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Nuclear muon capture

A fraction of cosmic-ray u~ stop inside the detector,

which undergo nuclear capture reaction.
Capture reaction on oxygen nuclei

,Ll_ + 160 — 16N>|< + VM (cannot detect)

= 16N* — |16N| + 1%
Various isotopes are produced by |15 14,

emitting particles S gl 4 g
according to their own branching ratio. ~
BB+ 2p + n

These isotopes will undergo S decay
and emit € and ) - rays. at Super-Kamiokande.

By detecting the [ decays of produced isotope, we can investigate the nuclear muon capture reaction.
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Status of muon capture on 60

Summarize the branching ratio results of other measurements and three predictions by simulations.

! OI 102 = [J. Other measurement _
o\ = " /A PHITS (calculation) =
O Loy ° 0 ¢ ‘Geanta(calculation) 5
-+ = A A A . Fluka (calculation) =
© — A . =
— 1 A =
§ A A 4 [P D A §
O) = A . A =
C o B Difference A A _
C = 9P among A NI
O — between A o . =
simulations [F
C 10? g-data and A —
CE = simulation =
m 10_3 16N 15N 14N 13N 15c 14c 13c 12C 11c 14B 13B 12B 11B 1OB 11Be 10Be 9Be 7Be QLI 8LI 7LI GLI

Other measurement: D. Measday, Phys. Rep. 354, 243—-409 (2001)., B. Heisinger et al., Earth Planet. Sci. Lett. 200, 357 (2002).
PHITS: T. Sato et al., J. Nucl. Sci. Technol. 50, 913 (2013)., S. Abe and T. Sato, J. Nucl. Sci. Technol. 54, 101 (2017).
Geant4: J. Allison et al., Nucl. Instrum. Meth. A 835, 186 (2016).

There are discrepancies among simulations, and some simulations don’t match with measured data.
To improve a muon capture model, experimental verification is important.
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Measurement
at Super-Kamiokande
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Super-Kamiokande; SK

\
uv e Example of the detected charge spatial distribution
- 3 \
. N YRR I s g
S. Fukuda et al. Nud! = S “iﬁ wev cos (sumy=-0.755
Instrtrrl:.hﬁe?hsds - ¥, o A | 50 kt water
Phys. Res. Sect. . N . ' A —
A501, 418 (2003) £ NIz i 11,129
41 m | H¥-e s 50-cm PMTs
, " > < 2‘:7? = | Electron ener
> it | L Samey |
30 m SK can identify particle type and measure
_ _ the position, direction and energy
« Various PhySICS Target by detecting the Cherenkov light from electron, muon and y.
\_ J
> Nuclear decay Cosmic-ray muon stops in the detector and captured by 0O nuclei.
» Super-nova v B —decay of radioactive isotopes can be detected.

» Atmospheric v

In SK, branching ratios can be measured as the fraction
> Solar v

of number of g —decay to number of captured muons.
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Procedure of muon capture detection

*H. Kitagawa et al., Phys. Rev. D 110, 082008 (2024).

Cosmic—ray Pass through the SK **T Suzuki et al., Phys. Rev. C 35, 2212 (1987).
muon /,{+ — decay into ae?
~ 2 Hz Stop in SK < _ 829%
~ 6000 /day U — decay into an e~
N B ) 18%**
putpm =1327:1 ~ 500/day captured

Captured on 10

each
(" Candidates of detectable iIsotopes at SK ) branching ratio /\‘

Nuclear Reaction Q-value Half-life
16 15 12 13R |...
BN | °0(u—,»)°N 1042 7.13 I ]

15C YOo(u=,vp)t*C 9.77 2.45

BB [1%0(p,vn2p)'°B 1344 0.0172 p decay

. 2B | O(u~,va)®*B  13.37 0.0202 D Various isotopes are produced from u~
capture according to their branching ratios.
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SeleCthn Of |SOtOpe deCay AL distribution of § decay candidate

4o 4000 ) )
(- C —_—
. 8 00 182?9?;'(;)69'0”)
o F - S
Search candidate AL o
stop S ,..cfrOM stop muon
events correlated P s F ‘,
: . — 2000— TR :
Wlth _stoppmg—u ,B decay -CEJ = select within Get background
position. S5 ", 160 cm ] from unrelated
candidate < om ,u-r-'v"“” timing data
N~ - A excess
_ _ _ 5005_ / of § decay AL [Cm]
Reconstructed energy dist. Decay time dist. i TR T R
_'(]_,) 3 S S I B B e .|q_,) = A .1?5‘ - ‘11‘0. - ‘11‘5. —— |0. — .1_25 Nuclear Reaction Q-value Half-life
CL.B é 25:_ . Sigﬁalsample in[0.5,25]s _: (LU T\é 1'4:_ SKAIV (2070.1 days) E [MeV] [S]
— z : - - A BGsaTPIein[100.5,125]s _ . UE) 120 : zzrzr:a::;:]e[;no[gjf;;]ss = 16N 160(/.1,_,1/)16N 10.42 7.13
8 - - O Analysis sample o C ‘ P d ] 15 16 - 15
- & 2.0 = (BG subtracted) 1 C N L O Analysis sample ] C O(,U, ,l/p) C 9.77 2.45
Oz F . O & (BG subtractod) E BB |1%0(u~,vn2p)*B 13.44 0.0172
Lﬁ g sr = . L|>_| 2 osf- 533, . = 2B | %0(p~,va)?B  13.37  0.0202
L i - E foo Tt 1 Selected S decay candidate that are
5 s = 2 04 Sz, . . .
g f i § Parne, 1 correlated with the stopping muon.
° o5 = B © o2f- .. B . . . .. .
g o . ] 3 i Tetteessss Time window is optimized for isotopes.
P S B B v 2 e e PR SUUOU O . YOI ST o.oo""';‘"";o"“‘#::w*”zs 16 15
0 2 4 6 8 Reconstructed en;é;y [Me\/1]6 Decay time [sec] . . 0.5 ,25 S - N ) C
decay p decay time window = : | C9n 13
= signal region — BG = signal region — BG [0.001,0.5] s : 2B, 1°B
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Measurement
> 16N, 15C
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Branching ratio measurement (TON,

The amounts of these isotopes are estimated
by using timing and energy information.

Fitting the data sample distributions with the
MC detector simulation of N and °C.

x? fitting

2

o

\

X?[‘otal (R16N7 RlsC) — X%’ime T X%)nergy
(N_Data . N_MC)2
a a S t.
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Branching ratio measurement ('°N, 1°C)

By utilizing 3902 days of SK, production rate

and branching ratio were measured. Branchine ratio — # of isotope event
(also evaluated them in 3 phases with different livetimes.) 5 " #of captured p-

o
(&)
a

o SK-IV o SK-V A SK-VI e Combined
=== SK-IV1g SK-V1o ='=SK-VI1c =—Combined 1o

. Production rate
.1 o allowed region]

Production rate
(# of isotope event /day/1 kton in SK)

o
W
o

__ Branchingratio X # of captured pu~

0.20

livetime X fiducial volume
.. ,Combined 3 22.5 kton

PR
2N
el

0.15

Production rate of '°C [event/kton/day]
o
N
(@) ]

o E Combined result 16N 15C
o E Productionrate 1 71,001 0.11+0.01
E 297|O da)(S, 37|9 dayls, 55|2 dayls E [event/kton/day] . I T

0.00
1.

0 155 160 165 170 175 180 185 Branching ratio [%] 9.0+0.1 0.6+0.1

Production rate of '®N [event/kton/day]

O
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Measurement
>12B 13B
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Branching ratio measurement (2B, 3B)

SK-IV (2970.1 days)
—0.20—| SK-IV (2970.1 days) e =050 ——#— Data
Q Eoqgp | —#— Data 1 O Sowt ] Boron-12
— §o145— [ ] Boron-13 El §}035§_ [ ] Nitrogen-16
"E 30125_ [ Nitrogen-16 E 'E go.sog— Carbon-15
O F Carbon-15 1 Ok
> Z010F -+ > =025 pens
L] %o.osf— —f n %0.202—
go.oef— —f 50.152—
§0.04f— —f §o.1o§—
002 £ 005
0,008 ' : Sl e
10° 10 10" Decay time [sec]1 0 2 ‘ ° ® 1F?econstrl:%ted en;r‘}gy [Me\/1]6
Decay time/sec Reconstructed energy/MeV
XZ fittin g Sca”ng factor Iscl)3tope i Reaction Q-value of B decay [MeV] Half-life [s]
4 5 \ 5 B 160(u~, vn2p)’B 13.44 0.0172
, , , (1-a) NG (1-p) N 2B | 160(u~,va)'2B 13.37 0.0202
XTotal = AXTime T X Energy + Best 5 Best
Tion Tisc Analysis time window is [0.001,0.5] s for 2B and *3B.
pull term considering Contributions of ®N and '°C are estimated using
the fluctuation of **N, *>C best-fit result in previous page.
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Branching ratio measurement (2B, 3B)

o
N
o

o SK-IV 0 SK-V A SK-VI e Combined
---SK-IV1o SK-Vi1io --SK-VI1o0 — Combined 1o

o
-
(2]

o
O
(*2]

There are strong correlation between ?B and 3B
due to their similar characteristics of 8 decay.

Production rate
1 o allowed region

Production rate of "B [event/kton/day]
o
IN

012F- =
“F 2970 days, 379 days, 552 days :
0.10F -
- Ell Combined result 128 138
I combined : Production rate
0.06 T el =

: N /3902 days : levent/kton/day] 0.18+0.02 0.03+0.02
0'04;_ RS ] Branching ratio [%] 0.98+0.18 0.1440.12
0.02F -
0 :I o b b P b |.~'|~'~| |A| TR, | |g|| c g L |:

.0
0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28

Production rate of '°B [event/kton/day]
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Result
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Branching ratio of isotopes produced
ReSUIt through muon capture on 0

102 O This result L
32 = A [] Other measurement =
o) — A /\ PHITS —
© 1065 - ) Geantd —=
— = A A A =
g = A Fluka =
< 1E— 8 —=
e = A [;] © O A =
T = A A A _
D o A A —=
= A A =
1072 == A [;] =
107

16N 15N 14N 13N 15C 14C 13C 12C 11C 14B 13B 12B 11B 10B 11Be 10Be9Be 7Be 9Li 8Li 7Li 6Li

Other measurement: D. Measday, Phys. Rep. 354, 243—-409 (2001)., B. Heisinger et al., Earth Planet. Sci. Lett. 200, 357 (2002).
PHITS: T. Sato et al., J. Nucl. Sci. Technol. 50, 913 (2013)., S. Abe and T. Sato, J. Nucl. Sci. Technol. 54, 101 (2017).
Geant4: J. Allison et al., Nucl. Instrum. Meth. A 835, 186 (2016).
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Branching ratio of isotopes produced
ReSUIt through muon capture on 0

102 = O This result _
32 = A first measurement! [] Other measurement =
E- - A This resul’g: A PHITS -
= 10 =B L] 0.14+0.12% { Geant4 —
o § N 138 A Fluka §
o = 17 =
C = A [;] O st \ A =

af] _ Me A A
1015_]6'\' 15C nes N =
— - . This result: —
[ This result: —

(0)
= Other measurement: This result: =
o, 11+1% improvement! 0.984+0.18% first measurement! —
10~

16N 15N 14N 13N 15C 14C 13C 12C 11C 14B 13B 12B 11B 10B 11Be 10Be9Be 7Be 9Li 8Li 7Li 6Li

Other measurement: D. Measday, Phys. Rep. 354, 243—-409 (2001)., B. Heisinger et al., Earth Planet. Sci. Lett. 200, 357 (2002).
PHITS: T. Sato et al., J. Nucl. Sci. Technol. 50, 913 (2013)., S. Abe and T. Sato, J. Nucl. Sci. Technol. 54, 101 (2017).
Geant4: J. Allison et al., Nucl. Instrum. Meth. A 835, 186 (2016).
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Branching ratio of isotopes produced
ReSUIt through muon capture on 0

— 102 = O This result L
> = A [] Other measurement =
) = " This result: A PHITS -
T 108 - 0.14+0.12% Geant4 _—
é) ? \ a & 138 A Fluka ?
% 15— : \ = =
s £ °| We measured branching ratios of four -
© 10" = 1gisotopes with the highest precision to date.| © =
B - . IS resurt. ' =

02 003019 0.6£0.1% A 128 - -

= Other measurement: This result: B

o[ 111% 0.98+0.18% =

16N 15N 14N 13N 15C 14C 13C 12C 11C 14B 13B 1ZB 11B 1OB 11Be 10Be9Be 7Be 9LI 8L| 7LI 6L|

Other measurement: D. Measday, Phys. Rep. 354, 243—-409 (2001)., B. Heisinger et al., Earth Planet. Sci. Lett. 200, 357 (2002).
PHITS: T. Sato et al., J. Nucl. Sci. Technol. 50, 913 (2013)., S. Abe and T. Sato, J. Nucl. Sci. Technol. 54, 101 (2017).
Geant4: J. Allison et al., Nucl. Instrum. Meth. A 835, 186 (2016).
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arXiv :

Summa 'y https://arxiv.org/abs/2508.18110 o

We estimate the amount of isotope decay through muon capture on
160 by using Super-Kamiokande 3902 live days.

In this study, the branching ratio for '*N was measured with the
highest precision, while those for 1°C, 2B and 3B were measured
for the first time in the world.

Combined result 16N 15C 128
Productionrate 177,001 0.1140.01 0.1840.02 0.03+0.02
[event/kton/day]
Branching ratio [%] 9.0+0.1 0.6+0.1 0.984+0.18 0.14+0.12
previous result ‘ Y '
11+1% first measurement
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Backup
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x* contour with projection

Production rate (N vs. 1>C) Production rate (1B vs. 13B)

Ax? distribution for 16N Ax? distribution for 12B

101 - 10
C\lx NX
< < 5
0
% 035 T T T T | T T T T | T T 171 | T T 171 | T T 171 | T T 171 | T T T T _|_ %“ 020 __r T T | T 17T | T 17T | T T T | T T T | T T T | T T T | T T T | T T T | T T I—_[
Ke) B H Ke) - N
5 1 § 018 3
g C O SKIV  OSKV  ASKVI e Combined ] g oo O SK-IV O SKV  ASKVI e Combined ]
2 030~ --:SK-IV1g "~ SK-V10 =+*SK-VI15 = Combined 10 . > = - ---SK-IV1g ~SK-V10 -+ SK-VI1c — Combined 10 u >
) - . © 0.16— —
> C ] o > N 1 o
st ] N ] ™
£ 0251 — Ja Lo — o
B | ”ﬁ‘"f.* - (7)) "'6 - - (7).
g T - S, goa2f — |S.
£ 0.20~ Y — o ST ] o
- ] c - .
2 C e ] — 2 0.10 - S
o /‘_f r ),, — o — —] —
3 B S, — ®) 3 - . . (@)
B 0151~ s e, = > © 0.08 - >
o - h _ —h o R . —h
- R - - = n RN - Sl
0.10F— A NON ] W 0.06— g ] =
. B ..-." .““ ] (%‘I : : w
B . < ] - . ] w
C »\'. . . 0.04— ’ ]
0.05 St — - ]
B i 0.02— —
- . - N ]
OOO 11 1 1 | 11 1 1 | L1 1 1 | L1 1 1 | 11 1 | 11 1 | 11 1 1 I_ L | I 000 _I 1 | L1 1 | L1 1 | L1 1 | L1 1 | r'& IA ) S | |EI ”rﬂl | L1 1 | L1 1 T AN | I
1.5 155 160 165 170 175 180 1850 5, 10 0.08 0.10 0.12 0.14 0.16 0.18 020 0.22 0.24 0.26 0.280 5, 10
Ay Ay

Production rate of '°N [event/kton/day] Production rate of '?B [event/kton/day]




Result with 90% upper Iimit

SK phase Branching ratio [%)]

16N 15C 1B 3B (10) B (90% C.L.)
SK-IV 91402 06+0.1 0.924+0.14 0.2070 73 < 0.49
SK-V 86+04  1.0+0.3 1.179-1 — < 0.6
SK-VI 9.04+0.3  0.6+0.2 1. 1+3 ; < 0.7
Combined 90+0.1 06+0.1 0.98+£0.18 0.14+0.12 < 0.39
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