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Simulated spectrum for PandaX-4T
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Wide energy range, multiple “interesting” isotopes for neutrino physics
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PandaX LXe TPC: Total-Absorption 5D Calorimeter  

• Precisely measure 3D position, energy, and timing information in the energy 
range from sub-keV to 10MeV

• Large monolithic volume: total absorption; ~20 x MeV ɣ attenuation length

• Single-site (SS) and multi-site (MS) event for event topology and particle ID 
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Extending from keV to MeV 

• Dedicated data analysis pipeline is developed for O(100 
keV) – O(MeV) energy range 

• Improved SS and MS identification: calibration data/MC 
SS ratio consistent within 1.7% 

• Desaturation algorithm: X-Y position reconstruction, 
energy linearity and resolution significantly improved 
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Bench test for saturation and new PMT base design 

• Dedicated test bench was setup to study PMT saturation

• Desaturation algorithm verified 

• New PMT base design with much improved linearity

• All new bases for the upcoming Run2 
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New PMTs for next generation LXe detectors

• New 2” multi-anode R12699 PMT is an attractive 
option for next generation multi-purpose LXe 
detectors
• High granularity, fast timing, low dark noise

• 2” array for excellent performance at keV an MeV 

• Improved position reconstruction; better event topology; 
less concerns for PMT saturation; higher coverage 
possible

• Extensive performance testing at SJTU and R&D 
efforts on background control is on-going together 
with Hamamatsu
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Wide energy range, multiple “interesting” isotopes for neutrino physics
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Neutrinoless Double beta decay (NLDBD)

• Neutrinoless double beta decay probes the nature of neutrinos: Majorana or Dirac

• Lepton number violating process

• Measure energies of emitted electrons
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Search for 136Xe NLDBD with  LXe TPC 

Bkg rate 
(/keV/ton/y)

Energy 
resolution

FV mass (kg) Run time Sensitivity/Limit 
(90% CL, year)

Year

PandaX-II ~200 4.2% 219 403.1 days 2.4 ×1023 2019

XENON1T ~20 0.8% 741 202.7 days 1.2 × 1024 2022

PandaX-4T 6 1.9% ~650 ~250 days > 1024

PandaX Neutrino Physics 韩柯，SJTU 11

PandaX-4T PRELIMINARY

PandaX-II



136Xe DBD half-life measurement 

• 136Xe DBD half-life measured by PandaX-4T: 2.27 ± 0.03(stat.) ± 0.09(syst.) × 1021 year

• 440 keV – 2800 keV range is the widest ROI

• Comparable precision with leading results

• First such measurement from a natural xenon TPC
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More accurate background models

• Better than the input values based on HPGe assay results and high energy alpha events
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with results summarized in reference [33]. We generate
expected background contributions in SS spectra according
to simulation, assay results, and the discrimination algo-
rithm. The major detector components are grouped into
three categories, denoted as top, bottom, and side. The top
category includes the top flanges of the vessels and the top
PMT assembly, which consists of the PMT array, readout
circuits, cabling, and the mechanical supporting structure.
The counterpart bottom PMT assembly and the bottom
hemisphere of the vessels are grouped as the bottom cate-
gory. The side category is composed of the field cage and
cylindrical barrel of the vessels. Other detector components
are found to have negligible background contributions and
thus not included. The weighted sums of expected back-
ground counts in the ROI from four radioactive contamina-
tions are listed in Table 1.

222Rn emanated from the inner surface of the detector
and circulation pipes is the major internal contamination.
214Pb and 214Bi, progenies of the 222Rn, contribute mostly
to the ROI of DBD. 97% of the beta decays from 214Bi can
be rejected together with their subsequent alpha decay of
214Po with a half-life of ~ 163μs [34]. The remaining 214Bi
activity is less than 0.1μBq/kg, which makes a negligible
contribution to our ROI. Therefore, only the contribution
from 214Pb is considered and simulated with BambooMC.
85Kr beta decay also contributes to the lower end of the
ROI with end-point energy of 687 keV. However, with an
extremely low concentration level at 85Kr/Xe ratio of 6:6 ±
4:2 × 10−24 [24], the tail of its beta spectrum has a marginal
impact on our result and has not been included in the fit.

DBD signal spectrum is also simulated with BambooMC.
The energy of two electrons from DBD is generated with the
Decay0 package [35] as input for our simulation. For DBD
events with energy greater than 440 keV, the SS fraction is
97:4% with a fractional uncertainty of 1.7% according to
our detector response simulation.

A cylindrical FV with a radius of 33.2 cm and a height of
66.3 cm in the geometrically center part of the detector is
selected for the final fit, with the range in the Z direction
predetermined by the event rate distribution in the ROI.
The FV is then determined from 220Rn and 83mKr calibra-
tion data. Both internal calibration sources are expected to
be evenly distributed in the active volume. The FV is defined
where the proportionality between the event counts and geo-
metrically calculated volume is better than 0.5%, and the
uncertainty of the FV cut is estimated as 1.0%. The FV is fur-
ther divided into 4 regions, as shown in Figure 2(b), and data
spectra are reconstructed in each region. Region 1 is the
innermost and cleanest region. Region 2, 3, and 4 are on out-
side of Region 1, where the external radioactive contamina-
tions from the top, bottom, and side of the detector,
respectively, have more impact.

We constructed a simultaneous fit with the binned like-
lihood function defined as

L =
YNR

i=1

YNbins

j=1

Nij
! "Nobs

i j

Nobs
ij !

e−Nij
YNbkgs

k=1

1
ffiffiffiffiffiffi
2π

p
σk

e−1/2
ηk
σk

! "2

, ð1Þ

Nij = nXeS
Xe
ij + 〠

Nbkgs

k=1
1 + ηkð ÞnkBk

ij, ð2Þ

where Nobs
ij and Nij are the observed and expected event

numbers in the j-th energy bin of the i-th region. Nij is mod-
eled as Equation (2) according to PDFs of the DBD spec-
trum SXeij , and the background components Bk

ij given as
(category, isotope) pairs and 214Pb listed in Table 1. The
PDFs are weighted by the number of counts nXe and nk for
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Figure 3: (a) SS (magenta) and MS + SS (cyan) spectra of 232Th
calibration data. (b) Comparison of SS fraction between MC
(shaded green) and data (black), with an average difference of
1.7%. The uncertainties of the MC spectrum are shown in the
green shaded band.

Table 1: Expected and fitted contribution of background
contaminations originating from the top, bottom, and side of the
detector and LXe inside. All values are reported in the number of
counts in the FV.

Detector part Contamination
Expected
counts

Fitted
counts

Top

238U 339 ± 129 490 ± 52
232Th 402 ± 133 670 ± 56
60Co 327 ± 141 550 ± 49
40K 300 ± 156 363 ± 40

Bottom

238U 141 ± 51 185 ± 40
232Th 237 ± 119 155 ± 53
60Co 159 ± 95 183 ± 48
40K 89 ± 834 100 ± 39

Side

238U 475 ± 707 1070 ± 118
232Th 786 ± 959 2194 ± 117
60Co 1244 ± 945 185 ± 98
40K 1518 ± 835 782 ± 84

LXe 214Pb (222Rn progeny) [0,12057] 7180 ± 152

5Research



More Physics with 136Xe DBD spectrum

• NME of DBD may be energy dependent and cause DBD 
shape change 

• BSM physics, such as right-handed leptonic currents 
would affect the energy distribution
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RH nature of the exotic current, such an interference is
helicity suppressed by the masses of the emitted electron
and neutrino as memν=Q2, with the 2νββ decay energy
release Q. For light eV-scale neutrinos, it is thus utterly
negligible. [This is not necessarily the case if currents other
than V ! A vector currents are considered in Eq. (1).]
Contributions to second order ∝ ϵ2XR come from the
center diagram and the interference of the SM contribution
(left) with the second-order exotic diagram (right). The
latter is suppressed even more strongly by the neutrino
mass and thus negligible. To lowest order in the exotic
coupling, the squared matrix element for ground state to
ground state 2νββ transition can thus be written as the
incoherent sum

jR2νj2 ¼ jR2ν
SMj2 þ jϵXRj2jR2ν

ϵ j2; ð2Þ

where R2ν
SM is the matrix element for SM 2νββ decay and

R2ν
ϵ is the exotic contribution. As discussed in detail in the

Supplemental Material [24], the latter may be expressed as

R2ν
ϵ ¼ i

!
1ffiffiffi
2

p
#

2
!
GF cosθWffiffiffi

2
p

#
2

½1−Pðe1; e2Þ'½1−Pðν̄1; ν̄2Þ'

× ½ψ̄ðpe1Þγ
μð1þ γ5Þψcðpν̄1Þψ̄ðpe2Þγ

νð1− γ5Þψcðpν̄2Þ
þ ψ̄ðpe1Þγ
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μð1þ γ5Þψcðpν̄2Þ'

×
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gμ0gν0g2VMF ∓ 1

3
gμkgνkg2AMGT

#
; ð3Þ

where ψðpfÞ is the wave function of the emitted fermion f
with momentum pf, and we consider here the commonly
used approximation of the S1=2 wave evaluated at the
nuclear surface. The nuclear matrix elements between the
initial 0þi , the intermediate 0þn (1þn ), and the final 0þf states
of the nucleus are generally of Fermi (Gamow-Teller) type
with the associated nucleon-level vector (effective axial-
vector) coupling gV (gA),

MF ¼
X

n

h0þf j
P

jτ
þ
j j0þn ih0þn j

P
kτ

þ
k j0

þ
i i

ΔEnð0þn Þ þ Ee2 þ Eν̄2

;

MGT ¼
X

n

h0þf j
P

jτ
þ
j σjj1þn ih1þn j

P
kτ

þ
k σkj0

þ
i i

ΔEnð1þn Þ þ Ee2 þ Eν̄2

: ð4Þ

The summations are over all intermediate 0þn ; 1þn states and
all nucleons j, k inside the nucleus where τþj;k is the isospin-
raising operator transforming a neutron into a proton and σj;k
represents the nucleon spin operator. Assuming isospin
invariance, the Fermi matrix elements vanish. The energy
denominators arise due to the second-order nature of the
above matrix element where ΔEnðJπnÞ ¼ EnðJπnÞ − Ei
(Jπn ¼ 0þn and 1þn ) are the energies of the intermediate nuclear
states with respect to the initial ground state. Overall energy
conservation is implied Ei ¼ Ef þ Ee1 þ Ee2 þ Eν̄1 þ Eν̄2 ,
and, as indicated by the particle exchange operator Pða; bÞ,
the matrix element is antisymmetrized with respect to the
exchange of the identical electrons and antineutrinos (the
corresponding antisymmetrization over the nucleons is
implicitly included in the nuclear states).
Following Ref. [11], the calculation of the 2νββ decay

rate and distributions is detailed in the Supplemental
Material [24]. We use nuclear matrix elements in the
quasiparticle random phase approximation (QRPA) for-
malism from Ref. [11] assuming isospin invariance with
MF ¼ 0 and including higher-order corrections from the
effect of the final state lepton energies. Because ofMF ¼ 0
and negligible effects of interference between the SM and
exotic amplitudes, the calculations for ϵLR and ϵRR are
identical; both cases yield the same rates and distributions.
As a result, we calculate the full differential 2νββ decay rate
in a given 0þ → 0þ double beta decaying isotope with
respect to the two electron energies me ≤ Ee1;e2 ≤ Qþme

and the angle 0 ≤ θ ≤ π between the emitted electrons,
which may be written as

dΓ2ν

dEe1dEe2d cos θ
¼ Γ2ν

2

dΓ2ν
norm

dEe1dEe2
½1þ κ2νðEe1 ; Ee2Þ cos θ':

ð5Þ

FIG. 1. Feynman diagrams for ordinary 2νββ decay via the second-order transition through the SM V − A interaction with strength
given by the Fermi constant GF (left), a transition involving one exotic interaction ϵXRGF with a V þ A lepton current of the form
ðēRO1νÞðūO2dÞ (center), and a second-order transition through the same exotic interaction (right).
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T2ν
1=2 ¼ 2.165" 0.016ðstatÞ " 0.059ðsystÞ × 1021 yr [35].

Our analysis neglects counts from decays to excited states
in 136Ba, for which our shell model calculations predict
T2ν
1=2ð0þgs → 0þ1 Þ > 1026 yr. Even a very conservative half-

life of 8.7 × 1024 yr that assumes the same NME for the
decay to the ground (gs) and excited 0þ states does not
affect our results. This issue might need to be revisited in
the case of an unexpectedly short half-life close to the
present 90% C.L. lower limit of 8.3 × 1023 yr [43]. The
correction to 2νββ decay represented by ξ2ν31 impacts
KamLAND-Zen analyses of spectral distortions, including
extraction of half-lives to excited states as well as searches
for beyond-standard-model physics, such as for Majoron
emission modes. Considering ξ2ν31 as a free parameter, we
find the additional uncertainty comparable to the energy
scale error. Updated spectral analyses will be presented in
future publications.
Theoretical calculations.—We obtain the 2νββ decay

NMEs M2ν
GT and M2ν

GT−3 to compare calculated ξ2ν31
values to the KamLAND-Zen limit. The NMEs are
defined as [40]

M2ν
GT ¼

X

j

h0þf j
P

lσlτ
−
l j1þj ih1þj j

P
lσlτ

−
l j0þi i

Δ
; ð3Þ

M2ν
GT−3 ¼

X

j

4h0þf j
P

lσlτ
−
l j1þj ih1þj j

P
lσlτ

−
l j0þi i

Δ3
; ð4Þ

with energy denominator Δ ¼ ½Ej − ðEi þ EfÞ=2'=me. Ek
is the energy of the nuclear state jJπki with total angular
momentum J and parity π, andme is the electron mass. The
labels i, j, f refer to the initial, intermediate, and final
nuclear states, respectively, while σ is the spin and τ− the
isospin lowering operator.
We perform nuclear shell model calculations in the

configuration space comprising the 0g7=2, 1d5=2, 1d3=2,
2s1=2, and 0h11=2 single-particle orbitals for both neutrons
and protons, using the shell model code NATHAN [44]. We
reproduce M2ν

GT ¼ 0.064 from Ref. [25] with the GCN
interaction [19] and also use the alternative MC interaction
from Ref. [45], which yields M2ν

GT ¼ 0.024. Both inter-
actions have been used in 0νββ decay studies [11,46]. Shell
model NMEs for β and 2νββ decays are typically too large,
due to a combination of missing correlations beyond the
configuration space, and neglected two-body currents in the
transition operator [3]. This is phenomenologically corrected
with a “quenching” factor q, or geffA ¼ qgA. In general, the
quenching that fits GT β decays and ECs in the same mass
region is valid for 2νββ decays as well. Around 136Xe, GT
transitionswithGCNarebest fitwithq ¼ 0.57 [25], andwith
the same adjustment the 136Xe GT strength into 136Cs [10],
available up to energy E≲ 4.5 MeV, is well reproduced
by both interactions. However, the experimental 2νββ half-
life suggests different quenching factors q ¼ 0.42ð0.68Þ
for GCN (MC). The calculations yield M2ν

GT−3 ¼
0.011ð0.0025Þ. We assume a common quenching for M2ν

GT
and M2ν

GT−3 because the shell model reproduces well GT
strengths at low and high energies up to theGTresonance [9].
This gives ratios ξ2ν31 ¼ 0.17 forGCNand ξ2ν31 ¼ 0.10 forMC,
both consistent with the present experimental analysis.
We also perform 2νββ decay QRPA calculations with

partial restoration of isospin symmetry [16]. We consider a
configuration space of 23 single-particle orbitals (the six
lowest harmonic oscillator shells with the addition of the
0i13=2 and 0i11=2 orbitals). We take as nuclear interactions
two different G matrices, based on the charge-dependent
Bonn (CD-Bonn) and the Argonne V18 nucleon-nucleon
potentials. We fix the isovector proton-neutron interaction
imposing the restoration of isospin [16]. Finally, we adjust
the isoscalar neutron-proton interaction to reproduce the
2νββ decay half-life for different values in the range
geffA ≤ gA ¼ 1.269. We obtain the following ranges of
results: M2ν

GT ¼ ð0.011; 0.164Þ, M2ν
GT−3 ¼ ð0.0031; 0.019Þ,

and ξ2ν31 ¼ ð0.11; 0.29Þ for the Argonne potential; and
M2ν

GT ¼ ð0.011; 0.157Þ, M2ν
GT−3 ¼ ð0.0036; 0.018Þ, and

ξ2ν31 ¼ ð0.11; 0.35Þ using the CD-Bonn potential. Except
for the larger ξ2ν31 values, especially with CD-Bonn, most of
the QRPA predictions are consistent with the present
experimental analysis.
Discussion.—Figure 3 shows the effective axial-vector

coupling constant geffA as a function of the matrix element

-1 Events (ton day)ββνXe 2136

96 98 100 102 104

ν2 31ξ

−1

−0.5

0
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1
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FIG. 2. Allowed region for the joint variation of the 136Xe 2νββ
decay rate and the ratio of the matrix elements ξ2ν31 at the 68.3%,
90%, 95.4%, and 99.7% confidence levels (C.L.). The dot
represents the best-fit point. The profile for ξ2ν31 gives a best-fit
of ξ2ν31 ¼ −0.26þ0.31

−0.25 and a 90% C.L. upper limit of ξ2ν31 < 0.26.

PHYSICAL REVIEW LETTERS 122, 192501 (2019)

192501-4

KamLAND-Zen
Yu-Feng Li et al
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Wide energy range, multiple “interesting” isotopes for neutrino physics
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124Xe double electron capture (DEC)

• Two-neutrino / neutrinoless double electron capture (DEC)

• 2nd order weak process, T1/2=(1.18±0.13stat±0.14sys)´1022 yr from XENONnT

XENON1T, Physical Review C 106, 024328 (2022)
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124Xe DEC: spectrum fit to PandaX-4T data

• Spectral and temporal fit to data for 124Xe DEC signal peak 
• Energy resolution at 64.3keV: (5.4±0.4)%

• Measurement of 124Xe abundance in PandaX-4T: (0.099±0.001)%

• 5% difference from natural abundance
PandaX Neutrino Physics 韩柯，SJTU 17

preliminary

Energy spectrum + time evolution likelihood fit

9

Ø Two fits were performed on Run0 open data for consistency check:
q unbinned 2-dimentional fit on parameter space of (energy, time)
q binned simultaneous fit on energy + time

Ø Fitting results are more precise compared to the fit on energy spectrum only 
Ø Commissioning Run0 + Science Run1 blind analysis on-going



Wide energy range, multiple “interesting” isotopes for neutrino physics

Sub-keV keV 10 keV 100 keV 1 MeV 10 MeV

Xe-136 
(9%)
Xe-134 
(10%)
Xe-124 
(0.1%)

Xe-all
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8B solar 
neutrino WIMP and other DM signals

Double EC

pp solar 
neutrino

DBD and 
NLDBD

DBD and NLDBD

alphas



Search for solar pp + 7Be neutrinos 

• The world’s leading direct detection result is from Borexino
with a recoil energy of >165keV 

• PandaX-4T aims to measure the lower energy spectrum 
than Borexino 

PandaX Neutrino Physics 韩柯，SJTU 19
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ranging from less than one to a few tens of counts per day per 100 tons 
(t) for different solar-neutrino components. To cope with such a low 
event rate, Borexino has a large target mass (about 300 t) and is housed 
deep underground, under 3,800 m water equivalent of dolomitic rock 
that suppresses the flux of cosmic radiation by a factor of approximately 
one million. For more details on the detector, see Methods.

Radioactive decays of unstable isotopes contained in the scintillator 
or in the materials surrounding it represent the main sources of back-
ground (referred to as internal and external, respectively). Whereas 
external background is greatly reduced by concentric layers of high- 
purity materials surrounding the scintillator and by the selection of a 
centrally located software-defined fiducial volume, most of the inter-
nal background can only be cut down by means of liquid-scintillator 
purification. Particularly, interactions of beta particles (β; electrons 
and positrons) and of gamma particles (γ; high-energy photons) must 
be reduced to very low levels, since they cannot be distinguished from 
neutrino interactions on an event-by-event basis. Borexino has reached 
unprecedented levels of scintillator radio-purity. As an example, one 
gram of liquid scintillator contains less than 9.4 × 10−20 grams of 
uranium-238 and less than 5.7 × 10−19 grams of thorium-232 (95% 
confidence level, C.L.), a concentration about ten orders of magni-
tude smaller than in any natural material on Earth. This low level of 
background has enabled real-time detection of solar neutrinos with an 
energy threshold of 0.19 MeV, and allowed us to perform the complete 
spectroscopy of the pp chain.

Solar neutrinos reach the Earth as a mixture of all neutrino flavours 
(electronic, muonic, and tauonic) owing to the flavour-conversion mech-
anism enhanced by the MSW effect (see Methods). Borexino detects 
them by means of their weak elastic scattering off electrons. A fraction 
of the incoming neutrino energy Eν is transferred to one electron, which 

deposits it in the liquid scintillator. The scintillator light is detected by 
about 2,000 photomultiplier tubes, which ensure high detection effi-
ciency of photoelectrons produced by incident optical photons at their 
photocathodes. For 7Be (Eν = 0.384 MeV and 0.862 MeV) and pep 
(Eν = 1.44 MeV) neutrinos, the induced electron recoil endpoints are 
0.230 MeV, 0.665 MeV and 1.22 MeV, respectively. For the continuous pp 
and 8B spectra, they are 0.261 MeV and 15.2 MeV, respectively.

The detected light and its time distribution among photomultiplier 
tubes yield three important quantities for each interaction event in  
the detector: its deposited energy, roughly proportional to the total 
number of detected photoelectrons; its position within the detector, 
obtained from the analysis of the photon arrival times at each photo-
multiplier tube; and its particle identification, based on a pulse-shape 
discrimination method that exploits the different time structure of 
liquid-scintillator light pulses produced by different particles (elec-
trons, positrons, α particles and protons)27. For reference, a 1-MeV 
electron produces on average 500 photoelectrons in 2,000 photomul-
tiplier tubes, its energy is measured with σ ≈ 50 keV and its position is 
reconstructed28,29 with σ ≈ 12 cm.

We divided the analysis into two energy regions that are affected 
by different backgrounds, which need to be handled differently: a 
low-energy region (LER) of 0.19–2.93 MeV, to measure the pp, 7Be 
and pep neutrino interaction rates, and a high-energy region (HER) of 
3.2–16 MeV, to measure 8B neutrinos. For the same reason, the HER is 
further divided into two subregions, below and above 5.7 MeV (HER-I 
and HER-II). The measurement of 8B neutrinos cannot be extended 
below 3.2 MeV because of the 2.614-MeV γ-ray background from 208Tl 
decays, originating from trace 232Th contamination of the thin nylon 
liquid-scintillator containment vessel.

The reconstructed position of each event within the detector allows 
us to define a fiducial volume optimized differently for the analysis in 
the LER and HER-I/II. The LER fiducial volume is chosen to suppress 
external γ-rays from 40K, 214Bi and 208Tl contained in materials sur-
rounding the scintillator and consists of the innermost 71.3 t of scintil-
lator selected with a radial cut (radius R < 2.8 m) and a cut in the vertical 
direction (−1.8 m < z < 2.2 m). The HER is above the energy of the 
aforementioned γ-rays. The analysis in HER-I requires only a z < 2.5 m 
cut to suppress background events related to a small pinhole in the inner 
vessel that causes liquid scintillator to leak into the region outside the 
inner vessel. The total selected mass in this case is 227.8 t. In contrast, 
the analysis in HER-II uses the entire scintillator volume, 266 t, since 
the above-mentioned background does not affect this energy window.

The LER analysis uses exclusively Borexino Phase-II data collected 
between December 2011 and May 2016, in which the internal 85Kr and 
210Bi contamination was reduced with respect to Borexino Phase-I, 
thanks to a liquid-scintillator purification campaign carried out in 
2010 and 2011. The total LER exposure is 1,291.51 days × 71.3 t.  
With the exception of 208Tl decays (Q-value, total energy released  
in the decay, about 5 MeV), the HER is above the natural, long-lived 
radioactive background, making it possible to use a larger dataset, col-
lected between January 2008 and December 2016, for a total exposure 
of 2,062.4 days × 227.8 (266.0) t for HER-I (or HER-II), respectively.

The analysis proceeds in two steps: (1) the event selection, with a 
different set of cuts in the three energy regions to maximize the signal- 
to-background ratio, and (2) the extraction of the neutrino and  
residual background rates with a combined fit of distributions of global 
quantities built for the events surviving the cuts. The main event selec-
tion criteria are conceptually similar for the LER and the HER and are 
conceived to: reject cosmic muons surviving the mountain shield30; 
reduce the cosmogenic background (that is, radioactive elements pro-
duced in muon-induced nuclear spallation processes); and select an 
optimal spatial region of the scintillator (the fiducial volume). More 
details on the cuts are discussed in Methods.

Several backgrounds, listed in Table 1 and described in detail in 
Methods, survive the event selection cuts. To disentangle the neu-
trino signal from these backgrounds, two different fitting strategies 
are adopted for the LER and the HER. The LER analysis follows a 

Fig. 1 | Nuclear fusion sequences and neutrino energy spectrum. 
Schematic view of the pp and CNO nuclear fusion sequences. The solar-
neutrino energy spectrum is obtained from http://www.sns.ias.edu/~jnb/, 
using the updated fluxes taken from ref. 18. The flux (vertical scale) is given 
in units of cm−2 s−1 MeV−1 for continuum sources and in cm−2 s−1 for 
monoenergetic sources.
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Introduction

Sequence of nuclear fusion reactions in the Sun

3Collaboration Meeting 2023, BUAA

• pp neutrinos scatter with electrons of Xenon and deposit energy with 264keV endpoint
• Be7 neutrino  is ~10% lower than pp neutrino
• The world’s leading direct detection result is from Borexino, using energy spectrum start from 165keV
• PandaX-4T can reach lower energy threshold than Borexino

Solar neutrino ER spectrum
pp is dominant component
Be7 is ~10% of pp 

Nature volume 512, pages383–386(2014)

Search for solar pp + 7Be neutrinos

11

Nature 512, p383–386 (2014)

PLB 774 (2017) 656–661

Removed ~10-day 
data with high 
133Xe concentration

Ø Binding energy of electron shell of xenon atoms has been 
taken into account when generating the recoiled electron 
energy spectrum.

Ø Commissioning Run0, excluding ~10-day data right after 
neutron calibrations to avoid high 133Xe concentration.

Ø Same FV as of our first WIMP search, with optimized 
energy reconstruction.
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than Borexino 
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ranging from less than one to a few tens of counts per day per 100 tons 
(t) for different solar-neutrino components. To cope with such a low 
event rate, Borexino has a large target mass (about 300 t) and is housed 
deep underground, under 3,800 m water equivalent of dolomitic rock 
that suppresses the flux of cosmic radiation by a factor of approximately 
one million. For more details on the detector, see Methods.

Radioactive decays of unstable isotopes contained in the scintillator 
or in the materials surrounding it represent the main sources of back-
ground (referred to as internal and external, respectively). Whereas 
external background is greatly reduced by concentric layers of high- 
purity materials surrounding the scintillator and by the selection of a 
centrally located software-defined fiducial volume, most of the inter-
nal background can only be cut down by means of liquid-scintillator 
purification. Particularly, interactions of beta particles (β; electrons 
and positrons) and of gamma particles (γ; high-energy photons) must 
be reduced to very low levels, since they cannot be distinguished from 
neutrino interactions on an event-by-event basis. Borexino has reached 
unprecedented levels of scintillator radio-purity. As an example, one 
gram of liquid scintillator contains less than 9.4 × 10−20 grams of 
uranium-238 and less than 5.7 × 10−19 grams of thorium-232 (95% 
confidence level, C.L.), a concentration about ten orders of magni-
tude smaller than in any natural material on Earth. This low level of 
background has enabled real-time detection of solar neutrinos with an 
energy threshold of 0.19 MeV, and allowed us to perform the complete 
spectroscopy of the pp chain.

Solar neutrinos reach the Earth as a mixture of all neutrino flavours 
(electronic, muonic, and tauonic) owing to the flavour-conversion mech-
anism enhanced by the MSW effect (see Methods). Borexino detects 
them by means of their weak elastic scattering off electrons. A fraction 
of the incoming neutrino energy Eν is transferred to one electron, which 

deposits it in the liquid scintillator. The scintillator light is detected by 
about 2,000 photomultiplier tubes, which ensure high detection effi-
ciency of photoelectrons produced by incident optical photons at their 
photocathodes. For 7Be (Eν = 0.384 MeV and 0.862 MeV) and pep 
(Eν = 1.44 MeV) neutrinos, the induced electron recoil endpoints are 
0.230 MeV, 0.665 MeV and 1.22 MeV, respectively. For the continuous pp 
and 8B spectra, they are 0.261 MeV and 15.2 MeV, respectively.

The detected light and its time distribution among photomultiplier 
tubes yield three important quantities for each interaction event in  
the detector: its deposited energy, roughly proportional to the total 
number of detected photoelectrons; its position within the detector, 
obtained from the analysis of the photon arrival times at each photo-
multiplier tube; and its particle identification, based on a pulse-shape 
discrimination method that exploits the different time structure of 
liquid-scintillator light pulses produced by different particles (elec-
trons, positrons, α particles and protons)27. For reference, a 1-MeV 
electron produces on average 500 photoelectrons in 2,000 photomul-
tiplier tubes, its energy is measured with σ ≈ 50 keV and its position is 
reconstructed28,29 with σ ≈ 12 cm.

We divided the analysis into two energy regions that are affected 
by different backgrounds, which need to be handled differently: a 
low-energy region (LER) of 0.19–2.93 MeV, to measure the pp, 7Be 
and pep neutrino interaction rates, and a high-energy region (HER) of 
3.2–16 MeV, to measure 8B neutrinos. For the same reason, the HER is 
further divided into two subregions, below and above 5.7 MeV (HER-I 
and HER-II). The measurement of 8B neutrinos cannot be extended 
below 3.2 MeV because of the 2.614-MeV γ-ray background from 208Tl 
decays, originating from trace 232Th contamination of the thin nylon 
liquid-scintillator containment vessel.

The reconstructed position of each event within the detector allows 
us to define a fiducial volume optimized differently for the analysis in 
the LER and HER-I/II. The LER fiducial volume is chosen to suppress 
external γ-rays from 40K, 214Bi and 208Tl contained in materials sur-
rounding the scintillator and consists of the innermost 71.3 t of scintil-
lator selected with a radial cut (radius R < 2.8 m) and a cut in the vertical 
direction (−1.8 m < z < 2.2 m). The HER is above the energy of the 
aforementioned γ-rays. The analysis in HER-I requires only a z < 2.5 m 
cut to suppress background events related to a small pinhole in the inner 
vessel that causes liquid scintillator to leak into the region outside the 
inner vessel. The total selected mass in this case is 227.8 t. In contrast, 
the analysis in HER-II uses the entire scintillator volume, 266 t, since 
the above-mentioned background does not affect this energy window.

The LER analysis uses exclusively Borexino Phase-II data collected 
between December 2011 and May 2016, in which the internal 85Kr and 
210Bi contamination was reduced with respect to Borexino Phase-I, 
thanks to a liquid-scintillator purification campaign carried out in 
2010 and 2011. The total LER exposure is 1,291.51 days × 71.3 t.  
With the exception of 208Tl decays (Q-value, total energy released  
in the decay, about 5 MeV), the HER is above the natural, long-lived 
radioactive background, making it possible to use a larger dataset, col-
lected between January 2008 and December 2016, for a total exposure 
of 2,062.4 days × 227.8 (266.0) t for HER-I (or HER-II), respectively.

The analysis proceeds in two steps: (1) the event selection, with a 
different set of cuts in the three energy regions to maximize the signal- 
to-background ratio, and (2) the extraction of the neutrino and  
residual background rates with a combined fit of distributions of global 
quantities built for the events surviving the cuts. The main event selec-
tion criteria are conceptually similar for the LER and the HER and are 
conceived to: reject cosmic muons surviving the mountain shield30; 
reduce the cosmogenic background (that is, radioactive elements pro-
duced in muon-induced nuclear spallation processes); and select an 
optimal spatial region of the scintillator (the fiducial volume). More 
details on the cuts are discussed in Methods.

Several backgrounds, listed in Table 1 and described in detail in 
Methods, survive the event selection cuts. To disentangle the neu-
trino signal from these backgrounds, two different fitting strategies 
are adopted for the LER and the HER. The LER analysis follows a 

Fig. 1 | Nuclear fusion sequences and neutrino energy spectrum. 
Schematic view of the pp and CNO nuclear fusion sequences. The solar-
neutrino energy spectrum is obtained from http://www.sns.ias.edu/~jnb/, 
using the updated fluxes taken from ref. 18. The flux (vertical scale) is given 
in units of cm−2 s−1 MeV−1 for continuum sources and in cm−2 s−1 for 
monoenergetic sources.
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Introduction

Sequence of nuclear fusion reactions in the Sun

3Collaboration Meeting 2023, BUAA

• pp neutrinos scatter with electrons of Xenon and deposit energy with 264keV endpoint
• Be7 neutrino  is ~10% lower than pp neutrino
• The world’s leading direct detection result is from Borexino, using energy spectrum start from 165keV
• PandaX-4T can reach lower energy threshold than Borexino

Solar neutrino ER spectrum
pp is dominant component
Be7 is ~10% of pp 

Nature volume 512, pages383–386(2014)

Search for solar pp + 7Be neutrinos
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Removed ~10-day 
data with high 
133Xe concentration

Ø Binding energy of electron shell of xenon atoms has been 
taken into account when generating the recoiled electron 
energy spectrum.

Ø Commissioning Run0, excluding ~10-day data right after 
neutron calibrations to avoid high 133Xe concentration.

Ø Same FV as of our first WIMP search, with optimized 
energy reconstruction.

Borexino 
measurement 
>190 keV (for 
illustration only) 



Shape of the most important background 214Pb

• Dedicated 222Rn calibration campaign to measure 214Pb spectrum in-situ. 

• 222Rn activity ~1 mBq/kg, 100x higher than science data.

• Measured 214Pb spectrum is then used in the fit on science data to estimate 214Pb level. 
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214Pb spectrum fitting on 222Rn calibration data

13

Ø Dedicated 222Rn calibration campaign was carried out to measure 214Pb spectrum in-situ.
Ø 222Rn activity ~1 mBq/kg, 100x higher than science data.
Ø Fit was performed with 214Pb decay branching ratios floating.
Ø Measured 214Pb spectrum is then used in the fit on science data to estimate 214Pb level.
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214Pb spectrum fitting on 222Rn calibration data

13

Ø Dedicated 222Rn calibration campaign was carried out to measure 214Pb spectrum in-situ.
Ø 222Rn activity ~1 mBq/kg, 100x higher than science data.
Ø Fit was performed with 214Pb decay branching ratios floating.
Ø Measured 214Pb spectrum is then used in the fit on science data to estimate 214Pb level.
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Preliminary solar pp + 7Be neutrinos measurement 

• Background constrained from higher energy fits or 
dedicated studies

• Peaks and 133Xe float 

• ~ 1 sigma significant signal with PandaX commissioning 
data
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Constrained from higher energy fits or dedicated studies:
• Pb214 (10% constraint)
• Material (12.5% constraint)
• 136Xe 2nbb (4.6% constraint)
• 85Kr (51% constraint)
Float:
• 35 keV single gaussian peak (127Xe + 124Xe + 125I)
• 65 keV single gaussian peak (124Xe + 125I)
• 133Xe (simulated spectrum)

Preliminary solar pp + 7Be neutrinos measurement

15

A first measurement 
below 190 keV 

The current best 
measurement with 
threshold of 190 keV

ROI chosen as [24, 144] keV

Standard solar
model
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Solar pp + 7Be neutrinos sensitivity in PandaX-xT

• PandaX-4T expected uncertainty: ~28% @ 6 ton·year 

• 222Rn ~3.5 uBq/kg, 85Kr ~0.25 ppt, with uncertainty <5% 

• PandaX-xT: expected  uncertainty: <10% @ 8 ton·year 

• 222Rn ~0.5 uBq/kg, 85Kr ~0.01 ppt, with uncertainty <2% 
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PandaX-xT:
multi-ten ton liquid 
xenon project at CJPL-II 

Solar pp + 7Be neutrinos sensitivity for the future

16

• PandaX-4T: 222Rn ~3.5 uBq/kg, 85Kr ~0.25 ppt, 
with uncertainty <5%

=> pp solar neutrino flux measurement uncertainty: 
~28% @ 6 ton·year

• PandaX-xT: 222Rn ~0.5 uBq/kg, 85Kr ~0.01 ppt,
with uncertainty <2%

=> pp solar neutrino flux measurement uncertainty: 
<10% @ 8 ton·year

Blue: PandaX-4T upgrade
Black: PandaX-xT

PandaX-xT: 
multi-ten ton liquid xenon 
project at CJPL-II
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PandaX-xT: Multi-ten-tonne Liquid Xenon Observatory 

• Active target: 43 ton of Xenon
• Decisive test to the WIMP paradigm 

• Explore the Dirac/Majorana nature of neutrino 

• Search for astrophysical or terrestrial neutrinos and 
other ultra-rare interactions 

• Improved PMT, veto, vessel radiopurity, etc

• Staged upgrade utilizing isotopic separation on 
natural xenon.
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PandaX-xT for NLDBD

• 4 ton of 136Xe: one of the largest DBD experiments

• Effective self-shielding: Xenon-related background dominates
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Head-to-head with other DM/DBD experiments 
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Bkg rate 
(/keV/ton/y)

Energy 
resolution mass (ton) Run time

Sensitivity/Lim
it (90% CL, 

year)

PandaX-4T 6 1.9% 4 94.9 days > 1024

XENONnT 1 0.8% 6 1000 days 2 × 1025

LZ 0.3 1% 7 1000 days 1 × 1026

KamLAND-ZEN 0.002 5% 0.8 (136Xe) 1.5 years 3⨉1026

nEXO 0.006 1% 5  (136Xe) 10 years 6⨉1027

DARWIN 0.004 0.8% 40 10 years 2 × 1027

PandaX-xT 0.002 1% 43 10 years 3⨉1027



Possible isotope seperation/enrichment

• Xenon with artificially modified isotopic abundance (AMIA) for smoking gun discovery
• A split of odd and even nuclei

• Further enrichment of 136Xe

• to improve sensitivity to spin-dependence of DM-nucleon interactions and NLDBD
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Neutrino physics program at PandaX

Sub-keV keV 10 keV 100 keV 1 MeV 10 MeV

Xe-136 
(9%)
Xe-134 
(10%)
Xe-124 
(0.1%)

Xe-all
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8B solar 
neutrino WIMP and other DM signals

Double EC

pp solar 
neutrino

DBD and 
NLDBD

DBD and NLDBD

alphas

• Re-think the LXe TPC as a Total-Absorption 5D Calorimeter 

• Fully exploit the entire energy range of LXe TPC

• Fully utilize the mulitple isotopes of natural xenon for rich physics 



Thank you very much


