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Figure 1

Constructed using the posterior samples from 4 independent Markov Chain Monte Carlo (MCMC) chains via the Kernel Density

Estimation (KDE) method. This figure presents the distribution characteristics of the model’ s core parameters, as well as the pairwise covariance

relationships between these parameters.
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Figure 2 The dataset comprises 461 nuclides, with red markers representing the distribution of samples with high prediction deviations. This figure
displays the various metrics of the fusion model (sorted by half-life), the precision for different types of nuclides, and the detailed estimation
uncertainty for each sample; the precision of even-even nuclides is reduced to 0.186.
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KEIRTT .

BRI GP R ZfiEaE 1, BTG a2
23 6 H S50 W B 5 NUDL 2 305 3 38 248
TERNP BN A vk 78, HAR B BB T NUDL 2
TR AR 25 RO 76 56 280N 77 AR 1) R e P A 22, aeh et
Lt GP ) 5 56 3515 5 95%HDP [X [8] 55 1% 4 BEAR 1Y 5% 722
FIUCRCFE B, CAULHIWT GP 2 A RO T sk %
(AR AR R 5 [R] AF SR FH 79 ot R PR R A B 4 A
P — “KEREWTE” — 5T GP I RBF
B EEREE, DB/ RRHERUN R RI 22 5] KR 7%
REWE, WAL/ DRAERE R B, R B
BVEVE” —— B LA e B AN REE S T R Y
RMSE 3 &, DLIG & K/NRAERFE X AR AR, 1Y
R A T 3 W AZ AR AAE R 22 1 Dk e S B, B M
R, DA SR AR AT A% 3R AR A 1 3D 2 1R 2 1 T R AR
g, SRy 3 SR 3 Fros.

° o MEMmEE
— GPEME
GP 95% HDP

FE/GPTRNE

B3 Dot A8 s I $ i s s W i 5 NUDL A R 5 5%
WMERIZEAE NEhATRZE, BAE GP W Rt vk 2 M HE Ak
il

Figure 3 Takes the difference between the experimental logarithmic
value of the alpha decay half-life and the posterior mean of the NUDL
formula as the dynamic residual, validating the GP’s ability to capture
nonlinear residuals.
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Table 3 Feature Importance Comparison of Gaussian Processes

CikE oA .

A, BERO, g hin
HREAIE 2.947 7.272 0.593 0.621
B EEN 7.371 0.520 10.919 0.243

HIE 3 ) I, WA R B AN R 22 I AR BENL A7
12 00 B A — e IR sl 35, Ko 37 1
GP (5 WA M £ bfir, HYS Z s mEE S,
55k 2 AL R R AE A — B, H GP Y
95%HDP [X [A] 78 i 1 £ 90% [ B AR % 2= BE A, X
A HGOREAS 557 DRI 22 9 3 8 GIP 1 S0 1 B 1 v 7 [X
4k X —45 R BEHAESE, GP HAEIURAIEEFELE
BELHL, 1 A& BES A R HE NUDL A 2R 56 13 &5
R MR R, R AR TN S BN R G2 . M
FERFAE H A S A, PR 7 200t A R 1 2 22
S TERRERBEW ik, R 4, 1 HUE 55 ek
7.272, giE T HARRE, 2R OU 5E R AR O E 2R
PERR 22 DT BR B B O B A R AE, AT Z, A
2.947, TIRRIEIRZ, ARSI R M vTEkE N
S E AR o A% 0T B B B e DR R S A% I A 1 Ay
i 72 850 DS AR R B S5 A% O O R AE , X 8 1
#& NUDL 2 2 A S 20 A% 1) 32 B0k 22 kIR, Wn4)
58 Z 8 IE A AEBROE AL AR BN, R I AE v
R AR ZE A R R, R SR R
1M AT 5 R TR TR R A . PR AR BAE A
Ky SRR IO 58 N IR B R 3, Mt R I — &
MERZTUBREE . EEHEEMEE T, WA o 5
% Z,, i) RMSE 55355105 10.919+ 7.371, 11 i &
B A, FIE R n ) RMSE B BRI BEE T 0, X%
B 278 ek NUDL 9 BASE 2 A B (1) 2= 3 1 2 00 30001
SR mAE BOK, MBIk, —#F{EJN NUDL
A 3RIAZ O B NARRAE , 0 ASE 2 3 U T 00 45 SR 1) S 434
F 5o e, HAREAS BN Psh 2 B T SO AL
WEM L BT,

KR ZE IR AET &, 12 AR ZE OB L] 5 A
TR TR A E R R T RE R LS. AR S
HLf 402 NUDL AU “ B 22 E” , AT xt

T E RN AT TR, R o
A2 3 W AR A 3 A 0 R 2R s T B O 2 A
W58 RN S S F BB IERRE, HAT BN IR EAE IE
FRAE, 3 A% NUDL AR R NdB, SLE
BT GP i A% e A8 1E A% T A8 S0 A0 0 34
IS (RIAZ O VR o A% 2287 n A8 W R 7 ik vh B PR 1Y 85
0, SRR T o 725 (14 2 SO0 TR0 e 4 15 W 378 2507 AH
RFRZE WA S5 LG5 o AR 2 BT R A% R A BRARAIE (1) 5T
Wk 5 R M B A AT, R JE SR () oy AR AR T
HH 6 )RR AU AR 2 AR A

TEEZ S B EZ RN R ST L RAAERIR
WREZ LN s, SRR, B
YT P AT 5 o AR S B AR A, R — A0
SRR 2 3 BA T B L AR, JCAE S5 56 AT o B A
TN AN T i, #8RT RE AR IO g F00II 25 SR 1) S22 2
78, BRSO R AR R R W, SO AT S0
UM T D) . N B OSBRI E N o
AR BTN 25 SR 2, AR FH R S s 4y
W4l DU 37 5 S04 AR ST IR, B 3 BUASE 7Y 110 A 445 4 %
BZ4 as by o h, XEEADNSEGEIN + 1% 570N
B, HET OSSR E IR RE CEE AR HOR L
Bl 5SS 80 E S I HED , DU S Ho
T OB R R 5 g 1) s [ B S O o v RO
R OB RBbRAEZE S I RECYE M E
B F A S EUI AR o U U 2 ) R e 1, et DL e
Wik b S H G A E M, SRR R 4 Fios.

R4 LS HIBIBE T

Table 4 Sensitivity Analysis of Core Parameters.

- JRM BRTE R Wbk 25 BaPE R R
T ¥IfE 95%EEXE AR RE(%)

a 0.418 18.758 [17.377,20.140] 118.598

b -0.406 -9.408 [-10.143,-8.673] -125.890

c 24051  -7.928 [-8.632,-7.223] -143.107

h 0.526 0.323 [-0.402,1.048] 3610.762

S5 RIR, AN AL G500 SRR S H06 2 3 B B0
TRURR M 2 35 (O T LA B A T 5 B o L R s A %
FE LR R E T a (03 R EIE 18.758,
95% B 15 X 1] [17.377,20.1401 % Hit &% A, 40
K, RFRERT a BRUNEN 1%, P25
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Y4k 18.758%, &%) -3 B i 3% . X
IR IR S H, HE BRI ok T B 7 A 2 O
T —— a HP KK EERABR2FFEILE, N
Mok TR, dE AR . SRR AR AR
5 ok 7 T M 26 . 5 B4 R Im #% 2R 1 S 40 b
5 ¢ B3t 2800 51 0N-9.408 F1-7.928, HUBMERZ
HEBZFEGAEG, A/ 6 2w FmER 5N
KM (p=—0.817) , #E— B iER —FH i@ AMEHLH]
WA RE, RIS % b 3K, RIMIEA R, Y
FRMEZESE T, AR E KA, HiEE e RPN R
HEIH o 2O, AR DA R THIAE FH 5 4 Jm % 28 2 vf 1) 47
PUR R AR ERZ, S50 h et REYE
A 0.323, {HIH 95%E {5 X 8] [-0.402,1.048] B & . &
T, HEMZ R R 3610.762% 8 2% T HAlh 2
#, RPHAEGRATTHERE XA, SE RN
AT 2 2 S0 5 e B L1055 LS ) R 52 ) I8 I

W R TT 6, 7E NUDL A3t h HAE AR BN
BT BRI R, P BN & T R 3o AR ELAE
Hm Ok GP R I R B IE . IR S5 7 I
W 56808 7 i, HL AR O AZ TV R Bl AL A sk 4
Ja ¥ I DT 5 K T A R TR &
FERNE, SR T Gt W3 .

o R BRI FL A% O (B AN AE T 10L& 2 A%
R AR, BAET IR EE . BREFERR
R G AR AR AL P S B S, XK R,
WA PR R R A D S B R AR, FLAE A
B o AR REIARRAE, BRI AN AL RE S BB e
FLXF A A 2 AR R P TN 4 T {5 B, X R R AR B
TR 75 IR A PR A O AN A S AR . N
U, AR 1T 5 4k LY B S5 = R AT o
AR 2T ST A A 4430, ) g ok N7 0N 6k £
x5 .

RS A5 FE AR AR 0 AL I HE 5 A T 4 2R
Table 5 a-Decay Half-Life Data from Famous Nuclear Physics Laboratories
in the Past 5 Years vs. Model Prediction Results

BE OB S WNEEERIN

. N
BRBMEE pvme  s50m

0. n log,y(T;,) log (Ths0)
11205 5223 0 3.982 3.284 0.698 CHR[34]
176pt 5.885 0 1.199 1.258 0.058 CHR[34]
179Au 5.982 1 0.857 1.546 0.689 CHR[35]
Hg  6.259 0 0.732 0.641 0.091 JCHR[34]
190A¢ 7.917 2 -3.000 2.122 0.878 CHR[36]
196Rn 7.620 0 -2.330 2.179 0.151 HR[37]
198Rn 7.350 0 -1.180 -1.217 0.037 CHER[37]
200Rn  7.040 0 0.070 -0.029 0.041 CHR[37]
WAc 8217 1 -4.252 -2.360 1.892 TCHR[38]
WAC 7.957 2 -1.936 -1.341 0.595 JCHR[38]
04Ra 7.640 0 -1.220 -1.355 0.135 CHR[37]
06Ra  7.420 0 -0.620 -0.567 0.053 CHR[37]
207Th 7.790 1 -2.010 -0.837 1.173 CHR[39]
208Ra 7.270 0 0.100 -0.015 0.155 CHR[37]
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210pg 8.284 2 -2.222
210Th 8.070 0 -1.800
212Th 7.960 0 -1.500
214Ra 7.266 0 0.281

24y 8.533 0 -3.284
218Th 9.878 0 -6.810
29Th 9.339 1 -5.979
220pg 9.542 2 -6.081
my 9.416 0 -5.398
27py 8.338 1 -0.108
HoCf 6.860 0 5.110
M8Cf 6.360 0 7.560
248Fm 7.990 0 1.660
20Fm 7.560 0 3.380
2%No 8.230 0 1.820
236No 8.580 0 0.530
2608g 9.900 0 -2.040
260Hs 10.350 0 -2.410

-1.504 0.718 SCHiR[40]
-1.937 0.137 CHER[37]
-1.492 0.008 CHER[37]
0.195 0.086 WHR[41]
-2.463 0.821 SCHER[42]
-6.851 0.041 SCHR[41]
-4.853 1.126 WHR[41]
-5.037 1.044 SCHER[41]
-5.168 0.230 SCHER[41]
-1.113 1.005 CHiR[43]
5.190 0.080 SCHER[37]
7.529 0.031 SCiR[37]
1.735 0.075 SCHR[37]
3.412 0.032 CHR[37]
1.913 0.093 CHR[37]
0.645 0.115 HR[37]
-1.892 0.148 CHER[37]
-2.357 0.053 CHR[37]

T 25 SR, BT R B0 5 3 A R A
T, 5 RAT AT BV GRS I T A — B (A
W TRINRS B e i, B35 1720s 55 214U A% T 22 8
0.698 0.821, FLAth ¥ 3 BA T I s 22 e KAV 0.23,
BT S B M B R, BIAEXT T A AR e 1 Sg B Hs
¥, PRI ZE A HIAE 0.2 LU, 3BTRS R 5 45
PRI R, B 2% L (R A HE T 8 7 o T FRATT B,
A WS A AT e 22 L TR AR A, U R
ZIE 0.5 H%2 1.0 L, IR E A Y W
DM ZE35 1.8920 %45 FE—DIGIE T BATZ AT 145
WA B RO T 1% = 2 E A AF R AN
NUDL 2 2 A 5 ) SO0 578 2508 78 57 00 I A8 40 v 4k
SROBRZE I E EORIE, GP BRI et sk =,
B A7 4% 7% R BORE G B LA AL 75 itk . b

A, B RS A e S AR BE A% ZR I T s 22 A HH B ) 2 4
K, BERILE e AR X A R A e 1R R AT, XXX R A
FEWRER PR BRI R ARG
LYF R L

4 Eig

AT TN DU S HEWTHE 28 45 i rid RE AR 4G
B8 T AL G T /) T IRIEL S [ NUDL A 5
E a8 A2 TN o B0 SR B o X — B R M A 2,
it it DL e 5 iR AN B T S B R T
itk 5 AN E VR AL, OB AR VESR L TR
AR s[RI 51N T 4% 17 22 bR £ RBF A% GP it
2, AR 7 NUDL 2 AR &A@ 582 12
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Bayesian Inference Based on Gaussian Process for Studying
the a-Decay Half-Life of Atomic Nuclei

Haijun Chen', Wenhao Huang', Haowen Sheng', Tianliang Zhao?®, Xiaojun Bao*"
1.School of Digital Media Engineering and Humanities, Hunan University of Technology and Business, Changsha 410205, China;
2.College of Physics and Electronic Sciences, Hunan Normal University, Changsha 410081, China;

Alpha decay is one of the key decay modes of heavy and superheavy nuclides. Existing a-decay formulas with
parameters fitted by the least squares method usually simplify model errors to random perturbations and fail to
quantify the uncertainty of model parameters. Aiming at addressing the aforementioned limitations, this study
integrates Bayesian inference with Gaussian processes to construct a novel analytical framework, which ultimately
achieves the uncertainty quantification of parameters in the Novel Universal Decay Law (NUDL) formula and reveals
that the microscopic shell effect not incorporated in the formula constitutes the dominant systematic error. In addition,
through sensitivity analysis and feature importance analysis, we further quantify the parameter sensitivity and feature
contribution: the scaling factor a for the barrier penetration probability is the most sensitive to the half-life prediction;
the nuclear mass number is the core characteristic influencing the microscopic effect, with the nuclear charge number
being the secondary one, and this effect exerts the most prominent contribution to the half-life prediction errors of
even-even nuclei. The overall root mean square error (RMSE) of the model is 0.375, with the minimum RMSE of
merely 0.186 for even-even nuclei, while the prediction accuracy for odd-A and odd-odd nuclei is slightly lower.
Moreover, the generalization capability of the model is verified using the a-decay data of newly observed nuclides
over the past five years. This integrated model significantly mitigates the limitations of the NUDL formula in the
quantification of parameter uncertainty and the characterization of systematic errors. It not only provides an
optimized prediction tool and reference for the identification of new nuclides, but also offers a referential
methodological approach for the integrated application of physical models and data-driven methods.

Bayesian Inference, Gaussian Process, Novel Universal Decay Law (NUDL), Microscopic Shell Effect
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