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“= Dark Matter

Observations

Gas in Halos
‘ : Gas in IGM

b 20030
L0 R (x 1000 1y)

Dark Matter
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#= What is Dark Matter?

e Neutral: no EM Interaction

e Stable: Lifetime > age of the Universe

e Massive: for structure formation
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“= Direct Detection

Collider Searches

—ee

Direct Detection

—
Indirect Detection
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“= Direct Detection

Two-Phase TPCs

Light Charge

Scintillators Semiconductors

Heat
Bubble Chambers
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#= Dual-Phase TPCs

R [cm]
10 18 25 30 35 40 45 50
e |Light(S1)is detected by PMT arrays 1273 Pl :
e Charge is drifted through liquid, = ‘%:'1"‘-;';_'::-,{5 & T
extracted into gas - scatters and LA _
produces proportional scintillation (S2) § kit -
o u:,?f "-',:;- !
.:‘l"‘{’ N e
GXe i BRRSRRRE o
Rielotind | 500 1000 1500 2000
R? [cm?]
LXe drift time
@epi) \ e R fromPMT pattern
= e / from drift time
e Self-shielding from gammas
particle e [iducialization

Joseph Howlett BNL Particle Physics Seminar — July 22, 2021



“= Two-Phase TPCs

e |Light(S1)is detected by PMT arrays

e (Charge is drifted through liquid,
extracted into gas - scatters and

produces proportional scintillation (S2)

particle

time

drift time
(depth)

5000

cS2 [pe]

1000

200

3000 |

2000 |

10

2I0 3|0 4|0 IO 8|0 100
cS1 [pe]

ERs and NREs have different
S2/S1 ratios

Discriminate WIIVPs from
dominant (3) background
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#“= XENON Collaboration
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— Evolution of XENON

XENON10

XENON100

XENON1T XENONNT
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161 kg - 30 cm a\it

~10-45 cm?2

25 kg - 15cm drift
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2012-2018

2019-202x
3.2 ton - 1 m drift

8.6 ton - 1.5 m drift
~10-47 cm?

~10-48 cm?
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sz XENONTIT Systems

i) A ] = e o I el =l < aelaeR |, e Golumn
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"% Muon Veto Detector Xenon Storage
* ' "4 and Recovery
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== WIMP Search Result 0w (o)

Source 13t 1.3t,NR Ref. | 0.9 t, NR Ref.
ER 627 + 18 1.6+0.3 1.1+0.2
Radiogenic 14+0.7 08+04 04+£0.2
1 Ton x Year Exposure of XENON1T " cgyns 005+001 | 003001 0.02
Accidental 0.5 034 0.10 +0.06¢ g9 0.06 +0.03 o9
(b“nd ana|ysis) Surface 106 =8 48+04 0.02
Total 735 £20 74+0.6 1.6+0.3
200 GeV WIMP 3.6 1.7 1.2
Data 739 14 2
MW ER M Surface ™ Neutron B AC B WIMP R [cm]
5000 10 20 3|0 . 4|0 i
No significant 1000 |
eXCeSS
due to WIMPs 2000
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200 ? p ..-' s H : d‘o."‘

2, K : .

.5' ..]0 . o« o S . ! &
1 L L Le * | . | . | » |
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=z Physics Reach

Dark Matter 2 WIMPs

» Dark photons TR O » Spin-independent
« Axion-like particles /WSS - .\ °*Spin-dependent
» Planck mass e & | +Sub-GeV

Sun > . . A Ll Big Bang
» Solar pp neutrinos £ B i

o Solar Boron-8
neutrinos

o Neutrinoless double
beta decay
_ 1%/ | *Doubleelectron
. N\ W %, 2 capture

Supernova Akt ~ .\ bosmic Rays

o Supernova
neutrinos
o Multi-

messenger

» Atmospheric
neutrinos
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= WIMP Constraints

N N

Phys. Rev. Lett. 121, 111302 (2018)
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Dark Xenon Neutron
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Phys. Rev. Lett. 122, 141301 (2019)
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#= CEVNS looks like WIMPs!

At low momentum-transfer the mediator wavelength is longer than the nuclear radius,
neutrinos see the nucleus and not its constituents

e (Coherent = sees nucleus as pointlike

scattered

e FElastic = no nuclear excitations neutrino

e |argely below 3 keV NRs in xenon

A scattered
light DM
,/71 (~6 GeV)
77 \ nuclear

recoil

scintillation

COHERENT Collab., Science 357, 1123 (2017)

8B solar neutrinos produce an indistinguishable
background for low-mass WIMP searches!

scintillation
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#Z Why so few?

2000 . —

88 CEVNS falls far below our H7o0r I S S S o
. . ) o oL o o 4 ° © o ooo o
previous science analysis threshold 500 o o 2o ® % o g0%2 oo
IN both scintillation and ionization (250 R I A T F° o
\ : o ooo o %6 ° OCO o g ° )
000 o oomo%gbso % o °
(0 0) o) Oo 8 ° °
° Already-Published Data
10-41 Signal Expectation
- Excluded by (This Work)
10-42 L XENON10 (2008)
| | | |

10—43

10 20 25 30
?) c\“degxoo
£\ 1 WIMP RS ﬁo
=

1044 per kg Xy $€

10—45

1 WIMP
pert Xy
®

10747 —~—~ This background becomes more

important as we push further down in

WIMP-nucleon cross-section og; [cm?]

1046

—48
10 ~ Approximate
L WMl "Neutrino floor" parameter space
1 0_49 N 7per;f(/)0t Xy (Billard, 2014)
1 1111 1 1 IIIIIII 1 1 IIIIIII 1 L1 1 1111
10! 102 103 104

WIMP mass [GeV/c?]
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“= Can we look for it?

Phys. Rev. Lett. 126, 091301 (2021) — Editors Suggestion
R = ¢(v) X 0, X Nx, X exposure

~ 600 events/(tonne X year)

Source 13t 1.3 t, NR Ref.
ER 627 + 18 1.6+0.3
Radiogenie -l 0 7 08+04
——
CEvVNS 0.05 = 0.01/> 0.03+0.01
Accidental 0.5 4030 0.10 +0.06 4 o
Surface 106 + 8 48+04
Total 735 + 20 74+0.6
200 GeV 36 17 RESEARCH NEWS
Data 739 14 Neutrinos Rising from the Floor
June 29, 2021
A neutrino background that could confound dark
" ' o matter searches is now becoming an opportunity for
~ O . 01 % acce ptaﬂ Ce| probing new physics. Read More »
Rate Xenon Response Detection Efficiency
number of recoils number of observables energy threshola
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Rate Xenon Response Detection Efficiency

number of recoils number of observables energy threshold
(conservative model used)  (set high to cut background)

* 8B neutrino flux - Charge Yield « PMT Coincidence
- Cross-section (SM) » Light Yield - Software Event Trigger

Solar 8B . Quanta Quanta
[ Decay } -> [RGCO” " LXe} -> [ Production } -’ { Detection }

~

8B — 8Be + e+ + Ve k /\
>
. E=———

S1 S2
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= How can we detect?

Xenon Response

Rate Detection Efficiency

energy threshold
(set high to cut background)

1

Improve by lowering
the energy threshold

number of observables
(conservative model used)

1

Model w/ data from
other LXe experiments
(20% uncertainty)

number of recoils

!

Constrain w/ 8B flux
measurements
(5% uncertainty)
and SM cross-section

8B — 8Be + e+ + Ve
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~z NR Response

Charge Yield
68% CEVNS Containment

* Need a model that matches Te < | r | |

measurements at CEVNS

energies 7.0 I =\1\ £ ., —F
e Existing model (NEST) _ & R

additionally constrained through E ) p=o

correlations with higher-energy 1

data =

< —— Qy Model

e “Interpolation parameter” q is ——- NESTv2.1.0, 81 V/cm

Introduced to scale the curve XENONI1T SI, 81 V/cm

within the NEST Qy uncertainty 4 Lenardo (2019), 220 V/cm

. . 15 2.0 2.5 3.0

e Fit to the data within 68% CEVNS Recoil Energy [keV]

containment, rescaled to units of

sigma
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~z NR Response

68% CEVNS Containment

Light Yield > >
6.5
6.0
* Need a model that matches s sl
measurements at CEVNS '
energies = 20
~
| = 4.5
e Far more uncertain than Qy =
> 4.0
» Existing model (NEST)| i — — Ly Model
xisting model ( ) less 3.5 7 - -+ NESTv2.1.0, 81 V/cm
reliable 0 / XENONIT SI, 81 V/cm
' H4  LUX (2016), 180 V/cm
29705 1.0 15 2.0 2.5 3.0

Two Models Used:

Recoil Energy [keV]

1. Scale NEST curve by a free parameter: CEVNS search, new physics searches

2. Single-valued Ly: Constraining Ly

Joseph Howlett
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Solar 8B . Quanta Quanta
[ Decay J -} [RGCO” n LXGJ -> [ Production J -> { Detection }

/ /

Rate Xenon Response

Detection Efficiency

energy threshold
(set high to cut background)

number of recoils number of observables

+ 8B neutrino flux » Charge Yield

« Cross-section (SM) » Light Yield
« Response Cutoff

« PMT Coincidence
Requirement

« Software Event
Trigger

8B — 8Be + e+ + Ve
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~z= NR Acceptance

1.0" | | p— — I :103
* g E
. / :
’ . / S2 Threshold - ./:
0.8 . / _ ~
’ -~ ~|1n2
‘ S — 310 %
8 : / S - - i
2 ' o 7 1 <
8 0.6~ X S1 Tight Coincidence ¢ J i _
é’; . Vs i %
g /- /S I
» 0.4+ / . ;s : .
- /7 7/ - a
/ —410° =
0.2 / L / / Total Acceptance - [1]
2. 5
/ 7 X _
oo le == . . 1o

Recoil Energy [keV]

Two Effects Define Our Energy Threshold:

1. S1 “Tight Coincidence”: Three PMTs see light within 50ns
2. Software Event Trigger: Require S2s > 200 PE for 100% trigger efficiency
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~z= NR Acceptance

].O X T T T T T = 103
S v, Software Trigger -
'C{R/dE and S2 Thresheld // - —
0.8\ ., _ -
T, 7 H10% >
S . 7~ . A4
L 4 N : X
3 0.6% .. s 1 =
3 N7 J10t X
O Expected - .qence 2 e
< 0.4 Event Rate / . Co'mc‘ - ~
. h" ] "
m =+
Z \ - -
- 100 =
0.2 3 [L]
0.0 10—1

0.5 1.0 1.5 2.0 2.5 3.0
Recoil Energy [keV]

Two Effects Define Our Energy Threshold — We Modify Both:

1. S1 “Tight Coincidence”: Fhree Two PMTs see light within 50ns

2. Software Event Trigger: Require S2s > 200 120 PE, no longer ensuring the
event makes a trigger
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~z= NR Acceptance

S1 Detection Efficiency

e Small S1s are simulated with the
waveform simulator

e (Cross-checked with data-driven approach

by bootstrapping from large S1s

Z € (-30, -10)
—— Simulation

I Detector
Data

0.8
—0.6
—0.4
—0.2
—0.0

Lo Z € (-50, -30)

N
s O o O

100 150
Z € (-70, -50)

200

0.8
0.6
0.4
0.2
0.0

100 150

200
S2 [PE]

100
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1o Z € (-90, -70)

200

[EEN
o

o 9
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)
i~
S2 Triggered

© O
o N

100

150

200

S2 Triggered

© o
o
2

Fraction

Fraction

1.0
~
o 0.8 E
@)
&
2
o |
= 0.6 f
[
S
= 04
O
o
fac
a5
()

0.2 ) )
& Waveform Simulation
¢ Data-Driven

004 | | | | | |

0 1 2 3 4 5 §) 7

S1 Photons
Trigger Efficiency

e Small S2s are simulated with the waveform
simulator and passed through the event
builder

e \alidated against S2s extracted from
events where S1 created the trigger

e Position dependence included

Joseph Howlett

BNL Particle Physics Seminar — July 22, 2021



=z Backgrounds

| owered Threshold

5103

]- ;O N \ Ll Ll 1 1 T
N Software Trigger /_:E

IE/
s d, -
g . E and S2 Threshold -

s L T 0
f More Signal 1. More Background!
go.zx\ £ g O : %

o
o

1071

o
=)

0.5 1.0 1.5 2.0 2.5 3.0
Recoil Energy [keV]
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=z Backgrounds

Four Backgrounds Modeled in XENONAT:

1. Accidental Coincidence (AC)

2. Electronic Recoils (214Pb beta decay)
3. Radiogenic Neutrons
4., = > » Reduced to < 0.04 events by R < 37cm cut
Source Expectation
CEvNS 2.25
Accidental 5.14
ER 0.21
Radiogenic 0.03
Surface Negligible
Total 7.65
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=z Backgrounds

Four Backgrounds Modeled in XENONAT:

1. Accidental Coincidence (AC)

2. Electronic Recoils (214Pb beta decay)
3. Radiogenic Neutrons
4. = - Very low but correlated with CEVNS through
systematics (yields) so we model to be safe
Source Expectation
CEvNS 2.25
Accidental 5.14
ER 0.21
Radiogenic 0.03
Surface Negligible
Total 7.65
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=z Backgrounds

5000

Four Backgrounds Modeled in XENONAT:

3000

2000

cS2 [pel

1. Accidental Coincidence (AC)

Use ER/NR Discrimination _

1000

100

2. Electronic Recoils (214Pb beta decay)
200 | . . I/ . . .
3. Radiogenic Neutrons / cS1 [pe]
4. 11 1)
— ER
—— CEVNS
Source Expectation i’
CEVNS 2.25 =
n
Accidental 5.14 é::
4
ER 0.21
Radiogenic 0.03 ®
Surface Negligible g
Total 7.65 § 0 l l
0 200 400 600 800 1000

cS2b
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=z Backgrounds: AC

Isolated S1s due to e.g.

spurious firing of 2+ PMTs... .. get paired with isolated 52s

1. Accidental Coincidence (AC)
Reduced tight-coincidence requirement

and S2 threshold lead to ~100x increase!

Source Expectation
CEvVNS 225
Accidental 514
ER 0.21
Radiogenic 0.03
Surface Negligible
Total 7 65 many new cuts required to

suppress to this level. ..
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=z AC Suppression: I

High energy events lead to subsequent AC events '\ < By >
. . VAN AN
e S1: More spurious PMT hits (unclear why) S1 S0 51 S
e 52: More single electrons —_
Reduced by cut on X&Y of preceding event
The larger the previous event and... 1.0
...the sooner the suspect event
follows it, the more likely it is AC: ' 08
g
. 5 061
Define FOM:  $2.., / Aley _— .
Cmor 2 04 AXis scaled /
e S51:65% rejection = 11.2 Hz - st normal
e S2:0.7 mHz (1/3 of Sl result) 7L events are flat
e Removes S1-S2 correlations
| 00 ——g 60 40 20 T
Signal acceptance: 82% Z [cm] Events
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AC Suppression: 11

0.8 5
— 140 8 — Use:
£ 120 0.7 = :
3 S 5 1. S2 Size
& 100 = = :
S 80 £ 06 S 2. S2 Width
S 60 ;“505 S 3. S2 Top/Total
N 40 oy % 4. Depth
| | | | | | | |
209 25 50 75 100 04700 150 200 07720 —40 -60 -80
S1 [PE] S2 [PE] Z [cm]
i
: L 1005_ ol Accidental Coincidence
Gradient Boosted Decision Tree - Y
g —_ _ =N CEVNS
(ensemble classifier) = I SRR
X 101 E : AN
_ > - M| AN
Training Data: x F ! T
Nt = | N
e \Waveform simulation for signal £ I ,/:" """" ~.
) 10_2:_ ,I ! \\
e Randomly-combined isolated S1s s : [ ..
B I
and S2s for AC i ]
10-3 ! | | |
0 100 200 300 400 500
S2 [PE]
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= Sidebands

Control Region: Approx. zero CEVNS events have S2 < 120 PE

Use to check AC prediction

100 ! . —
: Accidental Coincidence
|

N CEvVNS

GBDT Cut

AC Validation Region:
Vast majority of events
failing GBDT cut are AC

Events /(\y X PE)

f—
-
L

1 IIIIIIII 1 IIIIY 1 IIIIIIII

Use to check AC model

]
'
0 100 200 300 400 500
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=z AC Suppression: 111

s0l ‘  me=i®1UX, PRD 101, 042001 (2020)
z=08 bro0ssx005 |
40 - %0 §;=:(?0§8i3.0§% i

g o .

Isolated S1s composed of £ o m Signal S1s have a
dark counts rarely 2 SN ~20% DPE
contain > 2 PE hits (/i0) j orobability per hit
20

» p ,} ii‘égj
05 10 15 20 25 30 35 05 10 15 20 25 30 35
pulse area (phe) pulse area (phe)

Two “Largest Hit Area” Bins: LHA <2 PE; LHA > 2 PE

5

Isolated S1s are roughly evenly distributed across PMTs, PN
and rarely contain three PMTs; Signal S1s are larger and A = ER
orefer bottom PMTs . cachogenic
Three “Hit Category” Bins :
HCO: 2 Hits, 1+ in the top array of PMTs — Very AC-like
HC1: 2 Hits, 0 in the top array of PMTs — More Signal-like *
HC2: 3 Hits (anywhere) — Very Signal-like .

HCO HC1 HC2
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#z Unblinding Procedure

1. Investigate Control Region (80 PE < S2 < 120 PE)

e Revise Selections

2. Unblind AC Validation Region (Invert GBDT Cut)

e Test GoF
3. Unblind ROI
2000 5 s "o O
1750 ooo . o§°o°°°o°°°Oo
. 15001= ° o oo o ° OOE °° o:g OQ,%O °°° ocC>>° o o h
5% of CEVNS expectation ) o ol By @ Cq oo Codf o
. . [] o o o @ © ®
A o o o 2 e °o o ° ° )
overlaps with previous data = ool &oomoma%oso o ol
\%‘ oo Te 0
© 750 ° o
l 500
“blind” analysis 0 | | | |
0 5 10 15 20 25 30

S1 [PE]
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#z Control Region Investigation

80 PE < S2 < 120 PE: Very low signal expectation (<1%), High AC

Expected: 27.7 + 1.4

Observed: 27

Four of these had two hits on a single PMT — likely PMT afterpulses

k» New cut (> 99% acceptance)

Expected: 27.7 + 1.4 \

— Good agreement!
Observed: 23 —

Based on relative disagreement, conservative 20% AC rate
uncertainty is used In the inference
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AC Validation Unblinding

» GoF Scores:
g3
5 2
1 Continuous Axes: p = 0.33
1.0
Six (HC x LHA) bins: p = 0.95
0.8
§ HC LHA | Expected | Observed
5 0.6
~ 0 >72 0.23 0
wnn
S 0 <2 937 10
L 0.4
*g 1 > 0.07 0
& 1 <2 3.93 4
0.2F
2 > 0.00 0
2 <?2 0.03 0
0.0 | | | | | I A
-80 —-60 —40 -20 12345 Total: 13.63 14

Z [cm] Events
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=z Science Unblinding

Data consistent with AC background (p > 0.05)

N W
I

Events

o o o
= (®)) o

Quantile of S2prev/Atprev

o
o

0.0

GoF Scores:

Continuous Axes: p = 0.72

Joseph Howlett

Six (HC x LHA) bins: p = 0.64
HC | LHA | BG | Signal | Observed

0 > 2 0.10 0.13 0

0 <2 3.58 0.46 4

1 > 2 0.06 0.25 0

1 <2 1.58 0.84 2

2 > 2 0.02 0.18 0

2 <2 0.05 0.39 0
Total: | 5.38 2.25 6
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#= CEvVNS Constraints

L. . : (Single-Valued Ly)
Combination with various external data to

I I
learn about the solar flux and xenon response 14 | oy
_ 12 :
. . T i
Yield data (LUX / Livermore) L 10 i
+ XENONIT = Flux <14 x107/cm?s B 5 . |
S ‘.- XENONIT
‘% 5 + Qy + Flux
. . Z [ '
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= WIMP Constraints
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Neutrino Constraints

Relax SM CEVNS cross-section — constrain
non-standard neutrino couplings to quarks

Quw = Quw = N(1+ 26%Y + 4e%) + Z(4sin? 0, — 1 + 4€™Y + 2¢4)
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Looking Forward

Heavily statistics-limited — few t-y
greatly increases the discovery
power
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Profiling over the constrained
yields and considering CEVNS as a
background improves low-mass
DM limits
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#z XENONNT: Coming Soon!
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Commissioning since early 2021

e 4x higher fiducial mass

e | ower ER background
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#z XENONNT: Coming Soon!

Commissioning since early 2021

Liquid xenon pumps and cryogenic
filtration enable much faster purification
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e |ncreased discovery power achieved (20%
chance of 3-sigma, 50% of 2-sigma) but no

such luck

e Non-detection allows constraints on
nuisance parameters, including a

competitive Ly U.L.
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e World-leading limit for low-mass (3-10 GeV)
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generation (coming soon!)
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