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Beta decay milestones
Rutherford’s identification of alpha/beta-rays

Penetration length; ionization in air

Fermi’s theory of beta decay

Fermi four-fermion interaction; half-life and spectrum; neutrino

Parity violation (Lee and Yang, with Wu)

Beta asymmetry; gamma anisotropy

Neutrinos! 

Source; detection; mass measurement; Majorana neutrinos
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We have studied beta decay for more 
than a century. What remains to be 
discovered?

Particle Physicist: 

I trust everything in nuclear physics!
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Let’s start with β spectroscopy
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β spectrum and neutrino mass

2

Non-zero neutrino mass induces a distortion 
close to the β spectrum  endpoint

● Oscillations prove that at least two neutrinos have mass 
● However, oscillations are not sensitive to the neutrino mass scale → need another observable

mβ

Tritium β decay:
• Q = 18.6 keV
• T1/2 = 12.3 yr

mβ

→ see C. Wiesinger talk on 25/8The simple and well-studied β spectrum

From KATRIN10/22/25 12
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Non-zero neutrino mass induces a distortion 
close to the β spectrum  endpoint

● Oscillations prove that at least two neutrinos have mass 
● However, oscillations are not sensitive to the neutrino mass scale → need another observable

mβ

Tritium β decay:
• Q = 18.6 keV
• T1/2 = 12.3 yr

mβ

→ see C. Wiesinger talk on 25/8
Theoretical β spectrum calculation

From KATRIN

• Initial and final state

• V-A

• Fermi screening correction

• Weak magnetism current

• Recoiled Coulomb potential

• Finite nuclear size correction

• Radiative correction

• Atomic Quantum Effect (AQE):

• Exchange of β and e-
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β spectrum and neutrino mass

2

Non-zero neutrino mass induces a distortion 
close to the β spectrum  endpoint

● Oscillations prove that at least two neutrinos have mass 
● However, oscillations are not sensitive to the neutrino mass scale → need another observable

mβ

Tritium β decay:
• Q = 18.6 keV
• T1/2 = 12.3 yr

mβ

→ see C. Wiesinger talk on 25/8
Measured spectrum from 1 keV

TAUP 2025, Xichang Institute for Basic Science
3H 𝛽𝛽 decay spectrum fit: 

Using one week (7 days) of one channel 
 χ2/NDF = 308.6/314

We included 
- 3H distribution in the LiF crystal
- Position calibration function
- One channel 7-day data 
      (~1/30 of the measured data)

  Good agreement between the measured 
and expected values.

 We can activate the routine for sterile 
branch search.

in the analysis range 1~17 keV

14

TAUP 2025, Xichang Institute for Basic Science

4.78 MeV

3H Production in LiF Cubic Crystals
Neutron irradiation at  KRISS

Neutron sources
(One 252Cf +Two AmBe)

LiF location: 
Center of the storage

10-hour spectrum 
using the first LiF(3H) 
with 55Fe source

Week exposure  ~ 20 Bq in a LiF

Mean free path: 
2.3 mm in LiF with 7.6 % 6Li

6

From LiFE-SNS

Standard Model β-decay of tritium

2

• Fermi’s golden rule (decay rate):

• Differential spectrum
dΓβ
d𝐸

𝐸,𝒎𝝂
𝟐 = 𝐶 ⋅ 𝐸 +𝑚𝑒 ⋅ 𝑝𝑒 ⋅ 𝐸𝜈 ⋅ 𝐸0 − 𝐸 2 −𝒎𝝂

𝟐 ∙ Corr(𝐸)

• Energy scale: tritium Q-value ~ E0 ≈ 18.6 keV (kinematic limit) 

→Measurement of integrated spectrum
beyond set retarding potential Uret

Probing new light particles with the KATRIN experiment TAUP2025

KATRIN
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β spectroscopy is straightforward.

Precision β spectroscopy is not.

Energy loss in source

Threshold and energy response in detector

Background
v

u

w

x
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A complete, precise β spectrum has 

never been measured.

Energy loss in source

Threshold and energy response in detector

Background
v

u

w

x
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Source = Detector

Bolometer 

Full energy in detector 😀

300K

20mK

80mK+δT

γ

β

760μm
Pb-Sn ball

Cu Shielding

210Pb

 20mK

1K

   40K

 4K

Ag

241Am

80mK TES

Shuo Zhang, Hao-Ran Liu, Ke Han, Xavier Mougeot, Paul-Antoine Hervieux, 

et al. Arxiv:2509.26390

210Pb82
22.20 (22) y0+ [GS]

β- 

0  5.012 (5) d 1- [GS]

46.539 (1)  < 3 ns 0- [ES]

(keV)

210Bi83
Qβ = 63.34 (20) keV*

⟿

γ e-13.7 (5) %* 

86.3 (5) %* 
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𝛄 coincidence 

summing

Threshold-Free β 

measurement 😀😀
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Multiple spectroscopic lines for calibration 😀😀😀

Arxiv:2509.26390

😀😀😀😀
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First complete, precision β decay spectrum from 0 keV

Arxiv:2509.2639010/22/25 20



AQE: all orbits contribute positively
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Let’s continue with the daughter
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Let’s continue with 𝛄 spectroscopy
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210Pb82
22.20 (22) y0+ [GS]

β- 

0  5.012 (5) d 1- [GS]

46.539 (1)  < 3 ns 0- [ES]

(keV)

210Bi83
Qβ = 63.34 (20) keV*

⟿

γ e-13.7 (5) %* 

86.3 (5) %* 
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It is challenging to obtain a decay scheme 
from β spectroscopy or 𝛄 spectroscopy
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Branching Ratios from different sources

DDEP
NDS NDS 

20092021

2.75

1.04

45.944.5(7)

40.239.0(5)

9.211.012.7(9)

839 keV

534 keV

352 keV

295 keV

0 keV

Pb!"!"#

Bi!#!"#

!!(%)

 

2.75(8)

1.063(18)

41.09

46.52

1.047

2.762
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PandaX liquid 
xenon TPC



214Pb β decay spectra are critical for LXe TPC

signal and backgrounds, respectively. For background, nk is
fixed while the nuisance parameters ηk denotes the fractional
difference between the prior and fitted counts. In the likeli-
hood function, a Gaussian penalty is added for each back-
ground except 214Pb based on the prior fractional
uncertainty σk derived from Table 1. The prior 222Rn level
is measured in situ with the number of high-energy alpha
particles emitted in the decay chain with small uncertainty.
However, the number of 214Pb may be smaller due to prog-
enies attaching to electrodes and the inner surface of the
detector [36]. Therefore, the number of 214Pb events is
unconstrained in the fit.

The fitted spectra in Region 1 and the combined results
of the other three regions are shown in Figure 4. In the
FV, 136Xe DBD events are dominant. The total number of
DBD events is 17468 ± 257. A parallel fit is also performed
with the RooFit package [37] giving consistent results.

The fitted results of all background sources are listed
in Table 1 in comparison with the expected counts. The
most noticeable background is from 214Pb, the progeny
of 222Rn. The ratio of 59.6% between the fitted count of
214Pb and the expected count of 222Rn, which is estimated
from its alpha events, represents the aforementioned
depletion of 214Pb. The large sensitive volume of
PandaX-4T helps determine the external radioactive con-
taminations more accurately and robustly, as demonstrated
by the smaller uncertainties on the fitted number of
counts. Agreements within two sigmas between our fit
results and radioactive assays are observed for most of
the contributions. For comparison, the best fit results are
used to calculate the expected spectrum for the regions
outside of the FV, as outlined by the three dashed rectan-
gles in Figure 2. Within our DBD ROI, the largest differ-
ence between expected and measured rates is 2.3%, and
the agreement is within 1% when the three dashed regions
are considered together.

We performed the fit by varying bin size from 1 keV to
40 keV and lower (upper) fit range from 440 (2600) to 600
(3000) keV. The impact of both changes is at the 1% level
or smaller. Systematic uncertainties may also come from
the mismatch between simulated and measured spectra in
the FV. Three independent effects are studied including
uncertainties in energy resolution, energy scale, and the rel-
ative variation of weights among the four regions. To cleanly
evaluate the systematic effect of energy reconstruction, the
maximum deviation of both the reconstructed energy peak
and energy resolution is included. PDFs from the simulation
are generated with energy resolutions scaled from 0.8 to 1.2
times the measured resolutions. We also shifted the peak
positions of PDFs by up to ±10 keV. The relative weight nk
in Equation (2) is calculated from the geometry or scaled
by the measured 222Rn rates in each region. Different impact
on DBD half-life between the two sets of weights is treated as
the regional weight systematics, as listed in Table 2. All the
background PDFs are generated assuming secular equilib-
rium of the U/Th chains. If the early and late parts of the
decay chains are allowed to float independently in our spec-
trum fit, we observe a 2.0% shift in our DBD result, mainly
due to the thorium chain. The shift is treated as a systematic

uncertainty from the nonequilibrium decay chain. More-
over, a recent reevaluation of 214Pb beta decay spectrum
pointed out that the spectrum calculated by Geant4 may
not be precise [38]. In our ROI, the new theoretical calcula-
tion changes the spectrum by approximately -6% to 30%
from low energy to high energy, if we assume the same cor-
rection can be applied to 214Pb decay to excited states as well
as the ground state. Therefore, a sizable impact of 2.0% is
observed in our fit result. Similarly, 136Xe DBD shape may
also influence the half-life measurement. An alternative
shape assuming a single-state dominance hypothesis (SSD)
[39] is used in the spectrum fit and the result differs from
the baseline choice by 0.36%.
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Figure 4: Results of the simultaneous fit. For better visualization,
Region 1 is shown individually (a) and the other three regions are
shown together (b). Fitted spectral of background components of
(category, isotope) pairs are grouped and plotted based on
isotopes. In each figure, data and fit results are shown in the top
panel and residuals in the bottom panel. The χ2/NDF (number of
degrees of freedom) as an indicator of the goodness of fit is
shown for each figure.
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214Pb spectral shape calculation depends on 
models and experimental inputs

HASELSCHWARDT et al. PHYSICAL REVIEW C 102, 065501 (2020)

FIG. 1. Comparison of β spectra for the ground-state decay of 214Pb shown over the full energy range (left) and at low energies (right).
The result of this work is shown as a solid red line calculated using gA = 0.85 and applying the atomic exchange correction. The upper and
lower bounds of the shaded band show the spectrum obtained with gA = 0.7 and gA = 1.0, respectively. Spectra are normalized over the full
energy range for each value of gA.

in s1/2 (κ = −1) and p1/2 (κ = +1) orbitals. The shape factor
C(we) as defined in Eq. (3) being energy independent, the
exchange effect is corrected by applying

C(we) −→ C(we) × (1 + η1). (10)

In the case of first-forbidden unique transitions, β electrons
can be created in states with κ = ±1 and ±2. The exchange
process can thus occur also for the atomic electrons in p3/2
(κ = −2) and d3/2 (κ = +2) orbitals. In addition, the shape
factor is well known to exhibit the following energy depen-
dence:

C(we) ∝ q2 + λ2 p2, (11)

with q = (w0 − we) and

λ2 =
α2

+2 + α2
−2

α2
+1 + α2

−1
. (12)

The first term in Eq. (11) comes from β electrons with κ =
±1 and the second term from those with κ = ±2. One can
demonstrate that the exchange effect is corrected by applying

q2 −→ q2 × (1 + η1), (13)

λ2 p2 −→ λ2 p2 × (1 + η2) . (14)

The correction factor is defined by

ηk = T+k (T+k − 2α+k ) + T−k (T−k − 2α−k )
α2

+k + α2
−k

. (15)

The exchange probability between a β electron and an atomic
electron mainly depends on the overlap of their radial wave
functions. As the process can occur with each electron in a κ
state, one has to sum over the different (n, κ) states. Assuming
no atomic excitation and completely filled orbitals, one can
establish

Tκ =
∑

n

〈φ′
c,κ |φb,nκ〉

〈φ′
b,nκ |φb,nκ〉

β ′
nκ

(
p′

nκ

p

)k−1

. (16)

FIG. 2. Comparison of β spectra for the ground-state decay of 212Pb shown over the full energy range (left) and at low energies (right).
The result of this work is shown as a solid line calculated using gA = 0.85 and applying the atomic exchange correction. The upper and lower
bounds of the shaded band show the spectrum obtained with gA = 0.7 and gA = 1.0, respectively. Spectra are normalized over the full energy
range for each value of gA.
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065501-4

Decays to GS, ES (295 and 534 keV): first-forbidden, non-unique decays 

Haselschwardt  et al. PRC 102, 065501 (2020) with NDS 2009 br. 
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Let’s conclude with neutrino
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Let’s conclude with neutrinoless 

double beta decay

β β
ν  ν
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Double beta decay milestones
Goeppert-Mayer (1935)

2 neutrino Double beta decay

Majorana (1937)

Neutrinos are the antiparticles of themselves

Furry (1939)

Neutrinoless double beta decay

Elliott, Hahn, Moe (1987)

Observation of 2νββ in a gas TPC
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Double beta decay milestones
Goeppert-Mayer (1935)

2 neutrino Double beta decay

Majorana (1937)

Neutrinos are the antiparticles of themselves

Furry (1939)

Neutrinoless double beta decay

Elliott, Hahn, Moe (1987)

Observation of 2νββ in a gas TPC (call back to Wu, 214Pb/Bi)
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Experimental searches

• Detect the electrons

• Energy

• Trajectories

• Detect the daughter nuclei

• Geochemical and radiochemical

• Imaging

Phase space factor Nuclear matrix element

37



Solid state detector arrays Gas/liquid detectors

CUORE/CUPID KamLAND-ZEN

LEGEND nEXO

CDEX PandaX

CUPID-CJPL NνDEX

JUNO-0νββ

10/22/25 38



CUORE bolometer array

• Search for 0νββ of 130Te

• 988 TeO2 crystals as a bolometer array

• 19 Towers

• 13 floors 

• 4 modules per floor

Constraints on lepton number violation with the 2 tonne · 
year CUORE Dataset, DOI: (10.1126/science.adp6474) 39



Constraints on lepton number violation with the 2 tonne · year 

CUORE Dataset
DOI: (10.1126/science.adp6474) 
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PandaX detectors

4110/22/25



Recent PandaX-4T double beta decay results

136Xe 2𝜈𝛽𝛽 half-life: 2.27 ±
0.03(stat.) ± 0.09(syst.) ×
1021 yr

Research, 9798721 (2022) 

136Xe 0𝜈𝛽𝛽 half-life  > 2.1 ×
1024 yr (90% C.L.)

mββ < (0.4 − 1.6) eV
Science Bulletin 70, 1779 (2025)

The most stringent 134Xe
2𝜈𝛽𝛽 and 0𝜈𝛽𝛽 half-life 
limits
PRL 132, 152502 (2024) 
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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 0νββ

• 4 ton of 136Xe: one of the largest 0𝜈𝛽𝛽 experiments

• Effective self-shielding: Xenon-related background dominates

10/22/25 44



Precision β decay 
spectroscopy

0νββ searches
with ββ spectroscopy

Bolometers Liquid xenon TPC

CUORE
2 tonne · year

10/22/25 45
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Thank you! 

20mK

80mK+δT

γ

β

760μm
Pb-Sn ball

Cu Shielding

210Pb

Ag

241Am

80mK TES

Ke Han (SJTU) 韩柯 (上海交通大学)
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