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Introduction

1. Geoneutrino spectrum is the basis for geoneutrino sensitivity study

2. Current flux : Enomoto’s model

- ENSDF 2005 | > ENSDF 2023

» Single beta branch
« Only allowed transition
« Without high-order corrections

——> Should be included

IBD cross section

Geoneutrino flux meesssssm——) Predicted signals (rate and shape)

3. Spectral impact to analysis
Observed data: KamLAND (2022), Borexino (2020)
Predicted data: JUNO
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Geoneutrinos: Introduction

STotal = Scrust + Scm + SMantle

Geoneutrino
» The intersection of particle physics and geophysics

* An independent method to study the matter composition deep
within the Earth

Abundance of the
radioactive elements

| _~ Radiogenic heat

Outer Core

Inner
Core

/

/\

238]] — 206Ph + 8a + 6e™ + 6V, + 51.698 MeV
235 - 207Pb + 7a + 4e™ + 4V, + 46.402 MeV
232Th — 208Pbh + 6 + 4e~ + 4V, + 42.652 MeV|
WK - 0Ca+e™ + 'Ije + 1.311 MeV e Crust: hlgh U&Th
WK + e~ - 9Ar + v, + 1.505 MeV

B

 CLM (Continental Lithospheric Mantle):
relatively low U & Th

> Geo-neutrino flux

* Mantle: very low U & Th, large volume
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Geoneutrinos: Introduction

v’ What is the radiogenic v’ What is hidden in
contribution to terrestrial the Earth’s core?
heat production? ; (geo-reactors...)

v How much U
and Th in the
crust and in the

mantle? \
v What are the

v' What is the building blocks

distribution of
radioactivity in the mantle?

(chondritic meteorites) [=S-
that formed the Earth? [EEESEL]
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Geoneutrino Observation

k. - Movable
‘Ocean Bottom Detector
10/50 kt
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Observation in KamLAND & Borexino

KamLAND (2022)

 Liquid scintillator of 1 kon
« 18 years ~ 170 geo-neutrinos
* Precision

« ~ 36% for 238U

« ~ 53% for 2%2Th

Geophysical Research Letters, 49, e2022GL099566

Borexino (2020)

 Liquid scintillator of 0.3 kon
« 10 years ~ 50 geo-neutrinos
* Precision

« ~ 539% for 238U

« ~ 55% for 2%2Th

Phys. Rev. D 101, 012009 (2020)
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Motivation for precise spectral calculation

MeV 'em? x 107

0.5

» Liquid scintillator detectors lack of directionality

- The energy spectral feature of both geoneutrinos and

reactor neutrinos is important !

Energy Spectra

|||||||||||

ME)

o

Events per 1 MeV

6 years of data taking  —— with oscillations
10000 ;
P No oscillations
Geoneutrinos
8000 '
6000
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2000
0 : v v .
15 2.0 2.5 3.0 3.5

Ep, (MeV)

IBD Signal
...... —— |BD + residual BG -t

Visible Energy [MeV]

JUNO collaboration,
2204.13249
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The new geoneutrino flux model
(L1 & Xin, arXiv: 2412.07711):

Summation model with latest database,
higher order corrections and forbidden decays
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Geo-neutrino flux: the new calculation

Fermi function  _Shape factor Corrections . radiative corrections
]- weak magnetism

Normalization

A single decay branch

5 k _ k 2
Fermi’s golden rule Sp(Eﬁ) =K PDEa(Eo — E,;) F(Z7 ED} C(ED) [1 + 517(Z7A7E17) finite size
(modern calculation)
: 239 - 238
Decay chain for =**Th Decay chain for U Single branch calculation follows
232Th 238y Phys.Rev.D 100 (2019) 5, 053005
l S 8 YFL, Zhang
234 o 234 o 234
EEBRa _B.. ZZBAC _B..I EEETh = i = ] ] . )
: nuclide i - nuclide |
230Th .
whole decay chain
EEdRa
L, : _ [ra R ‘1;,
4 v,’s in one decay chain 6 0,’s in one decay chain | Sx(Ep) = 24 Ri; b | IkSL—“(E,j)
EE{JR“ 23RN ..
% k
Br== :
216pg #oAt j—] 2P0 branch ratio
002 Too 00
+ 214pg |'-E g ] T Decay information is taken
212pg |'-& 212gj L 212pp, | 8 B gggﬂ"’ | 0.02 from ENSDF database
64.06% 135.94% 210pg e 210g; |e 210ph fe 21071
b4 B | 99.98% 1 0.02%
208ppy 208T) —t— Bt . .
Pb | N1 Decay Chain is from National Nuclear Data Center
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Geo-neutrino flux: Enomoto’s flux

Normalization Fermi function ~ Shape factor . Corrections . ms |
’ . s —eak-aghetism
Enomoto’s flux model S{;(Eﬂ) =K p,;E',;(E'(’)'C — E‘,;)2 F(Z, E;) a\E() 1 +H0z( 2 Es )] e
\ TN
§‘ 10" Geo-neutrino spectrum .'U' é"'“"' Differences between the Enomoto’s and new fluxes
o \U-Series
T Enomoto, et al. , 2005, : l
3 (Th-Series 1
v e Enomoto flux New flux
s K
= W S Database ENSDF 2005 ENSDF 2023
E
c Single branch | Only allowed transition |+ forbidden decays
] « High order corrections
o 107F
Database:
-2 1 L1 | | N | L | 1 | | | 4 L1 ENSDF 2005 ENSDF 2023
10 1 2 3 4
Energy [MeV] | 238U—2%Pb |82 (12) 159 (12) total transitions (effective transitions)
currently used in most of studies 232Th—206pp | 70 (3) 84 (3)

https://www.awa.tohoku.ac.jp/~sanshi

rolresearch/geoneutrino/spectrumy The extra beta branches are concentrated in the low-energy region,

less than the IBD threshold.
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Geo-neutrino flux: visible transitions

= i J-value [keV] transition number
Ay _y TWdpy 1.0000 199.5 5(0)
Fpgm _, 23y 0.9984 22900 24 (1)
Hipp g 0.9998 1018.0 7 (0)
g Mipy 0.9998 3269.0 70 (6)
HOpR  20R; 1.0000 63.5 2(0)
2R _y 20p, 0.9900 1161.5 1 ()
Hp, L My 0.0016 1247 39 (0)
NeEpg _, 218 4¢ 0.0002 264.0 1(0)
206 _y 206p|, 0.0001 1532.3 3(0)
2oy 20py, 0.0002 4386.0 7(5)

TABLE IV: Beta decay transitions in the ***U chain. For each transition, the weight of the production ratio R;;. the (-value,
and the number of decay branches are provided. The last column lists the total number of decay branches as well as the
effective decay branches that can be detected by the IBD reaction.

i—% ] iy )-value [keV] transition number
228Ra — ¥ Ac 1.0000 30.5 4 (0)
2B A 5 BT 1.0000 2076.0 55(2)
Hiph 5 22 1.0000 569.1 3()

IR HM2pg 0.6406 2251.5 7(1)
208 _y 08p, 0.3504 1801.3 15 ()

TABLE V: Beta decay transitions in the 2**Th chain. For each transition, the weight of the production ratio R, - the (2-value,

and the number of decay branches are provided. The last column lists the total number of decay branches as well as the
effective decay branches that can be detected by the IBD reaction.
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Geo-neutrino flux: visible branches

decay chains i—s R ; }-value [keV) Lk LY S Transition type

Fdpgm _, 23 1.0000 2290.0 0.9757 0.0004 1%* forbidden (0~ — 07)
. 3269.0 0.192 0.004 1** forbidden (1~ — 07)
2660.0 0.0055 0.0008 1°* forbidden (1~ — 27)
MBI — MPo 0.9998 2254.0 0.00079 0.00013 3" forbidden (1~ — 47)
1994.0 0.0006 0.0004 2! forbidden (1~ — 37)
1891.0 0.0722 0.0008 1% forbidden (1~ — 27)
1854.0 0.009 0.0005 1% forbidden (1~ — 07

4386.0 0.20 Unknown Allowed (57 — 47)
a0y _, 20py, 0000 4210.0 0.30 0.06 2 forbidden (5% — 8%)
' 2413.0 0.10 0.03 2! forbidden (57 — 27)

2020.0 0.10 0.03 Allowed (57 — 47)

1860.0 0.24 0.05 Unknown

R R O 0.6406 2251.5 0.8643 0.0012 1** forbidden (1~ — 07

*2Th 25,0 280 10000 2076.0 0.07 0.05 Allowed (3% — 27)

1947.0 0.006 0.005 Allowed (37 — 47)

TABLE VI: Effective transitions above the IBD threshold in the decay chains of ***U and ***Th. In addition to the R;; and
(2-values provided in Tab]e@andﬂ the intensity [;; ¢, its uncertainty ., ; ;.. and the transition type are also listed. These
values are obtained from the latest ENSDF nuclear database [23].
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Geo-neutrino flux update: decomposition

Correction Size

Correction Size

UL BB I B B ML AL BRI LRI IURLRLE B LRLELE
004 LeCHG WM 232Th 4 » Corrections from:

r — L. 7 . . . . . . .
003 . S Finite size, radiative correction, and weak magnetism
0.02 E— —C E

r — WM ///l/‘/ 7 .
001F - » Corrections from:

oF PR mﬁﬂfv ___________________________________ 4 Forbidden decays (shape factor)
-0.01 _-E v|; Evi; ; .
:...I...I...IL./:’.I...I...|...|...|...|...|...|: o B Shape Factor C'(E,) ) o
0 02 04 06 08 1 12 14 16 18 2 22 Classification AJ™  Operator — : — : WM correction dy e (E,)
Plane wave approximation Exact relativistic caleulation
Energy[MeV] - 12 0
Allowed GT 17 Y=o1 1 1 i{{}_\.ﬂ:{'t\t} 3 —E,)

R O B S Ao o o A B Nonunique first forbidden GT 0 £ p+EX+26%E,E, E? +p;-’!:},.____._, +2pr,t'ﬂft'_\.p____._, 0
0.08 = L LACHG AWM 2 3 __ l ________ ' ____________________________ Nonunique first forbidden GT 17 [, r‘]ll pt+E—4°E,E, E2+ %p;-"ﬁ;,l_: +34p2F,,, — 4p.E,Fy,

- —L y, Unique first forbidden GT 2 £ p+E E} +piF,,,

006 __ ...................
004__ ................... Fpg;g(Ee‘-R) ~ FI(E.Z)/E}(E.Z) 3

- 2 2 2
0.02 ~ of L.R mIR 2mZR (o L.R 2

L F, (B, R) ~ — + + — — + p.R

: wnBah) = |(F+ s ) el (2 BE) o)
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i v N . af FE.R m?R ) .
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Energy[MeV] Stefanik, Dvornicky and Simkovic (2017)
Using corrections of Huber P, (2011)
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Forbidden shape factors
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PRD 100 (2019) 5, 053005, YFL, Zhang

We choose exact relativistic calculation (ERC) from Stefanik, Dvornicky and Simkovic (2017)
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ERC v.s. Microscopic calculations

QRPA SM ERC QRPA SME ERC
0 — == cimmias 0 — e = immias
1- s I 1- -
2- R - R 2" — -

2-0 LI L L ' L L ] I | L L L l LI L L l m 7 : 200: ] | \l ] l ] | | | | I L] ] ] ] ] ] ] } :
B\ 136 T o3 E 1403¢
1.5 = 1.5F=") R
. F /] - F -
: F ~ / : : ]
7> 1.0 SO L ] 7 10— e o e e
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Here QRPA and SM microscopic calculations are from Fang & Brown (2015)

Phys.Rev.C 91 (2015) 2, 025503
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Updated flux: update on database

-1 h .
10 238\ Geo-neutrino flux

> 10-3 M -~ Enomoto Flux | Flux with new database: calculated with ENSDF 2023

—— Flux with new database
— New Flux

1075 |- New flux: calculated with ENSDF 2023 + Forbidden
decays + Higher-order corrections

210T| - 210Pp not observed in neutrino experiments yet

234pgm —, 234
2269 keV — p290 keV

Ratio

/ 1 The extra beta branches in low-energy region

214Bj s 214PQ 1 * Forbidden decays
3270 keV — 3269 keV - 214Bj — 214Po 15t non-unique forbidden (AJ™ = 17)
234pam — 234y 1st non-unique forbidden (AJ™ = 07)

[ [T T I T T T T T A T A T T A I T T O
O'%).D 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

E,[MeV]
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Updated flux: update on database

Ratio

232Th Geo-neutrino flux

-== Enomoto Flux i
—— Flux with new database -

>10"2
g | —— New Flux Flux with new database: calculated with ENSDF 2023
|> || .
=107 = New flux: calculated with ENSDF 2023 + Forbidden
= 1 decays + High-order corrections
1074

* The extra beta branches in low-energy region

» Forbidden decays
212Bj —»212Pg 15t non-unique forbidden (AJ™ = 17)

E,[MeV]
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Prediction with IBD cross section

1072

R; means the event rates for different flux

T - 3

. > - .

models (used (P,,)) is detected by o&¢ T [ 2381 ] .

o i = )

(Rvew — REnomoto)/REnomoto 2 107 =

| -

> _

Database | forbidden decay+database 9 i

~ 4 _

*2Th | -3.88% -9.00% E R homoto: predicted based on Enomoto flux 2005 =

2%y | +0.16 % -3.47% < lew: predicted bpsed on updated flux ]

210‘5:||||||~|||||[||||||||||||||||:

* E_ - (RNew - REnomoto)/REnomoto ;

Enomoto flux B} 30 .

| c¢ Strumia-Vissani + | o L E

radiative corrections E 1 g from O-value shift E

Updated flux re +3.31% -

Ogy 0 —

The forbidden decays will bring additional ~ -3.6% (-5.1%)-1E L. v ol 00 s
for 238U (?32Th) geoneutrino estimation for geoneutrino 1800 2000 2200 2400 2600 2800 3000 3200 3400

event numbers. E,[keV]
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The impact on the current and future exps.
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Observation in KamLAND & Borexino

KamLAND (2022)

 Liquid scintillator of 1 kon
« 18 years ~ 170 geo-neutrinos
* Precision

« ~ 36% for 238U

« ~ 53% for 2%2Th

Geophysical Research Letters, 49, e2022GL099566

Borexino (2020)

 Liquid scintillator of 0.3 kon
« 10 years ~ 50 geo-neutrinos
* Precision

« ~ 539% for 238U

« ~ 55% for 2%2Th

Phys. Rev. D 101, 012009 (2020)

80

Events/0.1MeV
B w o ~
o o o o

w
o
TTTTTT

10 k

0

Events/0.1MeV
(=]
wu

9]
o
TTTTT

0 1.00 1.25 1.50 1.75 2.00 225 250

I|IIII|IIII‘|III
- KamLAND Period 1
B 32Th Geo e
mm >*?U Geo ¥,

B Accidental —
Reactor 0.

3

I Spallation
mm 3C(a, n)*O

1.00 1.25 1.50 1.75 2.00 225 250
Prompt Energy [MeV]

T | T T17T I 17T TT | T T T17T | T

KamLAND Period 3
232ThGeo¥., WM Spallation e Accidental

" mmm 238U Geo, mm 13¢(q, n)i%0 Reactor ¥, |

o

Prompt Energy [MeV]

50

40

w
o

Events/0.1MeV

10

0 1.00 1.25 150 175 200 225 250

Events/200p.e.
[ "]
o

IIIlI""|'+II RN
_+_

0
500

[\
o
T

| | | | o | | l T | | I LI
i KamLAND Period 2
?32ThGeo¥, WM Spallation mm Accidental

| mm %UGeov, mem 13(:(:1,}150 + Reactor U

[ R

T

Prompt Energy [MeV]

T | T T 17T
Borexino
B Cosmogenic 5Li
- 13(:(0‘.,!’1)160

Liil

- 232Th Geo ¥.
Cmmm 238 Geo U,

!

1000 1500

wm Accidentat]
Reactor F.]

e b b b bvvia v o b

? = =
2000 2500 3000 3500
Q, [p.e.]

April 2025

20



Impact on KamLAND and Borexino

L
-
L
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KamLAND T
with Enomoto flux -
with new flux

50 150 200 250
Ny
Enomoto’s flux | New flux
Nyzg | 111 + 40 (36%) 122+ 40 +10% (0.30 deviation)
Ny3, |56+ 30 (53%) 48 +28 —[16% (0.40 deviation)
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Observation in JUNO

Talk this morning!

Geo-neutrino signals
* From the decay chains of 232Th and 238U

« About 1 event per day

Reactor neutrinos

« contributed by two near NPPs (52.5 km) and

Daya Bay NPP (~200 km)

World reactor neutrinos
« contributed by the NPPs (>300km)

JUNO will measure in 1y ~400 geo-neutrinos events
more than Borexino and KamLAND in >10y!

0.22

Chin.Phys.C 46 (2022) 12, 123001

Neutrino selection efficiency: 82.2% 0.2 .!JT\ ............................. LT, S—. bl Ry vy
Ny ? i = Accidentals | = 3E:(:.n.nJ""Q
Rate [cpd] Rate Shape 0.18 f ........................... ﬁ.' ............................. —_% j —:GlobalFileaar;h:;rsE _»:::lc:z:zr:r:c _
uncert. uncert. " $'U R : P
Geo-neutrinos 1.2 - 5% g
Reactor neutrinos 47 .1 - Daya Bay/ TAO
Accidental 0.8 1% - UG T 0
9Li/*He 0.8 20% 10% £ O | | | Wi
1SC(a, n)160 0.05 500/’0 509/0 Lﬁ 0.06 ,_.I,. ...... . ......... R IBD Signal ................
0.04H L IE TR STEN SUSIRTRIERENIE RS —— |BD +residual BG -
Fast neutron 01 | 100% 20% 00 N
World reactor neutrinos 1 204 5% 0# . _5 " :
. . 4 6 8 10 12
Atmospheric neutrinos 0.16 50% 50% Visible Energy [MeV]
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JUNO Analysis (preliminary)

Current observation predicted with Enomoto’s flux « Assuming observation predicted with new flux
Fitted with Enomoto’s « Fitted with Enomoto’s and new fluxes, respectively
. wwoqoyears L o doyeas)
1750; é 1600 j'-." :‘ ,”_\‘::\:"'—A— with Enomoto flux 7
RN N3 —A— with new flux
1500 - 1 1400 - kA ‘ 4
1250 E 1200 Y ]
c ] 1000:— -
ZI—IOOOj i 2'5 :
- 1 800 - R
750 - i
i ) 600 - .
500 |- ] !
L 400 - _
2501 _ ’ 2ooi S
- preliminary ) i - preliminary -, g Central value: bias
%0 1000 2000 3000 4000 5000 6000 00 ——J006 2000 3000 4000 5000 6000 Relative uncert.
NU NU
Data: Enomoto Fit: Enomoto Data: New Flux Fit: New Flux Fit: Enomoto
Nyag 3375 3375 + 864 (~25%) Nyag 3258 3258 + 900 (27.6%) |2868 + 746 (26.0%)
Nyz, 1008 1008 + 304 (~30%) Nyzo 917 917 + 321 (35.0%) |1068 + 346 (32.4%)
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JUNO Analysis (preliminary)

Relative difference [%]
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The relative bias is unchanged while the significance will be enlarged.

Time (years)

April 2025 24



Relative difference [%]

JUNO Analysis (preliminary

1 | I T T T | T T | | T T T | | T
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Conclusion

» A new geoneutrino flux model is presented.
based on new nuclear database: ENSDF 2023
Including higher order corrections & forbidden decays
» IBD yields: ~10%, significant shape variation at high energy range
A Q value shift of 21 keV (**Pa™ — 234U): 3.3%
» Forbidden shape factor is validated with microscopic calculations
- Uncertainty evaluation
- Direct measurements of Bi214/Bi212 at high energy range!

 Fitting with Enomoto’s flux will lead to bias to the central value comparing with the

new flux model.

The relative bias almost keeps constant The significance of the bias
« ~10% — 20% for 2%8U and %3?Th « ~ 0.50 for current data
* ~ 5% — 10% for 238U+23Th
« Hardly changed by increasing geo shape uncertainty

» New geo flux model — decrease the precision of geo signals
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Thanks for your attention!
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