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Solar pp neutrinos

Solar pp neutrinos (~91%)

E <420 keV

PP
p+p —=*H +e" +v,

83.30%

99.76% 0.24%

Precise measurement 1n the future is essential for

understanding the stellar mechanism and the

matter effect of neutrino oscillation.

pep

p+e +p —*H+v,

16.70%

H+p — °*He+y

*He +*He — *“He +2p
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0.12%

"Be+p = *B+y |

B

®Be’ — “He +*He

*He +'He — 'Be +y

99.88%
Be

‘Be+e — 'Li+v,

B - °Be +e* +v, SOlar

"Li+p — *He +*He

‘Be v (~7%) 1
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Detection of Solar pp neutrinos

» Radiochemical experiment

1Ga + VvV, o e + 1Ge

EC decay
T1/, = 11.4 days
- . /%

|

__AA.
GALLE

INTERNATIONAL

SOLAR NEUTRINO RESEARCH
COLLABORATION
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* Borexino using LS
* GALLEX/GNO and SAGE :

* 13.3% uncertainty in 2009 .« First direct measurement in 2014

» Real-time experiment
Vyt+e v, +te

* Maximum Electron Recoil energy 1s 264 keV

LXe (liquid xenon)
experiments
* Lower threshold

* Energy window 1s 165 ~ 590 keV )

with 10.6% uncertainty
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CJPL: Deepest underground lab
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(K,
’’’’’’’’’

* China Jinping Underground | aboratory
* Deepest (6720 m.w.e): < 0.2 muons/m?/day

* Horizontal access with ~18 km long tunnel

ICHEP 2024

107 3

-
<
~N

Total muon flux (cm=2s1)

=
S,
0

10710

108E

Space size (m?)

https://doi.org/10.1146/annurev-nucl-102115-044842

WIPP

USA

Soudan
USA
Kamioka
Japan

Shaft
Tunnel

SNO
L . . ' Canada

4 105 2><105 3><105

2 3 4 =3 6 7

Equivalent vertical depth (km.w.e)

500

1,000

1,500

2,000

2,500

(w) uapangiano Yooy


https://doi.org/10.1146/annurev-nucl-102115-044842

PandaX-4T Experiment

Multi-ton scale LXe experiment Top
<« PMT
array
Veto
PMTs
(Time projection chamber)
1.2m (D) X1.2 m (H)
1d; Bottom
Water shielding
T 10 m (D) X13 m (H) +—— PMT
array

Xiaoying Lu (SDU) ICHEP 2024 6



Dual-phase xenon TPC

3-D position reconstruction
* Vertical: time difference between S1 and S2
* Horizontal: light pattern on top PMT array

[Anode] Ground

10 mm
[Gate] -5 kV

Electron recoil (ER) Nuclear recoil (NR)

Edrift T185 mm errerreressssssssssene, e

P [Cathode]zt'l6 kv _' Y _' '

[Screen] Ground
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$2/S1: ER >> NR
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> ER energy <264 keV 35
Ve t+te v, +e

> 3f
. . £ o |
» Expected event rate per unit recoil energy 5 2F pp+Be (AE)

dR do;(E,, E,) T 2F
 —— N E P ) J ’ dE 8 -
dE, zg: / BT, RN S

= -
e N: the number of target electrons S 1;_
* ¢(E,): the neutrino flux 0.52— "Be (FE)

* Pgj: the oscillation probabilities

lll L 1 lllllll

[S—

* doj: the differential cross-section 10 107

Electron Recoil Energy [keV]
* FE: Free electrons

 AE: atomic electrons

o [Physics Letters B 774 (2017) 656—661]
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PandaX-4T Commissioning data taking

(D-®: Commissioning data taking subset

= 1500 —w o 9, ©® , © .« Electronegative impurity S in LXe
= = ] — —
£ 14001 [* 164 keV = e +S—-3S
£ agof. oAlphe ﬁ.i H 2+ Electron lifetime represents the
o = é ; . . . .
£ Lo0of " i ié? E impurity concentration
T 1100 ¢ ~
[P R ; -----
s - 6? ¢ ¢ 1 Gate (kV) -4.9
0 / 1 Cathode (kV) -20 -186  -18 16
800 ¢ =
00 G 0103 0202 0304 0403 > 95.0 days of commissioning data
A: HV training taken from 2020.11 to 2021.04

B: Circulation pump replacement

» (.63 tonneXyear exposure
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Position reconstruction

* Horizontal: light pattern on top PMT array with desaturation algorithm

e Vertical: time difference between S1 and S2

Count
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» Sensitive volume: 3.69+0.01 tonne
» FV (fiducial volume) mass: 2.6610.02 tonne
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» Desaturation improved
uniformity of horizontal
position reconstruction



Energy reconstruction and resolution

B 91 25 ROI
E=13.7eV x (PDE * EEE x SEGB> //

13.7 eV: energy required to produce an exciton or ion
PDE: photon detection efficiency for S1

EEE: electron extraction efficiency

SEGyg: single-electron gain for S24

| subser | 1| 2 | 3 | 4 | 5

PDE(%) 9.0 + 0.2 9.0 + 0.2
EEE(%) 90.2 + 5.4 92.6 + 5.4
SEGg(PE/e) 3.8+ 0.1 4.6 + 0.1 1

JKL T B i;.'. .A"\
0

» ROI(region of interest): 24~144 keV >0 100 - [klj\?] 200 250

* Above dark matter search region > Fit .o _ A
curve: = =—=+Db
*  Avoid 163.9 keV peak of *™Xe from E VE .

neutron calibration » Resolution at 24 keV (144 keV) is 8.8% (3.9%)

» Offset in the ROI < 1 keV
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Background model

Pl o
Impurity § f —0P T
* Pb-214 i
Activation * Pb-212 10 /j/
« 1-125 . Kr-85 - J
* Xe-127 o i -
. Xe-133 Intrinsic L ;
« Xe-136 S
Material « Xe-124 I
B [ SR A UL B U E R RSO B
40 60 80 100 120 140
Energy[keV]
Primary challenge:

Estimation of backgrounds with smooth energy spectrums that resemble the signal spectrum
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Backgrounds: Activation + Intrinsic

> Xe-133
* [3 decay with Q value 427.4 keV 3 [
o . T Xe-133
= 1500~ ®.g-®- .Cmelsmgmg, Mt@a — se@, - % o § Xe-127 Xe_124 /
? 1400 [+ 163 keV 3 & :
£ ;#4411 Remove 8.4 days -/ | JJJJf
é 1200F- H?H o 1 data fOllOWlng B
'S 1100 ¢ 3 . .
B . 4 _ === neutron calibration 10 ~— Xe-136
b * “  with high 133Xe -
3 i . concentration »
B Crevivtio purmp eplacement S ; [-125
> Xe-136 ST
« 2vBp Q value 2457.8 keV iR .
. . —1'_.L..:I_L_:|_L_J_JI.|_ __'__|LLJ_.L-.L_L_L_|__|__|__I_J_.L_.L_L_
» Half-life from °°Xe 2vBp analysis " 40 60 80 100 207~ 140
nergy[keV]
[Research 25 Nov 2022, 9798721] - > Xe-124 ECEC ( KL/KM/KN)
. C- KK/
Gaussian
Baokoromnac] > 17125 EC (K/L/M +y)
2 > Xe-127 EC (K)
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Backgrounds: Impurity

» Pb-214: Main background
* [ decay with Q value 1018 keV

2200 [T T T T | T T T | T T T | T T T | T

alibration data — patg
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2
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[e]
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— L
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Energy [keV]

* Extrapolation ratio

Count per keV

4.5+ 0.2 uBq/kg from the DBD analysis

[PhysRevLett.132.152502]
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Backgrounds: Impurity

> Pb-212 : [
f decay with Q value 569 keV S e
o|o -
N
o a B
220Rn ] 216pg _.I 212p}, I_. 212R; 208p
55.6s 0.158s 10.6h
2 p
short half-life "3)’> sy |
i Pb-212
» Rate of “**Po !
o %12pp /212pg ysing calibration data 10— I R "'Hza"E ﬂk“L(\’/]
nergy[ke

« Rate of “**Pb 0.30 + 0.08 uBq/kg
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Backgrounds: Impurity

» Kr-85
[ — vy coincidence
e Kr/Xe[ppt(1071%)]: 0.52 + 0.27

%Kr 10.756y
0.437%
Qu=173keV
99.563% 214 85mMRb 1.015us
Q,=687ke

———20_ 85pph stable
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Count per keV
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Best-fit

¢ Data Material (constrained)
Total fit: ¥2 / NDF = 108.1 /115 8Kr (constrained)
Solar pp + 7Be neutrino = 214Pp (constrained)
127X e (free) 212pp (constrained)
124x e (free) — %X e (constrained)
- === 1% (free) - 133xe (free)
102 —— _ .fﬁvffﬁww%“!ufé‘ n’g‘*”-"ﬁ'ﬁ'&*
= 2 A e R ST _
E %ﬁ?{hﬁ'}iﬁ?{' i é}{? ?g# ff‘ﬂ*‘lﬁﬁ‘g’, :
2 10 "
E E I}
Q . s
1 é__ PR " *:' “
S Y TTON A WO S
= olpiftid e i) LA
g opiTRE AR Hﬂﬂ%} R
40 60 80 100 120
EnergylkeV]
Xiaoying Lu (SDU) ICHEP 2024

Nuisance parameters are
constrained using expected
uncertainties
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Uncertainties

(D 0Ogpqt: Statistical uncertainty
* Fix all nuisance parameters to
best-fit values, and re-fit
(2 05ys1: On nuisance parameters

* Subtotal =+/c2 — 62,
* Loose 1-th nuisance parameter
and fix others, and re-fit

2 2
\/Ui — Ogtat

3 0Osys2: Evaluated manually

Components Counts
Ostat - 113
" Kr 202 Future
zijﬁg 2; improvement
Osysl Material 21
136Xe 19
Data selection 29
Subtotal 231
Energy scale 142
Energy resolution 19
Fit range 29
Osys2 214P} gpectrum 84
212Pp spectrum 18
85Kr spectrum 5
136X e 2043 half-life 16
Subtotal 170
Total 287

> Fitted pp + "Be v: 231 + 113(stat) + 287(syst)
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Results

» In the 24~144 keV electron recoil energy range
 Flux: 8.0 + 3.9(stat) + 10.0(sys)x101% " tcm™2
 Upper limit at 90% C.L.: 23.3x101%s " 1cm™

» The first solar pp neutrino measurement using liquid xenon

SSM prediction
_¢:H Gallium experiments

—— Borexino
: This work
; L 2
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5 10 15
<I>pp(10100m'23'1)
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https://iopscience.iop.org/article/10.1088/1674-1137/ad582a

Outlook

1. No induced activation of xenon isotopes
2. Reduction of radon and krypton by a factor of 2

> PandaX-4T with assumptions i 3. Control of the background uncertainty within 5%
— ~30% uncertainty (@ 6 tonneXyear
» Future LXe experiments, larger targets, and lower backgrounds
— ~5% uncertainty (@ 50 tonneXyear exposure
» Multi-tonne-scale LXe experiments open a window for solar pp neutrino
detection

SSM prediction
_4:._. Gallium experiments

—— Borexino

: .This work
-—+—« PandaX-4T 6 tonnexyear
- LXe with 50 tonnexyear
s o 5 10 15 120

10, o
®,,(10 "cmsT)
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PMT pulse desaturation

400 — ' ' ' ]

M - —— Saturated S2 .

O 300 —— Desaturated S2

9 : —— Reference interval :

2 200 .

?E)_ 100 - Minimizing -

[ 2 —

< : reduced x :
[Research 25 Nov 2022, 9798721] Time [us]

» Desaturation algorithm
* Match the rising slope of the saturated waveforms to the non-
saturated templates in the same events — True charge collected
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Backgrounds: material

» Long-lived radioactive i1sotopes K-40, Th-232, U-238 and Co-60

» Simulated using BambooMC, Geant4-based MC simulation package
» Using Xe-136DBD analysis fit result.

» In ROI: 683127

- Outer vessel Top Dome
Outer vessel Flange —¥—=—=- =

i - = :
Top Inner vessel Top Dome <« @

Inner vessel Flange
Threaded —

= Top PMT, Base and Spring |

Outer vessel Barrel —
Inner vessel Barrel I

v

Side {

Inner vessel Bottom Dome

Bottom PMT, Base and Spring
Bottom {
Outer vessel Bottom Dome

[JHEP06(2022)147]
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Remove leaked Bi-214 events

» Scan Po-214 o events within 5 ms

by waveform characters

e charge > 30e3 PE
* height > 1000 PE

Rn-222 decay chain 222Rpy

§o)"+ 3,
¥ .s}%
214 2 218
a4 PO 2 51 PO %,
164 us 3.1 min|

* wFWHM <200 ns Sy v %
» Not include in bkg model e " o
Bi1-214 event Po-214 event G ss000E-
. 5 - < soo00f . o events
V 450003— . 0
E ': ot 1)
Q: 586 PE Q: 20211 PE 40000 T et .
h: 30 PE h. 36 PE Q: 37405 PE 35000:_ ¢ . bt .: .~ .. o
558us h: 63 PE = « .o
: > 124 us S0000E” . ..
“ || Q: 53974 PE 25000~ . :
H: 3678 PE 200003— | | | | .
FWHM: 60 ns 740000 45000 50000 55000 60000
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