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Searching for Axions in Underground Experiments

https://cajohare.github.io/AxionLimits/
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1. Axion is a leading particle candidate to provide the mysterious dark matter in the cosmos;
e cover a large mass range: 10724 — 107eV

2. Detection of axions in underground experiments:

e enegy deposition: ~ keV;
» upgraded detectors: background budget and energy resolution are improved significantly.
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Solar Axion

: Axion Formalism:
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ER Signals from Axio-electric Effect
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The approximate cross section of axio-electric
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https://www.sciencedirect.com/science/article/abs/pii/S0927650512002344?via%3Dihub

ER Signals from Inverse Primakott Effect

60 T T —— — 10 iy
v e 7 o
RHF Approx 10—47 .
A A—> . — 10~}
production in sun detection on earth §
gJ 10—49 L
do agg'wE 3pa Sin2 4 3 oG-
= > 5 X | [ d®ze™T®(Ao|p(x)| o))
dQr  4n(E7 +pa = 2Eapa cos 0)? 20 = O
3 —— RHF
Qfg E yo sin 9 —— m.=0keV,r0 =1/3.13
- 4t (E?2 -:’277’; —a2aE Pq cOs 6)2 X |Z — F(Q)|2 % 2 4 6 8 jp 107 10° 10!
a a af’a qglA~1] ' EslkeV]
100 m; =100eV, gsy,= 1le— 10GeV™"* 100
Two kind of form factors: - e mmons
(1) Screened Coulomb potential (SC): T 1072} T 202 v
Z § g RHF: m, = 5.0 keV
Fsc(g;mo) = T 5.9 L 107f 5 1074t /
1+ ¢?r§ 3 ¢ /
. . I8 10—6 i S 10—6 L
(2) Relative Hartree-Fock wavefunction (RHF): 2 =
o
gl 2
E azexp[ b(4 )]—+—c
i )| -10
071020 30 40 350 ° 107 100 10°
E.lkeV] EslkeV]

5/8/24 Xinning Zeng, COUSP 2024 6


https://www.sciencedirect.com/journal/physics-letters-b
https://www.sciencedirect.com/journal/physics-letters-b/vol/815/suppl/C

PandaX-4T Commissioning Run (Run ()

Sensitive volume: 3.7 tonne xenon
U Commissioning started from Nov/2020 (95 days)

* 0.63 tonne-year exposure, 1058 candidates

 Sensitivity improved from PandaX-II final analysis by 2.9
times (30 GeV/c2);

U Tritium removal after Run (

 xenon distillation, gas flushing, etc
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Data Taking Condition of Run 1
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Updates on signal reconstruction

Instant monitoring of PMTs:

164keV centerE vs runNumber

* correction factor derived from single hit distribution. £ wE after self-calibration — Vit prkatn
Instability of signal yield: S1 & S2 of E
monoenergetic peak evolve by time: o
 correction factor derived from S1 and S2 with 5.5MeV 160
alpha events from 2?2Rn decay; 158 164 keV from 131mXe
(UNew event window based on S2 P N E—

* fix window: 1ms before and after
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LED calibration vs Self-calibration
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Rn Calibration & ER Response
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U The detector response is modelled by NEST ( Noble Element Simulation Technique).

05, [PE]

1 Detector parameters are fit to Rn calibration data using unbinned likelihood fitting with emcee;

[ Calibrated NEST also fits well with sliced calibration data.
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Solar Axion Signals in PandaX-4T

Events/ton/year/keV
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With the calibrated signal model, we can
simulate the spectrum of signals from solar
axion:

1. couplings used in figure: g, ., =

3.1x10712, g¢%) = 8.3x1077;

2. Filled region for theoretical spectrum; solid
and dashed line for Run 0 and Run 1;
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NR Searches V.S. ER Searches
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Excess over known ER backgrouds! Below NR median candidates.

Phys. Rev. Lett. 127, 261802
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Main ER Backgrounds: *22Rn

* Rn level is monitored and varies with

running conditions;

* Circulation system will be upgraded after

Run 1.

Rn-222 decay chain

& BB 3

¥ \\o\ 501d ¥ \\)
206
2%Pb %, 22 Pb %,
stable 222y

beta events in our ROI

8.67 £ 0.01(stat.) = 0.27(sys.)

7.07 £ 0.02(stat.) = 0.23(sys.)

w
TTT

[uBgrkg]
>

>
2%Po 4po
138d 164 us

[uBg/kg]

N B Run0 _
e ............................ -y 'L[ B ............ _
;_ ........... , ...................... ...................... Ii I.{.I ] ... _é
_ .............. ............................. S Ililﬂﬁfﬂmfl}lw% S—— l . -
; ............ , ......................... ............... T“ { 1H ....... _:
é R [II IHIHJHIIH‘II{ I!Lﬁlﬂlnuﬂ :
E_ 1 01/03 02/02 03/204 ‘ L4/EO3 ;
TN Runl -
. o B HL ......................... ....................... _
» N [@;ﬂ;i, a ﬂﬁlnulmﬂnﬂu U‘[, @I.‘m_1‘1_‘.‘_%’5._1_#_i.‘.‘.f..,%ﬁﬁi;@i;;ﬁgf:

i i i i i
12129 01/28 02/27 03/29 04/28

1
05/28

set1
set2
set3
set4
set5
set6



Z [mm]

* Compare to Commissioning

* tightening beta-gamma coincidence
selection

* less contributions from accidental
events
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Main ER Backgrounds: Tritium

U Tritium spectrum identified in the

data

U Likely originated from a tritium

calibration at the end of PandaX-II;

U Preliminary estimation of tritium

level in Run 1

RunO: Set D-® e
RunOSet4  |RunOSet5  |RunlSetl-4 |RunlSet5 |Runi Set6
Rate 3.24+0.20 1.88+0.15 0.25+0.05 0.23+0.05 0.23+0.03
[/tonne/day]
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Background Summary
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Compare to WIMP analysis:
1. extended the ROI to 30 keV: better constraints on ER backgrounds;
2. reject events below ER 99.5%: remove neutron and surface backgrounds



Sensitivity Estimation
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Binned Likelihood fitting based on HistFitter: CLg,, technique, 90% C.L..

1.
Independent estimation of different couplings:

2.
(a) ABC axion: ABC Flux * a4,

(b) 3’Fe axion: >’Fe Flux * a4,
(¢) Primakoff axion: Primakoff Flux * o6;,,pi (RHF is used.)

Sensitivity of g,4. is improved by ~ 2 times compare to PandaX-II.
17

Final result is under consistency check.
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Summary and Outlook

» Combined analysis of Run0 and Runl are updated;
» Low energy ER responses are calibrated with Rn calibration;

» Expected background contributions are estimated respectively; tritium level
has significantly reduced in Runl;

» Sensitivity of solar axion detection is estimated and final results are under
consistency check.

5/8/24 Xinning Zeng, COUSP 2024 18



PandaX Collaboration
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Backups
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PandaX-4T Detector System Layout

Distillation Electronics and Cryogenics and Clean Room Xenon Gas Storage System
Tower DAQ System Circulation System

Entry

Xenon Emergency
Recuperation System

Water Shielding Tank
®: 10m
H: 13m

Dual-Phase Liquid/Gas
Xenon Time Projection Y
Chamber (TPC)

» TPC:1.2m (H)x 1.2 m (D)
> 3” PMTs: 169 top / 199 bottom
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Data Selection
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Data Selection

Neutron NeutronX

hnr1 hnr1
Entries 49653 Entries 77600

Mean x 22.68 D Mean x 17.37 D
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Combined Analysis of RunO + Run1l

removal time

UNew active time determination

» window-size of removal time depending
on the charge of large signal in front

UNew event window based on S2
* fix window: 1ms before and after
(UNew event builder

« S1-S2 pairing requires quality of S1 in
prior

LINew selection criteria
» charge-dependent cut threshold

Signal Charge [PE]
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Normalised Form Factor of SC model

Z[1+ (1 — N)g*r]

Fsc(g;mo) = L+ gr2 (19)

N and ry are fitted to be: N = 0.54, 7 = 3.13 A~! (This notation is from
paper, but it actually means 3.1371A. The result is also plotted on

Figure 3). This form factor is found to be in good agreement with RHF for
q| $5 A" (B, S 8 keV).
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After Run 0

A Tritium removal

 xenon distillation, gas flushing, etc

(12021/11 — 2022/05: physics run (Runl)

* 164 days: ~ 1 tonne-year
(12022/09 - 2023/10: hall construction

* Xenon recuperation

* detector upgraded
(IStarted at the end of 2023

Commissioning : . SIS Physics Run - :
(Run 0) Calibration Distillation (Run 1) Calibration
2020/11/28 2021/04/17 2021/11/15 2022/05/16
2021/04/16 2021/06/09 2022/05/15 2022/07/08

Detector
Upgrade




