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Fast likelihood analysis in more dimensions for xenon TPCs
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Dark Matter

e Makes up 26.4% (Planck 2018) of the universe

e Experimental hints
e Rotational curve of galaxies
e Gravitational lensing
e CMB
e Formation and evolution of galaxies

Chandra X-ray Observatory

1E 0657-56

e Theoretical motivations
e WIMPs
e QCD Axions, Axion-like Particles
e Sterile neutrinos
e Alternatives to dark matter
e Modified gravity

Chandra 0.5 Msec image
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Dark Matter

CMS Experiment@abthe LHC, CERN

Data recorded: 2016-Aug=29 20:21:56.558182.GMT.
Run / Event / S: 279760/ 27444932 / 69
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| T
Image: CERN 2 Credl’YuyaMaklno IceCub-e/NSF .. Q:'!E::gjjgf_g;—/'
e Make it e Break it e Shake it
e Accelerators e Telescopes e Nuclear recoils
e Missing e Annihilation e Direct search
transverse e Indirect search
momentum
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XENON experiment Srocknod
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XENON10 XENON100 XENON1T XENONNT
2005-2007 2009-2016 2016-2018 2020-2025
25 kg LXe 161 kg LXe 3.2t LXe 8.4 t LXe
0g~9x10"* cm?’ 0,~10* cm’ 0y~4x10* cm’ 0,~2x10"* cm?
at 100 GeV/c? at 50 GeV/c* (2016) at 30 GeV/c* (2018) at 50 GeV/c* (20 tyr)
(2007) PRD 94 (2016) 122001 PRL 121 (2018) 111302 JCAP 2020(11), 031-031

4
PRL 100 (2008) 021303
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Liquid xenon TPCs

e Interactions
e Nuclear Recoil (NR)
e Electronic Recoil (ER)
e Dual-phase TPC
e S1 generated in liquid xenon
e S2 generated in gaseous xenon

e Discrimination in S2, S1 space
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Signal/Background discrimination

Traditional Flamedisx

e Templates e Explicit profile likelihoods

P(s) = ZP(s|n)P(n)

N ~ Poisson(4),
S ~Gauss(u = N,o0 = O-IW) = ZGauss(s — n,0.14/n)Poisson(n|4)
e Monte Carlo e Summation as tensor

multiplication
e TF backbone
e Autodiff gives gradient and
hessian wrt nuisance
parameters

e Higher dimensions
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Implementation of LXe Emission Model

Model function PMF/PDF
Lindhard factor == ==-=-=-=-==-=-=-------» “J Poisson / Delta
S1(x,y,z) efficiency ") (Beta-)Binomial
Penning quenching} ------------------- " Binomial
DPE fraction ------- ’ Normal

SPE resolution ,

______

ph
prod’ n

prod) P (n I n )

P(S2 | ner)

I
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! |

i+ 1 Model function
! 1

1 -~ Single electron gain
I
I

Differential rate
R(S1,82) = © 7 I I I ”

Electron lifetime
Extraction efficiency
""""""" iu’Pe Upe
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Result 1: Better discrimination University
e Testing different backgrounds ROC curves
e Homogeneous ER 100 _
) —— Flat ER 0-10 keV
e Wall neutrons (NR) = 1| — Neutrons r
e WIMP-like NR with no annual _ § | — WiMPdikehR
modulation 2 ¥ 60] xos -
e Better discrimination for wall g o
neutrons g 2%
e Made use of spatial T3 201
. . (O]
information = / -
e Better discrimination for flat ER O o2 05 1 20 40 60 80 100
. . Back d leak %
e Made use of z information  Fatse positivey
. . i
Negllglble improvement for WIMP Flamedis in darker line
like NR 2D template method in fainter line
e Time component does not 5t fiducial volume
contribute much 1.5 drift length

electron lifetime 500us
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Result 2: Less exposure required University
- . . pmn 9 . _10—18
e Discovery significances from g | = Flamedisx
Bl (cS1,cS2) template L 10-14
profile likelihood test statistic 7
E 6 1 - 10
S 51 i  § 1 - 1077 g
e Improved background g4 | 10 2
discrimination means less S B b
. 2 1 '
exposure required L 0.1
e Saves 1 year of data 0t 5 1%
taking for detector with 5 t Fxposure [tonne year]
. ) 10, 20 asymptotic discovery bands for a
fiducial volume 200 GeV/c? WIMP with 6=2x10"cm?

computed from 1x10° MC datasets.

WIMP rate of ~1.4 events/tonne yr,
Flat ER background of 75 events/tonne yr,
Radiogenic NR background of ~0.04 events/tonne yr.
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Summary

25 November 2020

Explicit profile likelihood with higher dim

Information from more dimensions gives better
background discrimination

Less exposure required

Publications

e PRD 102, 072010 (2020), arXiv 2003.12483
Codes available

e https://github.com/FlamTeam/flamedisx
e https://pypi.org/project/flamedisx/

pip install flamedisx
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Putting in the last PMT!
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Liquid xenon purification system University
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Nature of Dark Matter
MOG
Modified
TeVeS Gravily
MoND Eg‘r"a’vg:;“
Oth .
Pa "iZ:e WIMPzilla
Superfluid im;e:;ing
CERN website. Image from G. Bertone and T. M. P. Tait
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Liquid xenon signal production

electron recoil ——_ excitation + ionization

nuclear recoil / ey
1 electrons
atomic motion Xe* .4.’ :olmzat;on
A electrons |
+
Xez’"<A Xe' l e
Xe2+ + e

2Xe +{9)

scintillation _light (175 nm)

v

Si
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PRC 81 (2010) 025808
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Signal Correction

S1 photon detection efficiency highest at the bottom of the TPC
S2 electron detection efficiency lowest at the bottom of the TPC

CSl(Sl,x, ¥, 2, t) — S1 g1 ’ G,: Mean expected signal size (PE)
l(x, y,2,1 ) per released photon at interaction site
cS2(S2,x,y,z,t) = S2 92 . G,: Mean expected signal size (PE)
2(x, YsZ, t) per released electron at interaction site
g : dxdydzdtG,(x,y,z,1),
' ver e cS1=51 inside fiducial volume
1 cS2 = S2 at liquid-gas interface
92 = 4ot dxdydtG,(x,y,z =0,1),

15
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Computational Speed

1000 yrs
100 yrs A
10 yrs A
1 yr-
1 month -
QEJ —— 6D template
= 1 day- — 2D template
1 hour - ¢ Flamedisx (6D)
B ¢ * ¢ ¢
1 min A : . ’ t
1 sec - T T T .
0 2 4 6 8 10

Nontrivial parameters

Templates: Time required to compute template

tockholm
University

Flamedisx: Mean duration of fitting ER model to ER calibration data set with 1000 events

16

25 November 2020 Pueh Leng Tan, Department of Physics, pueh-leng.tan@fysik.su.se


mailto:pueh-leng.tan@fysik.su.se

Stockholm
University

Code structure verification

Qf@ 0106
Model functions 1
3000 -
2000 A
Bound —
Simulation E
estimation = 1000 1
\ 2 n 700 4
Differential rate 2001,
R(S1, S2) 300 |7
l 200 +—— b : : :
" s 2 3 5 7 10 20 30 50 70
eanevents _____ 5 Likelihood Data S1 [PE]

vl
Flamedisx code structure. Model functions
used for both simulating events and
calculating differential rate required for
likelihood construction.

2D template constructed from Flamedisx
simulated events in black. Differential
rates computed from Flamedisx model
functions in colour.

ER in blue, NR in red.

Fits to data required to check correctness of model functions -
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30 GeV/c2 WIMP acceptance [%]
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ROC curves for different WIMP mass
100 — . 100
—— Flat ER 0-10 keV S —— Flat ER 0-10 keV
—— Neutrons 9 —— Neutrons
8071 WiMP-like NR c 807 wimp-like NR
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Background leakage [%]

Background leakage [%]

Flamedisx offers greater discrimination improvements for higher WIMP masses
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Best fit of nuisance parameters, 0,
conditional on no WIMP

L(oc =0, é)
L(5,0)

Likelihood at global best fit

to = —2log

Asymptotically distributed as
56(0) + o,

Asymptoticity verified.
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