Prospects for dark matter detection
with inelastic transitions of xenon

GRAPPAE ‘ Christopher McCabe

GRavitation AstroParticle Physics Amsterdam

preliminary results
UNIVERSITY OF AMSTERDAM —work in progress—
X

TeVPA, Tokyo, Japan - 27th October 2015



An old idea...

The original direct detection paper:

PHYSICAL REVIEW D VOLUME 31, NUMBER 12 15 JUNE 1985

Detectability of certain dark-matter candidates

Mark W. Goodman and Edward Witten
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544

(Received 7 January 1985)

Aside from the detector proposed in Ref. 5, an interest-
ing possibility is to dark-matter particles via inelas-
tic rather than ‘elastlc | scattenn 18 from _nuclei.
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An old idea... Inelastic scattering
- What is it?

+ Why is it interesting?

- Why consider it now?

Can it ever be detected?
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What is it?

elastic scattering: DM

measure:
N'’s recoil energy

DM

measure:
Y N'’s recoil energy

N
@ %\CO"/A f,f’ + photon energy
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What is a good target”

XENO
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Why Xenon?

Inelastic scattering is not A2 enhanced

* Only accessible for spin-dependent interactions

= Elastic and inelastic scattering rates comparable
Vietze et al arXiv:1412.6091

* Ideal target should have
i. good spin-dependent sensitivity
i. a low lying excitation (S Epuy_kinetic =~ 100 keV)
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http://arxiv.org/abs/1412.6091

Why Xenon”

+ 47.6% of xenon sensitive to spin-dependent interactions:
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Previous studies

Limits on WIMP-'*Xe inelastic scattering

P. Belli?, R. Bernabei?, V. Landoni?, F. Montecchia?®, W. Di Nicolantonio b A. Incicchitti®,
D. Prosperi®, C. Bacci®, D.J. Dai?
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P'I'EP Prog. Theor. Exp. Phys. 2014, 063C01 (11 pages)
DOI: 10.1093/ptep/ptu064

Search for inelastic WIMP nucleus scattering
on '*Xe in data from the XMASS-I experiment

* Previous searches with single phase-detectors
- No limits or studies for two-phase detectors (LUX, XENON)
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Why is it interesting”?

Inferring properties of dark matter is difficult!
We should search for all signals that provide information

A detection should:

give independent evidence for dark matter scattering
point strongly to a spin-dependent interaction
help with mass reconstruction (because of different kinematics)
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Why now?

We can accurately quantify the signal and background

- Structure functions known (needed for cross-section)
- Backgrounds are more-or-less known
- Future detector properties are more-or-less known
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An old idea... Inelastic scattering

Can it ever be detected?
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Scattering rate

Rate depends on the DM velocity distribution:
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http://arxiv.org/pdf/1309.0825.pdf

Structure functions

+ Known for axial-vector interaction: £ o« —xv*7°x - Y~ Agthgvuvvbq

Rate depends on the structure functions ’
dR do o | T 2
dEn S dBn & Sk = [(Xe™ [Phg7,7 g | Xe)

129Xe Structure functions -
— S/ Elastic (1b+2b)
— S Inelastic (1b+2b)

. . 1071
 Smaller for inelastic z

(Small Er most relevant)

S, (ER)

* This suppresses
the inelastic rate
by factor ~10

Er [keV] Baudis et al 1309.0825

Christopher M€Cabe GRAPPA - University of Amsterdam


http://arxiv.org/pdf/1309.0825.pdf

The rate

- Rate as a function recoil energy (not directly measured)

10t-. 129Xe elastic 129%e inelastic _
AN —— 131Xe elastic = 13Xe inelastic :
L 4 . . .
- ‘., ==== total elastic == total inelastic :
L 4
L -

dR/dEg [counts/t/yr/keV]

Er of the Xe Nucleus [keV]

- Inelastic rate smaller by factor ~100
= Always see an elastic signal first
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Two-phase xenon detectors

- Express the signal in terms of measured quantities:
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g1, g2 and drift field are the crucial parameters
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Mock detectors

- I’ll consider two benchmark scenarios:

XenonA200 XenonB1000
g1=0.07 PE/Y g1=0.12 PE/Y
g2=12.5 PE/e g2=50 PE/e
(50% extraction efficiency) (100% extraction efficiency)
drift field=200 V/cm drift field=1000 V/cm

- Number of photons & electrons modelled with NEST
Szydagis et al 1106.1613
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http://arxiv.org/abs/1106.1613

Observed S2, [PE]

Mock signals

Include detector and recombination fluctuations
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» For same energy, electronic recoils produce a much
larger S1 and S2
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Observed S2, [PE]

Mock signals

m
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Data from PandaX-l arXiv:1505.00771
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http://arxiv.org/abs/1505.00771

Background

+ Background spectra expected in LZ/ XENONNT:
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- 2-neutrino — 2-beta decay of 36 Xe dominates above 20 keV
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http://arxiv.org/abs/1509.02910
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Reminder: Usual signal plane

LUX arXiv:1310.8214
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http://arxiv.org/abs/1310.8214

Background versus signal

- Signal region at higher values of ST
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Large backgrounds...but some signal-to-background discrimination
- Better discrimination for higher drift fields
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Discovery [Imit

- Quantify the sensitivity of future experiments with a
‘discovery limit’ Bilard et al 1110.6079

The smallest cross-section at which 90% of
experiments can make a 30 detection of the signal

- Profile likelihood ratio:

- Include background uncertainties
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http://arxiv.org/pdf/1110.6079.pdf

Discovery limit

- Compare discovery limit with current/future (elastic) constraints

XenonA200: 15 tonne-year XenonB1000: 15 tonne-year
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- Detectable it XENON1T make discovery in next run
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summary

- Dark matter can excite the 2°Xe and 131 Xe isotopes
= signal is nuclear recolil + photon

- Signal is always smaller than elastic rate
= Can it be detected?

Yes!

...need an (elastic) discovery signal
in the next run of XENONA1T
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Thank you
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Backup

Christopher M€Cabe GRAPPA - University of Amsterdam



yield [photons/keV]

yield [electrons/keV]
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dR/dS1 [counts/t/yr/PE]

Single-phase experiments

Detecting this signal could be difficult...
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..impossible for single phase (S1-only)?
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Improvements?

- Could have a larger exposure
= packground dominated so only scales with the
square root

Could reduce backgrounds
Largest: 2-beta—2-neutrino decay of 136Xe
= Remove the 136Xe isotope

- Try to search for displaced the S2 signal from the
recoil and photon?
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