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Direct detection

X X X X
searches for dark matter v
@ Y

e Searches for dark matter ) =

particles interacting X n n X

direct y with a dark matter Indirect gamc{na—gamma Examplefollider

detector SIOnate signature
* Detectors shielded by rock Cryogenic Superheated

overburden and radiation
shielding aim to observe
the rare dark matter-

matter Scatters Cryogenic bolometers

with charge readout

'PHONONS / HEAT

Scintillating cryogenic
i WIMP\ bolometers

* In this talk, | will talk mainly
about constraints on

Germanium Scintillating

WIMP dark matter -matter  detectors crystals

interactions CHARGE | — LIGHT!
Directional Liquid noble-gas Liquid noble-gas
detectors dual-phase time detectors

projection chambers

Teresa Marrodan Undagoitia and Ludwig Rauch. “Dark matter
direct-detection experiments”. In: J. Phys. G43.1 (2016), p.
2 013001. DOI: 10.1088/0954-3899/43/1/013001.



E. Aprile et al. (XENON), Phys. Rev. Le
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* An elastic scattering between a
WIMP and a nucleus can transfer up
to ~50 keV to the nucleus
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* The expected recoil energy spectra
are featureless, falling to higher
recoil energies, determined by the
expected dark matter velocity

10~

10~ 10 —— 30 GeV/c? WIMP-nucleon
[ —— 30 GeV/c? WIMP-pion
JICEELD 200 GeV/c? WIMP-nucleon

dR/dE, [evts / (kg x day x keV)]

—11
distribution l: . .':
10775 20 20 60 30 100
« At low recoil energies, the WIMP 6% e
interacts with the entire nucleus, and :
the cross-section is enhanced by a _ 10|
factor A2. At higher energies, the S
form factor, parameterising the 10l | !
nuclear spatial distribution, reduces 7 f '
the interaction rate ~ 0% [ f ,'_.-"
= Az '
» Higher-order interactions (e.g. 4"5’ 105 ki .'
Inelastic scattering, two-body 0 ! !
currents) or spin-dependent O 0% Lh :
interactions are in general 13 .
suppressed with respect to the
WIMP mass [GeV/c?]
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Recoll spectrum uncertainties

e Several parameters in the signal
prediction have significant
uncertainties:

1049 AN T
* The dark matter velocity distribution, : v, = 240km/s
which largely determines the recoill ae |
energy spectrum is not known S 10
~_
* Results are reported using a —~ a7
“Standard Halo model”— a Maxwell o 10
Boltzmann distribution truncated at W
a galactic escape velocity = 104
* The density also scales results up et
and down, but can easily be D 1%
accounted for. CIC)
e Other assumptions include choosing to q>) 10%
use the analytic Helm nuclear form
factor ¥
1043 ! T B
« And, perhaps most obviously— in 10* 10% 10°
choosing to study and constrain 2
certain interactions— spin-independent WIMP mass [GeV/C ]

and dependent nuclear recoils Al Sece following talk by Christopher McCabe



General remarks

* A typical direct detection signal is determined by the recoll
spectrum in the detector, and what type of recoil (on nuclei
or electrons)

* Together with the low event-rates probed, finding the best-fit
among spectra an experiment has constrained and scaling
the rates will often perform well given typical featureless
spectra.

 For more detailed recasts, the level of detall varies:

 Some analyses, such as counting analyses, maximum gap
or a 1D histogram fit are relatively simple to recast

 Some collaborations and analyses have been performed to
be easily recastable

e Xenon TPCs, providing the most stringent limits above ~6
GeV/c2 rely on multiple dimensions for powerful signal-
background discrimination and are often hard to reinterpret
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PICO-60

* Bubble chamber containing
CsFs reaching 2.5 keV
thermodynamic threshold with
two runs of 1 and 1.5 tonne-
days exposure.
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¢ O and 3 eventS Observed, PICO Collaboration, C. Amole et al., “Dark Matter Search Rest
from the Complete Exposure of the PICO-60 C3F8 Bubble

Chamber,” Phys. Rev. D100 no. 2, (2019) 022001
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 Background rates are left
unconstrained to provide a

final upper-limit-only 107 — picose

micrOMEGASs

construction using the
Feldman-Cousins construction

10741 ;

Oplcm?]

10—%; .

* Recast close to perfect

10742

10* 107 10°

M,[GeV]

G. Belanger, A. Mjallal, and A. Pukhov (2020), 2003.08621.



DarkSide-50 ionisation-
search

The DarkSide-50 detector is a liquid
argon dual-phase TPC with a 46 kg
active target

For a low-threshold (down to 0.6 keV
NR) search, using only ionisation
signals and a 6786 kg-days exposure

upper limits computed with a binned
profile likelihood

In addition to confidence intervals on
spin-independent date matter, the
paper includes the

* Quenching model and efficiency
needed to compute signal spectra
in the ne- ionisation bins

* (possibly incomplete) background
expectation per ne- bin

» Detection efficiency

Q, [e/keV ]

X kg X day]

Events / [N_

[kevnx]
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DarkSide Collaboration, P. Agnes et al., “Low-Mass Dark
Matter Search with the DarkSide-50 Experiment,” Phys.

Rev. Lett. 121 no. 8, (2018) 081307
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Description of CRESST-IIlI Data

CRESST Collaboration: A. H. Abdelhameed, G. Angloher, P. Bauer, A. Bento, E. Bertoldo, C.
Bucci, L. Canonica, A. D'Addabbo, X. Defay, S. Di Lorenzo, A. Erb, F. v. Feilitzsch, S.
Fichtinger, N. Ferreiro lachellini, A. Fuss, P. Gorla, D. Hauff, J. Jochum, A. Kinast, H. Kluck,
H. Kraus, A. Langenkamper, M. Mancuso, V. Mokina, E. Mondragon, A. Miunster, M. Olmi,
T. Ortmann, C. Pagliarone, L. Pattavina, F. Petricca, W. Potzel, F. Probst, F. Reindl, J. Rothe,
K. Schéffner, J. Schieck, V. Schipperges, D. Schmiedmayer, S. Schonert, C. Schwertner, M.
Stahlberg, L. Stodolsky, C. Strandhagen, R. Strauss, C. Turkoglu, I. Usherov, M. Willers, V.
Zema

LZVUYWIIIVAWU.

e PDF
e Other formats

(license)

Ancillary files (details):
e C3P1_DetA_AR.dat

e C3P1_DetA_DataRelease_SD.xy
e C3P1_DetA_DataRelease_Sl.xy

e C3P1_DetA_cuteff.dat
e C3P1_DetA_eff AR_Ca.dat
(3 additional files not shown)

urrent browse context:
astro-ph.CO

<prev | next>

- - -

 CRESST-IIl releases data to reproduce their experimental results
of CaWOs crystals detecting phonons and scintillation light
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CRESST Collaboration, A. H. Abdelhameed et al., “Description of CRESST-IlI Data,” arXiv:1905.07335



S. Yellin, Physical Review D 66
(2002),, doi: http://dx.doi.org/
10.1103/PhysRevD.66.032005.

Maximum Gap Limits

tE

* If the signal distribution is known
along some variable, the
maximum gap/optimal interval
method can incorporate this

« even in the presence of an ) event
unknown background

Expected Event Number per Un

Maximum Gap 1 event max?
* Find the space between = X = Maximum x, \
observed events containing the % e 'dl;
largest signal expectation, and ) 4R
find the largest signal compatible  |ym s m san » o  Fi - 2
with this largest “gap”. E, Ei.
* The method can be extended as 0975
“optimum interval” where you Qi 0.95 |
search for the largest interval N g
containing 0,1,2 etc events = 0.925
« threshold for the best interval R T 10
test statistic found via toyMC Total Expected Number of Events

methods



« Model for p(Ereco| pmodel(E) provided, with datafile for
the efficiency, data-points:

,)(13 rc'(‘u) - (')( 131‘('«‘0 Iilhr.rccu) & 8\./\('('(1: rc'«'u) ' / P model (1: ) % (kn'm E y 0,; )(11:
JA)

* At high mass, the normal approximation to the detector resolution
fails, but results are otherwise very similar to the main CRESST-II
results for both spin-dependent and dependent:

we= CRESST-Ill 2019 —— CRESST-II 2019: 1905.07335v3 w——— CRESST-IIl 2019 —— CRESST-Ill 2019: 1905.07335v3
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CRESST Collaboration, A. H. Abdelhameed et al., “Description of CRESST-Ill Data,” arXiv:1905.07335



XENON1T ionisation-only
analysis

* An analysis requiring only
an ionisation signal (no
scintillation flash) to reach
lower recoil energies

* Event depth resolution
deteriorates

S2 width |ps|(~Proxy for depth)

* Incomplete background
model

A 30% portion of the data
IS used to choose optimal
ROls for each signal mode|
considered

 |limits on elastic recoils

down to 3 GeV/c?

Aprile, E. et al. (XENON collaboration), Phys.

Rev. Lett.

123, 251801 (2019)

https://github.com/XENON1T/

s2only data release

http://doi.org/1

0.5281/zenodo.4075018

Extracted electrons
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§2. Compute the energy spectrum
If you are a phenomenologist, insert your amazing dark matter candic

For this example, we will use a 4 GeV/c”2 spin-independent elasti(
reference cross-section, we'll use 1 zb or [()—45¢m”2.

import wimprates as wr
reference_cross_section = le-45 # cm"2
rate_pertonneyearkev = wr.rate_wimp_ std(
es=enerqgy_kev,
mw=4,
sigma_nucleon=reference_cross_section)

plt.plot(energy kev, rate_pertonneyearkev, drawstyl
plt.xlabel("Nuclear recoil energy [keV]")
plt.ylabel("Expected recoils / (tonne year kev)")
plt.yscale('log')

plt.xscale('log’)

plt.xlim(0.4, 10)

P Y Y ) 4 A

§4. ROI choice and limit setting

You now need to choose an S2 region of interest (ROI) for comparison with data. You have several options:
1. If you do not want to think about this issue, or if your model has most of its response at low S2s, stick to o
2. If your model has a significant response at higher S2s, you will get better results with a different ROI.

o 2A: We list many ROIs in the limit datafiles, for different WIMP masses, models, and several mono-energ
compare your model’s response to one of these reference models, see which matches best, and use its
e 2B: Alternatively, you can choose a completely new ROI, e.g. by trying to approximate our procedure. Tt

Whatever you do, do NOT just choose the ROI that gives you the best results! We chose our ROIs before eve
Here, we assume you chose one of our ROIs, i.e. option [1] or [2A]. We'll briefly discuss [2B] in the next sect
s2_roi = (165.3, 271.7)

You now want to count the expected number of events in the ROI. Since we have quite a few S2 bins, a naiv¢
mask = (82_roi[0] <= s2_bin

expected_events = rat
expected_events

_centers) & (s2_bin_centers
e final[mask].sum()

<= 82 roi[l])

|

0.037718471821271714


https://github.com/XENON1T/s2only_data_release
https://github.com/XENON1T/s2only_data_release
https://github.com/XENON1T/s2only_data_release
https://github.com/XENON1T/s2only_data_release

Aprile, E. et al. (XENON collaboration), Phys.

XENON1T ionisation-only Rev. Lett. 123, 251801 (2019)

analysis https://github.com/XENON1T/
s2only data release

e The analysis includes a http://doi.org/10.5281/zen0do0.4075018

data release with

ER

3000

* Data coordinates (training
and science dataset)
1000
e detector response
matrices (right) for
electronic and nuclear

500

S2 area [PE]

3000

recoils . &
, 150 §
* the partial background 120
1000
model 90

500

S2 area [PE]

* Jupyter notebook to
compute upper limits
using the ROIs optimised 200

for the signal models 120
considered in the paper 90 e e

12
Recoil energy [keV]



https://github.com/XENON1T/s2only_data_release
https://github.com/XENON1T/s2only_data_release
https://github.com/XENON1T/s2only_data_release
https://github.com/XENON1T/s2only_data_release

Liquid Xenon TPC NR searches

For WIMPs above ~10 GeV/ OS] S
c2, xenon TPCs, reaching Gas Xe *52 B S2
tonnes of active volume S ‘
provide the best sensitivity Tme.
Liquid Xe = A
. ] g | Background (3, y)
* Energy deposited in the *51 .................. 3
active volume produces a B > < .
scintillation flash (S1) and lﬁ,’(’,ﬁ, rime
. . . . o | Background (neutron)
lonisation drifted and comode|  Z
amplified to S2 signals sorom scmer| [ ‘ A
5 | ottom Pirs T [T [ =
e 3D position reconstruction
Energy from 81 and 82 From Aprile, E. et al. (XENON). “The XENON1T

dark matter experi- ment”. In: Eur. Phys. J. C
77.12 (2017), p. 881. DOI: 10.1140/ epjc/

Background rejection from $10052-017-5326-3
S1/32

13



) o= [ l l l [ [
Published results || —oeeao # 4 seicion
0.8 [T,
Spin-independent WIMP- %
nucleon results from the g 06 o
three big IXe TPCs (LUX, 2 |! P
PandaX and XENON1T) A 04l >
were computed using o
unbinned likelihoods in S1, -
S2 and spatial dimensions 0o :
0 10 20 30 40 50 60 70
. Nuclear recoil energy [keV ]
Best-fit background and
signal events commonly Mass (ton) 1.3 13 0.9 0.65
prOV|ded— Often |n a (cS1, ¢852,) Full Reference Reference Reference
signal-like subregion ER 627+ 18 1.6240.30 1.12+£0.21 0.60 & 0.13
Neutron 1.43 +0.66 0.77 £0.35 041 £0.19 0.14 £ 0.07
CEvNS 0.05 +£0.01 0.03 +0.01 0.02 0.01
Signal efficiencies (upper AC 047503 0101305 0.06%00%  0.047005
nght) a”OWS ComputatiOn Surface 106 £ 8 4.84 +0.40 0.02 0.01
I Total BG 7354+20 7.36 £0.61 1.62 +0.28 0.80 £+ 0.14
of the tOt_aI Slgnal _ WIMPyeq e 3.56 1.70 1.16 0.83
expectation, but translation — = y - )

to the sub-regions is not

genera”y pOSSible W|thOUt E. Aprile et al. (XENON). “Dark Matter Search Results from a One Ton-

: : Year Exposure of XENON1T”. In: Phys. Rev. Lett. 121.11 (Sept. 2018), p.
more |nf0rmat|0n fa 111302. DOI: 10.1103/PhysRevLett. 121.111302.




E. Aprile et al. (XENON), Phys. Rev. Lett. 121, 111302 (2018), 1805.12562.

Pie scatterplots -

4000

* In some recent liquid xenon b .. . & SfSese
results, collaborations e
published the fraction of
the PDF at the most signal-
like events as an indication £ P L S
of how signal-like they are T e T

M ER m Surface " Neutron W AC B WIMP R [Cm]

° K el
1000} 3332

cS2y [PE]

‘ ,-""’.o A0
400 '. //.

200

 These events are typically
in the tail of the e
background distributions, o8

where the knowledge of the 3 °’
background is poorest § 08

- 05

e Currently useful primarily f 0.4
as an indication of which % 03
background could have 0.2
produced each signal-like 0
event .

| 2 3 4 5 6 7 8 9 10
Candidate number

Q. Wang et al. (PandaX-lI), Chin. Phys. C 44, 125001 (2020), 2007.15469.



E. Aprile et al. (XENON) and B. Farmer,
Phys. Rev. D 96, 042004 (2017), 1705.02614

Effective Field Theory

Or=1dy 0y =8, (S x -L)
OIS G i
O, =5, Sy N
 Dark matter-matter interactions are 0y =if, (L) OnTSCGD)
non-relativistic so that all operators o0 5, Ty, Ty OIS ET
must be Galileian-invariant P
Os = §, - 7+ 014 = i(S, %) Sy -t
* The fourteen operators depend on O =~ -1y |Gu o)LL)
the dark matter and nucleon spins, T e ——
the momentum exchange q and §uE i e |
the perpendicular velocity R -
e Spectra may be more peaked N kS
(momentum-suppressed operators)
or extend to higher energies than O -
normal spin-independent/ O Ly isoselar - isovectr
dependent results 0 — L ioscalar < isovector
E
* In principle, each operator may o
also be apply to only neutrons or T ey o
protons B

16 J. Xia et al. (PandaXx-lIl), Phys. Lett. B 792, 193 (2019), 1807.01956"’



Effective Field Theory

Upper limits, provided per
operator and WIMP mass
are reported by the
experiment

Each limit is computed for a
single operator turned on at
the time

Combinations of multiple
operators or changes in e.g.
astrophysical assumptions
cannot easily be made

Finding the best-fit spectra
among those tested and re-
scaling the rate will give a
close answer

d. (dimensionless)

d. (dimensionless)

107
10 10°

-

5 . .

— L.  isoscalar === isovector
Lfm isoscalar -~~~ isovector

— Lill':l isoscalar = -~ isovector
L:,i isoscalar isovector
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10°
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. Xia et al. (PandaX-Il), Phys. Lett. B 792, 193 (2019), 1807.01936.



Partitioning analysis
space
XENON100 high-energy nuclear recoil search

* High-energy nuclear search
published alongside EFT results for
low (cS1<30PE) recoil energy

* If inelastic recoils are allowed, the
number of free signal parameters
became intractable— 28 allowed
EFT couplings, plus a WIMP mass
and mass splitting

* 9 bins with event numbers, expected
background, provided for a set of
points in S1/S2 space

* The expected signal in each bin is
given with the transfer probability
matrix between true recoil energy
and bin number. The transfer matrix
Is provided for a range of nuisance
parameters

b

log(cS2 /cS1)

20 30

40 50 60

100

o N
(NI (S SN

b o

)

t

| | | — I

EFT analysis high ¢S1 bins
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E. Aprile et al. (XENON) and B. Farmer,
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Phys. Rev. D 96, 042004 (2017), 1705.02614



Profiled Log-likelihood-ratio, 50GeV WIMP

toy-MC driven statistics: ...,  "gecen oo

5= . . .
e ]151m
2L == upper limit = 9.0
 best-fit = 0.5

> 90% exclusion

3
1
i
[
[
* A Neyman construction can be :
built with any test statistic, : :
including directly in the log- : . S — . .
. . . 0 2 4 6 8 10 12 14
||ke||h00d rat|0 expected signal events
. 4I:ﬂxpec(t)ed Wl}l\,\/lP e\'tlf(l)lls - y
* The confidence interval is the woFe T BEIIE T T ]
region where the profiled t
likelihood ratio is below the 05|~ N
90th percentile of toyMC . i i
. - . . 090} - a -
dataset profile likelihood ratios 2 1 .
(upper panel) g i I
— Nominal Coverage
* The lower panel shows how a L 1 sensitivity band ]
nuisance parameter moves Profile Construction
. . . { Profile Construction, 3¢ threshold
along the profile— in this case 1 : - : :
. . . 0 2-10°% 4104 6-10* 8104
the radiogenic expectation WIMP-nucleon & [cm?]
value 19 E. Aprile et al. (XENON), Phys. Rev. D 99, 112009 (2019),

1902.11297.
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Look-Elsewhere effect 10~

and related concerns 2 10
2o

 The trial factor of the WIMP g

search is rather small, as the 10

spectra vary slowly with WIMP 105
mass

10> 10~% 103 10°2% 10! 10°
Minimal local p-value

 On the other hand, the low
number of Signal events Factor ~4 spread in upper limits
required for an excess (~10) 0 jopected Wi events g
and multidimensional : - ! |
likelihoods means both that a
blind analysis is crucial, and
that upper limits etc strongly
depend on the search region

True cross-section .
covered 0.93 of the time 7

Median upper limit
=3.6e-47 cm”®

* 1 o sensitivity band

Fraction of limits

* When reinterpret able results

are only reported in terms of " ¢ bt uppes tits 1§
clean” sub-regions, upper E t o |
limits computed therefore may T TR T
not be expected to overlap. WIMP-nucleon o [em’]

E. Aprile et al. (XENON), Phys. Rev. D 99, 112009

20 (2019), 1902.11297.
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