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¥ The LUX-ZEPLIN Detector

(Dual Phase Time Projection Chamber

Primary scintillation light (S1)

Secondary scintillation induced from free charge (S2)
3D reconstruction allows for fidualisation

ER/NR discrimination from S1:S2 ratio
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@ SR1 Overview

/Detector Conditions

*  Diriftfield: 193V/cm

*  Extraction field: 7.3 kV/cm in gas

«  >97% if PMTs operational

. Liquid temperature (174.1 K)

» 3.3 t/day Xe purified through hot getter

-

Dataset

»  Data taken Dec.2022-May.2023

«  60%1livedays

e 5.510.2 tonne fiducial volume

*  Photon collection efficiency:
g1=0.114+0.2 phd/photon

*  Charge gain: g2=47.1+1.1 phd/electron

Analysis

« ER Calibrations (Tritium)

* NR Calibrations (Deuterium-Deuterium)

» Backgrounds well modelled in energy
region (see Phys. Rev. D 108, 012010)

* Unbinned profile likelihood in
|0g10(52c)—51C

* Paper: Phys. Rev. Lett. 131, 041002

J

4.50 e : : . — — —
Data === Cavem gammas — %Co WK
60 ke, e S0k oW e e
4.25 : s 1
{‘ 10°F
T‘a 10°F
_4.00[ E-
=) <10
CIEn. :
=375 ~ ] E 10°E
S [ ]2
%) B 1 20'k
2 3.50 24 4 &
) _-‘ . x B 107
2 B DD.neutron data ] 1F ' ' ' ' ' ]
3251 1 g f
L -
i 1 3 oF
3.00 w o 4 Z :
2o 0.9 keVee 2.9 keVee 5.1 keVee 7.4 keVee ] .
[ 52 5kev, 15 keVye 25 keVy 35keV, 1 -8 ' L L L L .
ol Vi Faprglin vt Fyun ek iR Pegesal s oWy apg 0 500 1000 1500 2000 2500
0 10 20 30 40 50 60 70 80 Reconstructed Energy [keV..]
Slec [phd]
Sam Eriksen 19 February 2024 4



https://arxiv.org/abs/2211.17120
https://arxiv.org/abs/2207.03764

¥ SR1 Dark
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https://arxiv.org/abs/2207.03764
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072006

@ Non-Relativistic Effective Field Theory: Operators

Phys. Rev. C 89, 065501 (2014)

* Spin Independent and Spin Dependent interactions rely on the assumption of a zero- JCAPO? (2013)
momentum transfer. But what if there is some momentum dependency?

» Use an EFT where we treat the WIMP-nucleon elastic scattering as a four-field interaction

Ling =0xTx NN~

* 4 Galilean, Hermitian invariants quantities which describe the interaction
. oA = =1 2 Ei
lq,Sx,SN,‘U =U+m

* We are then left with 15 operators which contribute to the interaction Lagrangian Lint = Z ¢;0;
i

« Differential Recoil Rate in this case = ¢y +icsSy - (G X V1) + caSy - Sy
R © @) 15 +icsS, - (G % ) + 06(5)( . EI))(SN : ‘3)
pX f v Z Z a b ab 3 - _)J_ - _)J_ . - - >
= — cici Fmd v +c, Sy v+ cgS, v+ icgS, - (Sy X
dEp  32mmimj vsvy Y Y 7oN 87X 97X (S > 4)

i,j=1a,b=0,1 + ClosN . C_i + iCll.S'X . C_I) + Clzsx . (SN X 'l_))l)

. . . . +ic1s(Sy - 74)(Sw - 4) + icya(Sy - @) (Sw - V1)
« This framework can also be mapped onto covariant Lagrangians, allowing for more L. R LN -
complex interactions to be studied (coming in a future paper). + _015(5)( ) q) ((SN Xv ) ) q)
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https://iopscience.iop.org/article/10.1088/1475-7516/2013/02/004
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.065501

@ NREFT Operator Signals

Evaluate the scattering amplitude assuming a single operator
dR _ pyct J°° f(®)
dEg ~ 32mmimy Jysy .

Fi’id3v
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@ Backgrounds in an extended energy analysis
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@ Multiple Scatter Single lonisation Events .

Cathode

10°?

A y-X event is a multiple-scattering y
where at least one vertex is in a region of Fiducial
incomplete charge collection:

102

10t

Volume

o 500 1000 1500 2000
Slc [phd]

127xe Cathode

* Reverse field region
* Near the TPC walls

Sources include:
e 238 232Th, 60Cq, 40K from cathode
* 127Xe near detector edges
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Boosted Decision Tree cut trained on

high stats simulations and calibration Quantities used in the classification:

data b Cluster size (size of the S1 splash on the bottom PMT
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@ Dataset

Region of Interest
* 3 < Slc < 600 photons detected o ". ]‘ ' _ ' .'%WV I -0
* Three-fold PMT coincidence — sl
¢ 52> 600 phd Yy e W% ey SRR, .
*  Logl0(52¢) < 4.5 BN S L) plec
100fs ¥ F RN wne o e 1 >
i P s Tl Gt ST I
Fiducial Volume = sof. - ..‘- S :.-‘ A o =400 o
* Radial cut for <0.01 wall BGs L A T S P 1 g
o 86 us < drift < 936.5 us P AR SRR I T |
* 5.5:0.2 tonnes L s T ey LT O % 5
40; : ;.....{... “,-;_. o .:...'.::.. g . |
Z0f *m AL AT N S §s 1800
Key 2 oive .., . ::. "..-:.3;%‘ - i .
@ Events surviving all selections ] T T S PR S S s 11000
O 0D tagged events 0 202 30 402 502 602 702
%  Skin tagged events Reconstructed 72 [cm?]
¢ MsSItagged events

Sam Eriksen 19 February 2024 11




@ Data and Models
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@ Results from SR1

With this extended ROI we can test a large range of models.
Search performed;

) .01 ~ O . . Source Expected Events Fit Result
* jsoscalar and isovector basis Flat ER. 517.4 - 2.8 5747 + 30.2
* elastic and inelastic Detector ER 18.4 + 9.2 22.3 + 8.1
v ER 55.3 + 5.5 55.5 + 5.5
4.50F 124%e 82+ 2.0 8.7+ 2.0
: 127X e 20.5 + 1.8 20.8 + 1.8
425 136X e 55.1 + 11.6 58.2 + 11.2
00 1251 30.1 + 15.6 34.2 +£ 8.9
£l B CEvNS 0.14 + 0.01 0.14 + 0.01
L3 75k Accidentals 1.3 +£ 0.3 1.3 £ 0.03
af Subtotal 706 + 86 775 + 34
Z3.50f *TAr [0, 288] 495 + 9.4
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325 Total - 825 + 36
3.00F 2
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https://arxiv.org/abs/2312.02030

@ Results from SR1

With this extended ROI we can test a large range of models.
Search performed;
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https://arxiv.org/abs/2312.02030

@ LZ EFT Operator Results Bl
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https://arxiv.org/abs/1705.02614
https://arxiv.org/abs/2003.11141
https://arxiv.org/abs/1807.01936

@ Summary

- Initial science run of LZ has placed stringent limits on both SI and SD WIMP-nucleon interactions

- These models are relatively simplistic, and the inherent nature of interaction may be more complex
— Using an EFT allows us to describe all possible dark matter interactions with nucleons

— Extending energy region is beneficial for EFT analysis

— LZ has set promising EFT limits in SR1 with an extended energy ROI so we are ready for more data

/LZ Publications: \

* Detector paper: Nucl. Instrum. Meth. A 953, 163047

- With the energy region understood in LZ, we can test a lot
of DM parameter space, eg:

* SR1 papers:

- 2HDM+a: Phys. D. M. 27, 100351 (2020) - WIMP-nucleon result: Phys. Rev. Lett. 131, 041002
- Backgrounds: Phys. Rev. D 108, 012010
- DM -photon interactions: Nature 618, 47 (2023) - LowE ER: Phys. Rev. D 108, 072006

- this work: Operators arXiv:2312.02030

k Lagrangians (paper in progress) /
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https://www.sciencedirect.com/science/article/abs/pii/S0168900219314032?via%3Dihub
https://arxiv.org/abs/2207.03764
https://arxiv.org/abs/2211.17120
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.072006
https://arxiv.org/abs/2312.02030
https://www.sciencedirect.com/science/article/pii/S221268641930161X?ref=pdf_download&fr=RR-2&rr=7f4a3035384936a4
https://www.nature.com/articles/s41586-023-05982-0
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@ Efficiency of data selection
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Machine Learning Boosted Decision Tree for y-X

Boosted Decision Tree cut trained on

high stats simulations and calibration
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@ Non-Relativistic Effective Field Theory: Operators

Galilean-invariant to
quadratic order in

oA -
momentum transfer iq, Sy, Sy, U

Spin 1 or less particles

Theory translated to
coefficients of an
effective operator

These operators can be
equated to generic
nuclear responses

Possible to reduce
covariant interaction
Lagrangians to
combinations of the

Lint = Z ¢;0;

= c: +icsSy - (G x BH) + C4§x .Sy

+ i05§X (g xvh) + c6(§x . c'j)(gN -q)

+c, Sy - B+ ngx ot + ic9§x . (§N X G)

+ 108y - G +ic11S, G+ ¢125, - (Sy x 74)
+icys(Sy - 51)(Sy - @) +ic1a(Sy - @) (Sy - 94)
+ —c1s(Sy - @) (B x 74) - §)

Interactions are linear combinations
of 6 independent nuclear responses

M  Spin Independent

%" Spin Dependent (transverse)
%" Spin Dependent (longitudinal)
A Angular Momentum

@' Spin Orbit

@ Tensor spin orbit /

Operators give us a sense of the true sensitivity of
our detector to different DM-nucleon physics

operators
L. 15
dR Px ) a bpab 3
dEx 32 mm3m? v G cikij v
R XN TV>VUmin {,j=1ab=01
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.065501

@ Benefit from an increased energy window
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@ LZ EFT Preliminary Results

Sam Eriksen
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https://arxiv.org/abs/1807.01936

@ Impacts from updated nuclear density matrices

Differential recoils used updated
GCN5082 ground state to
ground state one-body density
matrices

These have significant impacts

on some operators

0,5 differential rate has
decreased significantly

0.4 has the opposite behaviour

Sam Eriksen
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¥ The LUX-ZEPLIN Detector

Electron Recoil Nuclear Recoil

Key

Interactions

. Exciton Xe*
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Nucleus track

0.5um 10nm

Gual Phase Time Projection Chambem

1)

- Primary scintillation light (S1)

- Secondary scintillation induced from
free charge (S2)

- 3D reconstruction allows for
fidualisation

- ER/NR discrimination from S1:S2
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