
Ὓρὧ

Ὁ

Ὣ

Ὣ

Ὓςὧ

Ὁ

Ὣ

ὡ
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Nuclear Recoil Calibration

ÅD-D generator provides a mono-energetic beam of 
2.45 MeV neutrons

ÅDouble-scattering allows reconstruction of energy 
Enr in the 1st interaction

D-D generator: 

LUX Calibration:  PRD 97, 102008 (2018)
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Ionisation & Light yield for Nuclear Recoils

ÅInput to NEST simulation describing interactions 
in LXeTPC
ÅSee M. Szydagiset al. (NEST), 

https://zenodo.org/record/1314669
ÅInstruments 2021, 5(1), 13 (arXiv:2102.10209) 

arXiv:1608.05381
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Background in DM Search Experiments

ÅNeutron interactions with XeƴǳŎƭŜǳǎ ŀǊŜ ǎƛƳƛƭŀǊ ǘƻ ²LatΩǎ ƛƴǘŜǊŀŎǘƛƻƴǎ
ÅThe cross-section of neutron interactions is much higher therefore probability of multiple 

interactions in the detector is high (only single-scatter interactions for WIMPs)

ÅCoherent neutrino-nucleus scattering (CNNS) has very low probability but when the 
5a ǎŜŀǊŎƘ ǎŜƴǎƛǘƛǾƛǘȅ ǊŜŀŎƘŜǎ άƴŜǳǘǊƛƴƻ ŦƭƻƻǊέ ƛǘ ǿƛƭƭ ǊŜǇǊŜǎŜƴǘ ƛǊǊŜŘǳŎƛōƭŜ ōŀŎƪƎǊƻǳƴŘ

ÅElectron recoil background is suppressed in LXedetectors by S2/S1 discrimination by 
factor ~103 and Fiducial Volume selection

n,˄

Nuclear
Recoil

,ɹ ,̡˄

Electron
Recoil
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Example of Expected Background Table
ÅAll components of multi-tonne 

detector are tested for intrinsic 
radioactivity

ÅStrict cleaning protocols to remove 
surface contaminations

ÅExpected background in 1000 days 
~6 events in the NR band
ÅMost of the background are expected 

leakage of electron recoil background
ÅRadon background is expected to 

dominate the background rate

ÅLƴǘǊƻŘǳŎǘƛƻƴ ƻŦ ŀƴȅ άƘƻǘέ ƳŀǘŜǊƛŀƭ 
would be disastrous
ÅVery difficult to check until detector is 

fully filled, closed and operational
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ÅLimiting the energy window to low region only suppresses most of 
the ER background

Background Spectra

Phys. Rev. D 101, 052002 (2020)
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Study of ER Leakage

ÅUsing Pulse Shape Discrimination can suppress the ER leakage to the NR 
band especially at lower drift fields

Xe*
Ą Xe2

*
Ą2Xe+hɜ

+Xe

178nmSinglet (4ns)
Triplet (22ns)

Scintillation:
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Compareto Argon

ÅPulse Shape Discrimination in Ar
allows very efficient (~109) ER 
suppression but above ~30keVnr 
Ą sensitivity to higher mass 
WIMPs if ER/NR discrimination 
is required

Å39Ar ̡ -decays produce a lot of 
background in ER band
ÅCould be suppressed by ~1500 

using Underground Ar
ÅStill major background at low Enr

Ar *
ĄAr 2

*
Ą2Ar+hɜ

+Ar

128nmSinglet (7ns)
Triplet (1.6µs)

Scintillation:

WIMP, n
,̡ ɹ

DarkSide-50: Phys. Rev. D 95 , 069901 (2017)

,̡ ɹ

WIMP, n
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Laboratory and CosmogenicsBackground

ÅDeep Underground Laboratories 
ÅSuppressionof cosmicmuonsby factor ~107

ÅThinkabout what wouldbe the background on surface

ÅPassive(e.g. water shielding) and active (veto 
systems) background suppression are being used as 
well
ÅSelf-shieldingproperties of target material (skin layer is 

not used for DM searches)
ÅVeto system can have additives with high neutron capture 

cross-section Ą can veto single-scatter neutron 
interactions in TPC19/10/2021 Sergey Burdin / School on Dark Matter and Hidden Sectors 29



Expected signal

ÅA signal produced by 40 GeV WIMP 
occupies the NR band as expected
ÅRate depends on cross-section ̀ n

which is a parameter of interest in the 
limit setting procedure
ÅNo (signal) events observed Ą set an 

upper limit on the WIMP-nucleon spin-
independent interaction cross-section 
ů

ÅCNNS signals from solar neutrinos 
8B (36 events in 1000 days) and hep 
(0.9 events in 1000 days) are 
expected in future experiments
Å8B Ą 7Be* + e+ + ɜe
Å3He + p Ą 4He + e+ + ɜe

Phys. Rev. D 101, 052002 (2020)

ER band

NR band
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LUX Result

ÅWIMPsearch region is 
defined as a region below 
NR band median (red curve)
Å50% efficiency 

ÅBackground

~1200 mainly in ER band
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PandaX-4T Results

ÅSometimes log10(S2/S1) VS. S1 
are plotted

ÅEvents 1 ς6 are identified as 
leaked ER events. 

ÅSpatially they seem to be 
distributed randomly but see 
where most of the 
background is.

PandaX-4T Commissioning Run (arXiv:2107.13438)

Electron Recoil (ER) 
band

Nuclear Recoil (NR) 
median

99.5% NR 
acceptance

Fiducial Volume 
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Extending Sensitivity to Low Masses

ÅS2-only searches

ÅUsing Migdal effect and 
Bremsstrahlung

ÅUsing high double 
photoelectron production 
efficiency for VUV light

LUX efficiency from PRL 118, 021303 (2017)

S2

S1

S2+S1 S2 + S1 + analysis selections
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Sensitivity @ Single Scintillation Photon level

ÅSingle VUV photon produces two photoelectrons 
(DPE) in LUX PMTs (~17% probability)
ÅRequiring DPE in 1 PMT recovers some events cut but 

2-fold coincidence requirement
ÅEffective suppression of Dark Counts and visible light

ÅImprove S1 efficiency at low ENRĄ keep ER/NR 
separation

19/10/2021 34

ÅNR threshold could be lowered to 
0.3 keV
ÅTested with LUX 2013 data
Å6 detected events agree with 

background expectations (dark 
counts leakage coinciding with S2)

Phys. Rev. D 101, 042001 (2020)
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Sensitivity to Sub-GeV DM
ÅNR is too low in LXedetectors for Sub-GeV DM particles

ÅStill the Migdaleffect and Bremsstrahlung could provide some 
sensitivity through detection of electron or photon

ÅSuggested by Chris Kouvarisand Josef Pradler(PRL 118, 031803 (2017))
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Migdal effect: Emission of electron due to recoiling nucleus
Theory in JHEP 03, 194 (2018)

Bremsstrahlung: photon emission from Xe
atom due to DM-nucleus scattering



XENON1T Migdal+Brem+S2-only result

Phys. Rev. Lett. 123, 241803 (2019)

ÅBremsstrahlung rate: 

ÅMigdal rate: 

Å ὴ ïthe probability for an atomic electron, with quantum numbers (n, l) and binding 
energy En,l to be ionized and receive a kinetic energy EERïEn,l.

Å To be calibrated by MIGDAL collaboration
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