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Dual-phase Time Projection Chamber (TPC)

Pairing two signals:
S1: prompt
scintillation in liquid

S2: delayed
proportional
scintillation in gas

particle

3D information:

Hit pattern

- hy + drift time
E drift time E
n <«———  (depth) —— time
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WIMP Search in XENON

0 1 o sensitivity 2 0 sensitivity

—_
)
|
N
w

PRL 131, 041003 (2023)
PRL 121, 111302 (2018)

«

g

2,

n

o _44

o 1077 ¢

o -

o

"5’ i

% 1045 :

7)) C

8 B

S 16 |

© 107*° E

g F

@

©®] . 10~%7 cm2
—47 2.6-107"" cm

E’ 10 at 28 GeV/c?, 90% CL

S

E 1048 .

] L L g ol
10 102

WIMP Mass Mpy [GeV/c?]
Shengchao Li

Weakly Interacting Massive
Particle (WIMP):

Most popular

Thermal production valid

up to the unitary limit (~10
GeV/c?)
High flux, low chance

= single scatter

XENONNT SRo:
July 6 - Nov 10, 2021
95.1 days lifetime corrected
(418 £ 0.13) t fiducial volume

1.1 tonne-year exposure




Delve Deep

105 in 20 years, will go
below “neutrino floor/fog”

Search Wide

“fill the gap”

lower mass | higher mass
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Dark Matter near the Planck Mass

Adapted from Lin 1904.07915

IQC.D a?dsn WDM limit unitarify limit
1022V iy keV GeV 1oy My 10 Mo
| ] | »
4_} I 'I' [ | ; "
“Ultralight” DM ““Light” DM~ WIMP | Composite DM Prfmordial
(Q-balls, nuggets, etc) blakk holes
non-thermal dark sectors
bosonic fields sterile v W @[[-Vﬂo—ﬂ\/ﬂ—[‘@d[
can be thermal

WIMP mass limited from GeV to 100 TeV, however:

 Asymmetric annihilation can dominate relic abundance Kaplan+ 0901.4117
Non-thermal productions:

* Gravitational production MacGibbon 1987, Aharonov+ 1987

* Dark quark nuggets/composite states Detmold+1406.2276, Hardy+ 1504.05419
* Primordial black hole relics petmold+ 14062276, Hardy+ 1504.05419

 Heavy dark monopoles Bai+ 200500503, Murayama+ 0905.1720
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Filling up the Gap

p, ~ 0.3 GeV/c2cm™3

Total flux limit
(1/m?2 - year)

Multiple scatters
dominate the high-
mass DM signal
Less constraint from
overburden

higher momentum

WIMP-nucleon cross-section o5/[cm?]

10—43

PRL 131, 041003 (2023)
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MIMP-Xe Kinematics

S
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\
q<1GeV '/ @ \
— < 1
\
kra <1 \ /
N /
~_-" C.0.M. frame
ra: characteristic nuclear radius

*Consider myp>102GeV

2,,2 !
v 1
Enax = _Ilm ~ MyV? (10kev) K =My ypV? (-10° kev) > Elastlc. scatter w/
4 Clark, SCL+,2009.07909 negligible energy loss
o, Mgy 1013Gev Ldet Ndet
0O <1.7 . ¢ 9
Bramante+, 1803.08044
r 2
1st Born approx.: f(k, 9) ~ =2, foA V(T")T' dr’ for kr,<<1 > A4 enhancement?
p SIS need: small effective
2 ' . ) :
= Oya X2 A” Oy gewerie potential area, i.e,, elastic

scattering cross-section
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Magnetic Monopole as a DM Candidate Bai+ 200500503

Dark t" Hooft-Polyakov monopoles:

1 1 )
3 (Du®) = [ Tr(Fu F™) -

> (18” — £*)°

A
£dark - Z

Production mechanism:
* Kibble-Zurek mechanism during a first or second order phase transition

* Inflation oscillations induce a parametric resonance during preheating

Monopole radius v.s. elastic scattering cross section:

lasti ai@tic 1 ma 22 2
o’ =~ =41 — |— drr sin(qr) V(r
e A2 A2 | ¢ /0 (q) (\)‘\A Higgs profile around the
161 Aynnn (R(r) —v) EW-symmetric monopole
~ o my A* yayy v Rgy = o~Rrelation

With larger radius, saturates at the geometric cross section o4 ~ 2 R,
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MIMP-Xe Scattering Cross-sections
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MIMP Track-like Signature

=X d“)( %) - 1ps
| e | Umimp

0.2us < 1us < 100us
S1 S2

Prompt long-duration
scintillation signal in liquid
Xe

= “Smoking gun”
signature, a/most
background-free

Strong ionization signal to
| follow

905.00 905.25 905.50 905.75 906.00 906.25 906.50 906.75 = Directional DM detection

Time [us] (*future efforts)
Shengchao Li




Simulated MIMP Waveform
Unique signature of MIMP
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MIMP Track-like Signature

*4% validation dataset, after quality cuts

O ™ . mor TR Here, MIMP tracks with
- m . W 5 . .
Y 2 e = <@l Various orientations
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Backgrounds of MIMP Search

*4% validation dataset, after quality cuts

A: isolated S2 (gas, near-

electrodes)
1.0
. 103
o b= = B: merged $1-S2 peak
0.8 3 >
o Q : :
g QO ) C: baseline fluctuation due
Bo.6 E 10° % to PMT flasher
© = 10! -
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$0.4- S 1ot B consecutive 22BiPo or
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ﬂ 1 4 °
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Muon Background

O(5000) cosmic muons
crossed our TPCin LNGS

*4% validation dataset, after quality cuts

1.0 Nl L md . ICENSE  O(1)ns crossing time, but..
2 = IRl Vertical muons can
= 0.8~ 2 3 simultaneouslyionize the
.S O 102 (:)u gas and liquid xenon,
0.6 E = producing fake signals
E e E 101 2 overlapping the MIMP ROI

>

g 0.4~ ] E 10! 2 This effect was studied
< e o with a “muon dataset”
0.2 g - tagged by a water
7p %) 2 Cherenkov muon veto

S v s ot OO RO 10°==10° XENON, 1406.2374 (2015)

' 102 103 104 10° 0.5% leakage possibility
S1,, Partial Width [ns] gives 0.05 background
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Spin-dependent Limits (neutron)

TSimuIation complexity
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spin-dependent,
neutron-only

1 0—29
Nuclear models:

—— Klos et al.
————— Ressell and Dean
——- Toivanen et al.
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Zero MIMP candidates in
188.7 m?xday exposure

First spin-dependent
constraint

Strong MIMP-neutron limit
due to unpaired neutrons in
xenon nuclei that are
naturally abundant




Spin-dependent Limits (proton)

| XENONI1T Multiple Scatter (This Work)
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..... spin-dependent,
proton-only

Nuclear models:
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1017 1013

Zero MIMP candidates in
188.7 m?xday exposure

First spin-dependent
constraint

MIMP-proton scattering limit
dominated by theoretical
uncertainty




Spin-independent Limits (ho scaling)
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Zero MIMP candidates in
188.7 m?xday exposure

Assume MIMP is opaque to
the nucleus

= per-nucleus basis to
compare across different
detector targets




Spin-independent Limits (A* scaling)
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Zero MIMP candidates in
188.7 m?xday exposure

Probed new DM parameter

space in mass and cross-
section by factors of 10~20




Limit on Dark Monopole

Rg (GeV™)
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This work
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1010
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We adapted the Fig. 5 from
Bal+ 200500503 to show
constraints on dark
monopole mass and radius

Green box is our new multi-
scatter limits adapted
schematically from S| cross
sections

Blue lines show the
sensitivity prediction for the
next generation LXe
experiments
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Takeaways

o

Ton-scale liquid xenon TPC can be used for searching DM models with
a much expanded mass range
The idea of ultraheavy DM is theoretically motivated (e.g., dark

monopoles) and experimentally accessible
With a large total mass and heavy nucleus, a “track” search in XENON1T

set new constraints on ultraheavy DM close to the Planck mass

ALPs, Dark Photons DM-electron

{lewselecirons) (chasge-only) (charge+scintilaton)
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20V eV feV poV neV peV meV eV ﬂ MeV GeV Tev PeV EoV ZeV YeV KYeV MYeV 30Me 10°Me
= P e ) T t—t—tt 1
Sk -

\ 4

<+ +
-+ — >
£ QCD Axion i WIMP MIMP s 22
g Urabgnt Dark Matter 3 Hidden Sector Dark Matter 5 ; Black Hole gg
-—
g Pre-inflationary Axson 3 Hidden Thermal Refic / WiMPless DM : B
s Post- Inflationary Axion Asymmetric DM ; >‘§
o
§ § Freeze-In DM %
SIMP /ELDER gevy 10° 10¢ 10* 107 10* 104 110%™
- " L 2 L L LL B
i L L) L 1 L 1 L] Ll = ! L =
10 10™ 10" 10" 10* 10+ 10° eV 10°* 10°Mo

DM - nucleon

With Migdal effect



Backups



Signal Acceptance

From the Monte Carlo

SI Per-nucleon Cross section oy, geon, , [CM?] simulation
1030 1029
0.6 1 1 1 T 1 1 LI ! T 1 1 1 1 1 LI ! 1 o .
62% geometric
Q05 SI acceptance included
E 0.4
Cz; ' SD neutron SD w/ lower
& 0.3 — acceptance due to
E - SD proton higher energy NR
2 / causing waveform
0)] 5
0.1 % fluctuation
1 1 1 1 1 1 1 11 I 1 1 1 1 1 1 11 I
1 2 3 o
10 10 10 Maximum cut-off due
Per-meter Multiplicity A [NRs/m] to computational

complexity
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Crust
Mantle

Earth’s Overburden

Core

downward

=

o]
=
5
8.

10-3
10~
1075
10-6
10-7
10-8
107 s1

1071% —— SD-neutron

10-11L — SD-proton
E | | | | | | | | |
—1.00—-0.75-0.50—0.25 0.00 0.25 0.50 0.75 1.00

cos ¢
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E Ioss/ E total

LLLI L ||||| T |||| T ||I'| T ||I'| T ||r| T |||| T ||||

For heavy MIMP, its
energy loss modeled as
a continuous process

along a straight
trajectory across Earth

Effect is below 1%
level for the cross-
section simulated




DM-Xenon Interactions

Spin-independent:
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Spin-dependent:
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https://arxiv.org/pdf/1902.03234.pdf

UCLA DM 2023

Per-nucleon, A? scaling

LZ Preliminary Limits 1™
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