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ABSTRACT 
As a consequence of natural radioactivity, the flux of low-energy ( < 3 MeV) solar antineutrinos predicted by 

the standard solar model is ~200 cm-2 s_1. This solar antineutrino flux, however, is overwhelmed by the 
large antineutrino background arising from terrestrial radioactivity. We show here that as a consequence of 
photofission reactions occurring in the solar interior a more energetic (3-9 MeV) flux of solar antineutrinos of 
~1(T3 cm“2 s“1 should exist. Although orders of magnitude below current detectability levels, a future direc- 
tionally sensitive detector, with a low energy threshold to eradicate background terrestrial decays, could 
enable the energetic solar antineutrino flux to be measured. The consequences of such a detection could have 
ramifications for our current understanding of neutrino physics and physical processes occurring deep in the 
solar interior. 
Subject headings: neutrinos — nuclear reactions — Sun: interior 

I. INTRODUCTION 
It is generally accepted that the Sun is a prolific source of 

electron neutrinos. In the standard solar model (SSM) these 
neutrinos are produced in several thermonuclear reactions 
which form part of the synthesis chains converting four 
protons into helium. The lowest and highest neutrino energies 
predicted by the SSM arise from the p + p -+ d + e+ -i-ve reac- 
tion (0.42 MeV : end point) and the 3He + e“ + p 4He + ve 
reaction (19.795 MeV: mono-energetic), respectively. These 
low- and high-energy reactions give rise to neutrino fluxes (on 
Earth) of ~6 x 1010 cm“2 s“1 and ~100 cm“2 s“1, respec- 
tively. 

It is the neutrinos produced by the 8B -> 8Be* + e+ + ve 
reaction, however, which have been most accessible to current 
detectors. The neutrinos produced by this reaction form a con- 
tinuous spectrum with an end point energy of 14.06 MeV. In 
the Cl/Ar radiochemical experiment of Davis et al. (1968, 
1989), the measured neutrino flux is found to be a factor of ~2 
below that predicted by the SSM (in fact the data are consis- 
tent with a zero 8B neutrino flux). This discrepancy between 
theory and observation is commonly referred to as the solar 
neutrino problem. The low 8B neutrino flux has more recently 
been confirmed by the Kamiokande II collaboration (Hirata et 
al. 1989) who, on the basis of their measured v — e scattering 
events, also find a flux of only about half the SSM prediction of 
5.8 ± 2 x 106 cm“2 s“1. For recent review of the SSM and the 
solar neutrino problem the reader is referred to Bahcall and 
Ulrich (1988). 

Although the neutrino flux from the Sun has been well inves- 
tigated, there has been little discussion to date of the anti- 
neutrino flux predicted by the standard solar model. Since 
antineutrino astronomy has been put forward as a possible 
new “window” on the universe (e.g., Bisnovatyi-Kogan and 
Seidov 1984; Krauss, Glashow, and Schramm 1984; Dar 1985; 
Woosley, Wilson, and May le 1986) and an exciting capability 

1 Present address: Department of Physics, Queen’s University, Kingston, 
Ontario, K7L 3N6, Canada. 

of future detectors, we discuss here the role solar antineutrinos 
could play in such studies. 

Simply as a result of natural radioactivity there should be a 
solar antineutrino flux of ~200 cm“2 s“1 at the Earth’s 
surface. This arises principally as a result of the ß~ decay of 
40K in the Sun. However, the same natural decays on Earth 
give rise to a much larger antineutrino flux of ~ 107 cm“2 s“\ 
which completely overwhelms the solar signal. In order to cir- 
cumvent this large background (by means of a detection 
threshold), solar antineutrinos with energies greater than 3.26 
MeV would be required. This energy corresponds to the 
highest antineutrino energy produced by terrestrial decay. 
Hitherto, it has been assumed that in the standard solar model 
no such antineutrinos are produced. 

It is the main purpose of this paper to show that as a conse- 
quence of photofission reactions in the solar interior, a very 
small flux of energetic solar antineutrinos should in fact exist. 
Photofission gives rise to the production of unstable neutron- 
rich isotopes which subsequently decay via electron and anti- 
neutrino emission. Moreover, a significant fraction of these 
solar antineutrinos would possess energies above 3.3 MeV, 
which leaves open the possibility that future antineutrino 
detectors may in fact be able to measure this photofission 
induced solar antineutrino flux. 

The detection of solar antineutrinos could have rami- 
fications on our understanding of neutrino physics. A currently 
favored solution to the solar neutrino problem is that of neu- 
trino oscillations in matter, the so called MSW effect 
(Mikheyev and Smirnov 1985; Wolfenstein 1978, 1979). We 
discuss how the predicted antineutrino flux is affected by such 
oscillations and by the adopted neutrino model (Dirac or 
Major ana). 

II. THE ENERGETIC SOLAR ANTINEUTRINO SPECTRUM 
The 5.49 MeV y-ray produced in the proton-proton cycle by 

the p + d -��
3He + y reaction is comparable to the photofis- 

sion threshold of the actinide isotopes 232Th, 235U, and 238U. 
767 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



(	
/�
	�
. 


Sun

Earth

SK

!"(

$# → &$#
in	solar	interior

Atmospheric "

Reactor- !"(

Spallation	BG

SRN

&$#

Upper	limit	 *+! flux	

2 4 6 8 10 12 14 16 18 20
1−10

1

10

210

310

410

510

610

710

2 4 6 8 10 12 14 16 18 20
1−10

1

10

210

310

410

510

610

710

2 4 6 8 10 12 14 16 18 20
1−10

1

10

210

310

410

510

610

710

2 4 6 8 10 12 14 16 18 20
1−10

1

10

210

310

410

510

610

710

2 4 6 8 10 12 14 16 18 20
1−10

1

10

210

310

410

510

610

710

2 4 6 8 10 12 14 16 18 20
1−10

1

10

210

310

410

510

610

710

2 4 6 8 10 12 14 16 18 20
1−10

1

10

210

310

410

510

610

710

SK-I
SNO

Borexino
KamLAND
SK-IV (~2012)

+!" (MeV)

12 #
3lu
x(
cm

$%
s$

& )

!"( energy	(MeV)

Natural -
>
decay

isotope in the sun

7~200 cm
>?
s
>@

(=A ≤ 3 MeV)

SK	region1. 太陽反電子ニュートリノ

Photo Dission in the sun

7~10
>C
cm

>?
s
>@

(=A: 3~9 MeV)

¥s�©j

SRN

Nakazawa

!" (
fl
u
x	
(c
m
-2
s-
1
M
eV

-1
)



(	
/�
	�
. +

(��"# → !"# ��

������%������
�)� "

��������
����

N� 6843�68&-���

¥ÃÈá½ê¢&
�aW(%}¨aW }¨30(�	âð$����&�
ÆzÃÈí^�>ª$�1/}¨d'äK

$ú�/ßÇ(ĂQ`ÝþĄĄĆýc´ă1cÔ$�/2!	�

¥­$&�¥ÃÈ%¿¾!�°#"$�
��ĆýBT âð�/2!	�

Uÿ$�%«Ý1Ì³$(!*�âð��¥�$&��� ¥ÃÈ%zÛ¾Ö¡�ÃÈéĀ%©�1#�zÛ¾
o
(��� 

¥ÃÈ%¿¾�,'zÛ¾·Ø�!\ñ���� ¥ÃÈ H1"%,�$�"2( �-�$�,�!�/%��$�
�SG

¾���Ä$âð�/2!	�

¥ÃÈ1ÃÈW�Õ!!+$Ú�uh&�ÃÈ@ÜÕ�ÃÈW�Õ%SG¾#�[1âð�/2!	�

L+AM�

ãǷŌŤkZp&-ãǷ�8Ôŷ*§Ł�:¼ǿå]lu[o_ ( !!" ),Ŝǭ-
~10"#cm"$s"%	'ò���Ŷƺ,Ň¢Î,Ĕÿ*(10~100)	cm"$s"%'œ1%4ņ�x��	Ō
ŤãǷkZp,�ĒŜǭ795ȋ�ȇÿ&ãǷǕţ,!!"�ǃŢ�; ÙÂ�!! → !̅!ġ°,7
�)ŌŤƀ)]lu[o_ġ°=ǖ�:ŮŸ�ƍË�;:	]lu[o_ġ°*��%Ɲå

(!)	→¼Ɲå(!̅)ǧƐǤƑ-ruqsXzÞ=Ɖ:İŮŸ,Ǌğ'):	ŶÓ,ġ°Ƌŵxǵ
-/(!! → !̅!) < 5.3 × 10"&&�9�Rbstcqu`uġ°,Ÿǐ*7:'/(!! → !̅!)~10"&

��Ē�;%�:	ŀƇƕ-�ƊǪG\o]Bi=íƽ� SK-GdíȊ*��%�!!"Ň¢¯
ŵ=ČŁ�810��xĪÍ�:	4ýǲ,SK-Gd,Ǣż&�∆/(!! → !̅!)~a	few10"',ŢìĔ
ÿ=ǥĖ��ruqsXzÞđ=Ɖ:ŮŸ,ĤƢ=ƺ�	 
L)%M�

(1) ŀƇƕ,èƻƀƱĸtƇƕǍȈ,ŅĎ=)�èƻƀ�Ì�� 
ơƝåŮŸ*��%Ÿǐ*��:ðƏđ�ǫǀ&�9��,ðƏđ�(,Ƒÿ,RLup

2&�æ�:�ƶÇŞ�ƇƕðǓ&�:	ŀƇƕ&-��,}&5ruqsXzÞđ*ǳ�

%ƅƂ� 	 
]lu[o_¼]lu[o_ġ° 
]lu[o_ġ°-vƷ*Ȓ|�'Ɲåt¼Ɲå=Â<� 6

Ė£,Rb_p&ƼŶ�;�ŌŤ]lu[o_ġ°ƺ¥:*�CP
ȁðƏ'ruqsXzÞ=Ɖ:ȅ;:=­� Ƌŵġû�ȋŎ,
ȅ2&Ǉƚ�;%�:(Àă)	ů*�ruqsXzÞ=Ɖ:ħ�
&Ɲå(!)	→¼Ɲå(!̅)ǧƐǤƑ-2Ŏ,ȅ&/($)(!! → !̅!) ≠ 0�Ŷ
;: 4�!! → !̅!ǤƑ,æÓ-ruqsXzÞ,Ɖ;=ƍË�
İŮŸ,ï{=�ǆ�:[1]	 
ãǷ�ǩ&,]lu[o_tRbscqu`uġ°*7:�ǆ 
ãǷ�ǩ,ĆƌÙ*7"%!!�!̅**Þ<9ȍRbscqu`uġ°Ȏ�Ôŷ0§ǥ�:2
&*ǜú,ġ°&!̅* → !̅!*Þ<:ǤƑ=ƥ%!! → !̅!ġ°�:kZp��ǆ�; 	!! → !̅!
ġ°,Ƌŵ-ă(1)&Ǉƚ�;:[2]	 

/(!! → !̅!)~1.8 × 10"%+ sin$ 2θ%$ B
C

10"%$C,
D

10	kG
G
$
 

��&�C-!̅!,ƌŔkujs[�C,-gu?ƌå�D-ãǷ�ǩƌÙ�θ%$~34.5°-ġ°a
njuU&�:	KamLAND-�/(!! → !̅!) < 5.3 × 10"&(90%CL),ġ°Ƌŵ,xǵ=#�
%ruqsXzÞđ=�Ǌ�  [3]	ãǷ�ǩƌÙD~100 kG=�ì�:'/(!! → !̅!)~10"&

��ǆ�;: 4��,kZp-ŀƇƕ,ĤƢ&ű"%�:İŮŸ,�ƾ&�:	 
SK-GdíȊ'¼ǿå]lu[o_Ň¢ 

Super Kamiokande (SK)*ƊǪG\o]Biŕťŝ(Gd2SO3)=ť��!̅!,Ň¢¯ŵ=Äx��
ǖİĵƱĸ]lu[o_=�`WJKnBs\&ĤƢ�:	�, 4,�©Ť�=�;2&

*ǟ4%�9�2020ýÿ*0.02%,Gd2SO3=ť��%Ǣǘ=Ǳä�:�ì&�: [4]	 
!̅!-Ƿå'Ƅ��ż�%e+'}đå=ī¢�:(ÀÑ)	}đå-Ŭ³�Gd*ĢŴ�;�Â

ŋăȖȏȐȓ�ƇƕǇžǎĺȍŠ�c>ApȅƂȎ�

2#
2'
2(
2̅#
2̅'
2̅(

= < + ><
)(6×6

2#
2'
2(
2̅#
2̅'
2̅(

(1)�

標準ν振動
ハミルトニアン

9

CP破れ＋ロー
レンツ破れ項

(9

!A0B0 ¼ EA0 " EB0 (28)

are the standard eigenenergy differences. The second-order
factor is given by the integral

!ð2ÞA0B0C0ðtÞ ¼
2

t2
expð"iEB0tÞ

%
Z t

0
dt2

Z t2

0
dt1 expð"i!A0C0t1Þ

% expð"i!C0B0t2Þ

¼
8
<
:
expð"iEB0tÞ; EA0 ¼ EB0 ¼ EC0 ;

2
!ð1Þ
A0B0"!ð1Þ

C0B0
"i!A0C0 t

¼ 2
!ð1Þ
A0C0"!ð1Þ

A0B0
"i!C0B0 t

; otherwise:

(29)

We give two expressions in the last case so that expressions
for the limiting cases EA0 ¼ EC0 and EB0 ¼ EC0 can readily

be extracted. Note that both !ð1ÞA0B0 and !ð2ÞA0B0C0 are dimen-
sionless functions of EA0 t that are totally symmetric in
mass-basis indices.

Transforming to the flavor basis, the Lorentz-invariant
transition amplitude is found to be

Sð0ÞAB ¼
X

A0
U&

A0AUA0Be
"iEA0 t: (30)

This leads to the usual oscillation probabilities for the
Lorentz-invariant case of massive neutrinos. At first order,
we choose to express the transition amplitude in the con-
venient form

Sð1ÞABðtÞ ' "itH ð1Þ
ABðtÞ

¼ "it
X

CD

ðMð1Þ
ABÞCD"hCD; (31)

where the factors

ðMð1Þ
ABÞCDðtÞ ¼

1

t

Z t1

0
dt1S

ð0Þ
ACðt1ÞSð0ÞDBðt" t1Þ

¼
X

A0B0
!ð1ÞA0B0ðtÞU&

A0AUA0CU
&
B0DUB0B (32)

depend on the energy and baseline of the experiment and
also on the conventional masses and mixing angles. For
given mass spectrum and mixing angles, these factors
determine the sensitivity of an experiment. They are inde-
pendent of the direction of the neutrino propagation and of
the coefficients for Lorentz violation. As a result, they
remain unchanged as the Earth rotates. The quantity

H ð1Þ
AB defined in Eq. (31) is a linear combination of these

factors and the Lorentz-violating perturbation "h. It plays
a key role in the expressions for the oscillation probabil-

ities derived in the next subsection. Note thatH ð1Þ
AB reduces

to "hAB in the limit of negligible mass mixing.
The second-order result for the transition amplitude can

be written in a similar form. We define

Sð2ÞABðtÞ ' " 1

2
t2H ð2Þ

AB

¼ " 1

2
t2
X

CDEF

ðMð2Þ
ABÞCDEF"hCD"hEF; (33)

where the experiment-dependent factors

ðMð2Þ
ABÞCDEFðtÞ

¼ 2

t2

Z t

0
dt2

Z t2

0
dt1S

ð0Þ
ACðt1ÞSð0ÞDEðt2 " t1ÞSð0ÞFBðt" t2Þ

¼
X

A0B0C0
!ð2ÞA0B0C0ðtÞU&

A0AUA0CU
&
C0DUC0EU

&
B0FUB0B (34)

again determine the combinations of coefficients relevant
for oscillation effects. In this case, however, the quantity

H ð2Þ
AB defined in Eq. (33) is a quadratic combination of

coefficients. This leads to sidereal variations in neutrino
oscillations at higher multiples of the Earth’s rotation

frequency. Note that H ð2Þ
AB reduces to ð"h2ÞAB in the limit

of negligible mass mixing.

C. Probabilities

Using the above results for the transition amplitudes, we
can derive the oscillation probabilities. At zeroth order, the
transition amplitudes are Lorentz invariant and take the

usual block-diagonal form, Sð0Þ
a "b

¼ Sð0Þ"ab ¼ 0. So the zeroth-

order probabilities for neutrino-antineutrino oscillations
vanish,

Pð0Þ
"#b!#a

¼ Pð0Þ
#b! "#a

¼ 0: (35)

Since CPT is conserved whenever Lorentz symmetry

holds [8], we have Sð0Þab ¼ Sð0Þ"b "a
. This implies

Pð0Þ
#b!#a ¼ Pð0Þ

"#a! "#b
¼ jSð0Þab j2; (36)

which leads to the usual results for Lorentz-invariant os-
cillation probabilities in terms of mass-squared differences
and mixing angles.
The full mixing probability is given by

P#B!#A
¼ jSð0ÞAB þ Sð1ÞAB þ Sð2ÞAB þ ) ) ) j2: (37)

At second order in "h, this gives

Pð0Þ
#B!#A ¼ jSð0ÞABj2;

Pð1Þ
#B!#A ¼ 2ReððSð0ÞABÞ&Sð1ÞABÞ

¼ 2t ImððSð0ÞABÞ&H ð1Þ
ABÞ;

Pð2Þ
#B!#A ¼ 2ReððSð0ÞABÞ&Sð2ÞABÞ þ jSð1ÞABj2;

¼ "t2 ReððSð0ÞABÞ&H ð2Þ
ABÞ þ t2jH ð1Þ

ABj2: (38)

These equations involve the six-dimensional space
spanned by A. They can be decomposed into oscillation
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probabilities expressed in terms of the neutrino and anti-
neutrino subspaces spanned by a and !a.

At first order, a short calculation shows that the proba-
bilities can be written

Pð1Þ
!b!!a ¼ 2t ImððSð0ÞabÞ$H ð1Þ

abÞ;
Pð1Þ

!!b! !!a
¼ 2t ImððSð0Þ

!a !b
Þ$H ð1Þ

!a !b
Þ;

Pð1Þ
!b! !!a

¼ Pð1Þ
!!b!!a

¼ 0:

(39)

No neutrino-antineutrino mixing occurs because Sð0Þ
a !b

¼
Sð0Þ!ab ¼ 0. Only the combinations H ð1Þ

ab and H ð1Þ
!a !b

obtained

from the definition (31) contribute to these probabilities.
Explicitly, we find

H ð1Þ
ab ¼

X

cd

ðMð1Þ
abÞcd"hcd;

H ð1Þ
!a !b

¼
X

!c !d

ðMð1Þ
!a !b
Þ !c !d"h !c !d;

H ð1Þ
!ab ¼

X

!cd

ðMð1Þ
!abÞ !cd"h !cd;

H ð1Þ
a !b

¼
X

c !d

ðMð1Þ
a !b
Þc !d"hc !d:

(40)

Although H ð1Þ
!ab and H ð1Þ

a !b
are absent from the first-order

probabilities, we include their expressions here because
they enter the second-order probabilities below. Since the
first-order results involve the diagonal blocks of "h, only
the coefficients ðaLÞ#ab and ðcLÞ#$ab play a role.

Decomposing the results (38) reveals that the second-
order probabilities are

Pð2Þ
!b!!a ¼ %t2 ReððSð0ÞabÞ$H ð2Þ

abÞ þ t2jH ð1Þ
ab j2;

Pð2Þ
!!b! !!a

¼ %t2 ReððSð0Þ
!a !b
Þ$H ð2Þ

!a !b
Þ þ t2jH ð1Þ

!a !b
j2;

Pð2Þ
!b! !!a

¼ t2jH ð1Þ
!ab j2;

Pð2Þ
!!b!!a

¼ t2jH ð1Þ
a !b
j2;

(41)

where Sð0Þ
a !b

¼ Sð0Þ!ab ¼ 0 is used to simplify the last two. The

probabilities Pð2Þ
!b!!a and P

ð2Þ
!!b! !!a

include both leading-order

contributions fromH ð2Þ
ab andH ð2Þ

!a !b
as well as higher-order

contributions from the combinationsH ð1Þ
ab andH

ð1Þ
!a !b
. Also,

nonzero mixing between neutrinos and antineutrinos ap-

pears, giving sensitivity to the linear combinations H ð1Þ
!ab

and H ð1Þ
a !b
. This shows that the dominant effects of the

coefficients ~g#$
a !b

and ~H #
a !b

appear only at second order.

Moreover, ðaLÞ#ab or ðcLÞ#$ab play no role in neutrino-
antineutrino mixing at this order.

Explicit expressions forH ð2Þ
ab andH

ð2Þ
!a !b

can be obtained

by decomposing the quadratic combinations H ð2Þ
AB defined

in Eq. (33). The structure of the factors ðMð2Þ
ABÞCDEF and the

form of the mixing matrix U reduce the number of terms

that contribute. In particular, we find that ðMð2Þ
ABÞCDEF

vanishes unless the index pairs fACg, fBFg, and fDEglie
in the same subspace. This leads to

H ð2Þ
ab ¼

X

cdef

ðMð2Þ
abÞcdef"hcd"hef

þ
X

c !d !e f

ðMð2Þ
abÞc !d !e f"hc !d"h !ef;

H ð2Þ
!a !b

¼
X

!c !d !e !f

ðMð2Þ
!a !b
Þ !c !d !e !f"h !c !d"h !e !f

þ
X

!cde !f

ðMð2Þ
!a !b
Þ !cde !f"h !cd"he !f;

H ð2Þ
!ab ¼

X

!cdef

ðMð2Þ
!abÞ !cdef"h !cd"hef

þ
X

!c !d !e f

ðMð2Þ
!abÞ !c !d !e f"h !c !d"h !ef;

H ð2Þ
a !b

¼
X

cde !f

ðMð2Þ
a !b
Þcde !f"hcd"he !f

þ
X

c !d !e !f

ðMð2Þ
a !b
Þc !d !e !f"hc !d"h !e !f:

(42)

Note thatH ð2Þ
!ab andH

ð2Þ
a !b

are absent from the second-order

probabilities but are included here for completeness. This
implies that no cross terms between "hab, "h !a !b, and
"ha !b ¼ "h$!ba appear at second order. In particular, all

appearances of the coefficients ~g#$
a !b

and ~H #
a !b

arise as

squares or as quadratic products with each other, without
accompanying factors of ðaLÞ#ab or ðcLÞ#$ab .

III. COEFFICIENTS ðaLÞ!ab AND ðcLÞ!"ab
In this section, we consider effects originating from the

coefficients ðaLÞ#ab and ðcLÞ#$ab . These contribute only to
neutrino-neutrino mixing and to antineutrino-antineutrino
mixing. We focus here on the dominant signals, which

arise from the first-order oscillation probabilities Pð1Þ
!b!!a

and Pð1Þ
!!b! !!a

given in Eq. (39).

The theoretical analysis presented in the previous sec-
tion applies to any scenario involving neutrino propaga-
tion. However, the key experimental signals are different
for beam experiments, solar-neutrino studies, and cosmo-
logical observations. For definiteness in this work, we
provide results in the context of beam experiments.
Section III A establishes the key expressions describing

sidereal variations in the oscillation probabilities.
Illustrative examples involving all three generations are
provided in Sec. III B, while the two-flavor case is consid-
ered in Sec. III B 3. The construction of CP and CPT
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probabilities expressed in terms of the neutrino and anti-
neutrino subspaces spanned by a and !a.

At first order, a short calculation shows that the proba-
bilities can be written

Pð1Þ
!b!!a ¼ 2t ImððSð0ÞabÞ$H ð1Þ

abÞ;
Pð1Þ

!!b! !!a
¼ 2t ImððSð0Þ

!a !b
Þ$H ð1Þ

!a !b
Þ;

Pð1Þ
!b! !!a

¼ Pð1Þ
!!b!!a

¼ 0:

(39)

No neutrino-antineutrino mixing occurs because Sð0Þ
a !b

¼
Sð0Þ!ab ¼ 0. Only the combinations H ð1Þ

ab and H ð1Þ
!a !b

obtained

from the definition (31) contribute to these probabilities.
Explicitly, we find

H ð1Þ
ab ¼

X

cd

ðMð1Þ
abÞcd"hcd;

H ð1Þ
!a !b

¼
X

!c !d

ðMð1Þ
!a !b
Þ !c !d"h !c !d;

H ð1Þ
!ab ¼

X

!cd

ðMð1Þ
!abÞ !cd"h !cd;

H ð1Þ
a !b

¼
X

c !d

ðMð1Þ
a !b
Þc !d"hc !d:

(40)

Although H ð1Þ
!ab and H ð1Þ

a !b
are absent from the first-order

probabilities, we include their expressions here because
they enter the second-order probabilities below. Since the
first-order results involve the diagonal blocks of "h, only
the coefficients ðaLÞ#ab and ðcLÞ#$ab play a role.

Decomposing the results (38) reveals that the second-
order probabilities are

Pð2Þ
!b!!a ¼ %t2 ReððSð0ÞabÞ$H ð2Þ

abÞ þ t2jH ð1Þ
ab j2;

Pð2Þ
!!b! !!a

¼ %t2 ReððSð0Þ
!a !b
Þ$H ð2Þ

!a !b
Þ þ t2jH ð1Þ

!a !b
j2;

Pð2Þ
!b! !!a

¼ t2jH ð1Þ
!ab j2;

Pð2Þ
!!b!!a

¼ t2jH ð1Þ
a !b
j2;

(41)

where Sð0Þ
a !b

¼ Sð0Þ!ab ¼ 0 is used to simplify the last two. The

probabilities Pð2Þ
!b!!a and P

ð2Þ
!!b! !!a

include both leading-order

contributions fromH ð2Þ
ab andH ð2Þ

!a !b
as well as higher-order

contributions from the combinationsH ð1Þ
ab andH

ð1Þ
!a !b
. Also,

nonzero mixing between neutrinos and antineutrinos ap-

pears, giving sensitivity to the linear combinations H ð1Þ
!ab

and H ð1Þ
a !b
. This shows that the dominant effects of the

coefficients ~g#$
a !b

and ~H #
a !b

appear only at second order.

Moreover, ðaLÞ#ab or ðcLÞ#$ab play no role in neutrino-
antineutrino mixing at this order.

Explicit expressions forH ð2Þ
ab andH

ð2Þ
!a !b

can be obtained

by decomposing the quadratic combinations H ð2Þ
AB defined

in Eq. (33). The structure of the factors ðMð2Þ
ABÞCDEF and the

form of the mixing matrix U reduce the number of terms

that contribute. In particular, we find that ðMð2Þ
ABÞCDEF

vanishes unless the index pairs fACg, fBFg, and fDEglie
in the same subspace. This leads to

H ð2Þ
ab ¼

X

cdef

ðMð2Þ
abÞcdef"hcd"hef

þ
X

c !d !e f

ðMð2Þ
abÞc !d !e f"hc !d"h !ef;

H ð2Þ
!a !b

¼
X

!c !d !e !f

ðMð2Þ
!a !b
Þ !c !d !e !f"h !c !d"h !e !f

þ
X

!cde !f

ðMð2Þ
!a !b
Þ !cde !f"h !cd"he !f;

H ð2Þ
!ab ¼

X

!cdef

ðMð2Þ
!abÞ !cdef"h !cd"hef

þ
X

!c !d !e f

ðMð2Þ
!abÞ !c !d !e f"h !c !d"h !ef;

H ð2Þ
a !b

¼
X

cde !f

ðMð2Þ
a !b
Þcde !f"hcd"he !f

þ
X

c !d !e !f

ðMð2Þ
a !b
Þc !d !e !f"hc !d"h !e !f:

(42)

Note thatH ð2Þ
!ab andH

ð2Þ
a !b

are absent from the second-order

probabilities but are included here for completeness. This
implies that no cross terms between "hab, "h !a !b, and
"ha !b ¼ "h$!ba appear at second order. In particular, all

appearances of the coefficients ~g#$
a !b

and ~H #
a !b

arise as

squares or as quadratic products with each other, without
accompanying factors of ðaLÞ#ab or ðcLÞ#$ab .

III. COEFFICIENTS ðaLÞ!ab AND ðcLÞ!"ab
In this section, we consider effects originating from the

coefficients ðaLÞ#ab and ðcLÞ#$ab . These contribute only to
neutrino-neutrino mixing and to antineutrino-antineutrino
mixing. We focus here on the dominant signals, which

arise from the first-order oscillation probabilities Pð1Þ
!b!!a

and Pð1Þ
!!b! !!a

given in Eq. (39).

The theoretical analysis presented in the previous sec-
tion applies to any scenario involving neutrino propaga-
tion. However, the key experimental signals are different
for beam experiments, solar-neutrino studies, and cosmo-
logical observations. For definiteness in this work, we
provide results in the context of beam experiments.
Section III A establishes the key expressions describing

sidereal variations in the oscillation probabilities.
Illustrative examples involving all three generations are
provided in Sec. III B, while the two-flavor case is consid-
ered in Sec. III B 3. The construction of CP and CPT
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ðCÞa !b ¼ $i
ffiffiffi
2

p "
ÊZ
þ ~HZ

a !b
$ ÊZ

þE~g
ZT
a !b

þ ÊZ
þN̂

ZE
#
~gZZ
a !b

$ 1

2
~gXX
a !b

$ 1

2
~gYY
a !b

$
þ i

2
ÊZ
þEð~gXYa !b

$ ~gYX
a !b
Þ
%
;

ðAsÞa !b ¼ $i
ffiffiffi
2

p
½$ÊY

þ ~HX
a !b

þ ÊX
þ ~HY

a !b
þ ÊY

þE~g
XT
a !b

$ ÊX
þE~g

YT
a !b

$ ÊY
þN̂

ZE~gXZ
a !b

þ ÊX
þN̂

ZE~gYZ
a !b

$ ÊZ
þN̂

YE~gZX
a !b

þ ÊZ
þN̂

XE~gZY
a !b
';

ðAcÞa !b ¼ $i
ffiffiffi
2

p
½ÊX

þ ~HX
a !b

þ ÊY
þ ~HY

a !b
$ ÊX

þE~g
XT
a !b

$ ÊY
þE~g

YT
a !b

þ ÊX
þN̂

ZE~gXZ
a !b

þ ÊY
þN̂

ZE~gYZ
a !b

þ ÊZ
þN̂

XE~gZX
a !b

þ ÊZ
þN̂

YE~gZY
a !b
';

ðBsÞa !b ¼ $i
ffiffiffi
2

p "
1

2
ðÊX

þN̂
X $ ÊY

þN̂
YÞEð~gXY

a !b
þ ~gYX

a !b
Þ $ 1

2
ðÊX

þN̂
Y þ ÊY

þN̂
XÞEð~gXX

a !b
$ ~gYY

a !b
Þ
%
;

ðBcÞa !b ¼ $i
ffiffiffi
2

p "
1

2
ðÊX

þN̂
Y þ ÊY

þN̂
XÞEð~gXY

a !b
þ ~gYX

a !b
Þ þ 1

2
ðÊX

þN̂
X $ ÊY

þN̂
YÞEð~gXX

a !b
$ ~gYY

a !b
Þ
%
: (78)

This completes the decomposition of !ha !b in terms of the
sidereal time T(, the coefficients ~g"#

a !b
, ~H "

a !b
, and the com-

ponents N̂J, ÊJ
þ. The analogous decomposition for !h !ba is

obtained by taking the Hermitian conjugate, following
Eq. (15).

At dominant order, the neutrino-antineutrino mixing is

controlled by the linear combinations H ð1Þ
a !b

and H ð1Þ
!ab

given in Eq. (40). The sidereal dependence of !ha !b trans-
fers to these combinations, leading to the expansion

H ð1Þ
a !b

¼ ðCð1ÞÞa !b þ ðAð1Þ
s Þa !b sin!(T(

þ ðAð1Þ
c Þa !b cos!(T( þ ðBð1Þ

s Þa !b sin2!(T(

þ ðBð1Þ
c Þa !b cos2!(T(; (79)

with a similar expression for H ð1Þ
!ab . The coefficients ~g"#

a !b
and ~H "

a !b
appear in this expansion in linear combinations

weighted by the complex experiment-dependent factors

ðMð1Þ
a !b
Þc !d and ðMð1Þ

!abÞ !cd given in Eq. (32). It is convenient

to introduce the definitions

~~g"#
a !b

¼
X

c !d

ðMð1Þ
a !b
Þc !d~g"#c !d ;

~~H
"
a !b ¼

X

c !d

ðMð1Þ
a !b
Þc !d ~H "

c !d
;

~~g"#!ab ¼
X

!cd

ðMð1Þ
!abÞ !cd~g

"#
!cd ¼

X

!cd

ðMð1Þ
!abÞ !cd~g

"#)
d !c ;

~~H
"
!ab ¼

X

!cd

ðMð1Þ
!abÞ !cd ~H "

!cd ¼
X

!cd

ðMð1Þ
!abÞ !cd ~H ")

d !c :

(80)

In terms of these, the sidereal amplitudes ðCð1ÞÞa !b,

ðAð1Þ
s Þa !b, ðAð1Þ

c Þa !b, ðBð1Þ
s Þa !b, ðBð1Þ

c Þa !b take the same form
as the corresponding amplitudes in Eq. (78) but with ~g"#

a !b

and ~H "
a !b

replaced with ~~g"#
a !b

and ~~H
"
a !b. For the coefficient

combinations H ð1Þ
!ba
, we can define analogous sidereal am-

plitudes ðCð1ÞÞ !ba, ðAð1Þ
s Þ !ba, ðAð1Þ

c Þ !ba, ðBð1Þ
s Þ !ba, ðBð1Þ

c Þ !ba. The
forms of these can also be obtained from Eq. (78), by first
taking the Hermitian conjugates of the expressions on the
right-hand side and then replacing ~g"#!ba ,

~H "#
!ba

with ~~g"#!ba ,
~~H
"
!ba.

According to Eq. (41), the combinations H ð1Þ
a !b

contrib-

ute quadratically to the second-order neutrino-antineutrino

probabilities Pð2Þ
!$b!$a

. This implies that sidereal variations

at frequencies up to 4!( are observable. Consequently, we

expand Pð2Þ
!$b!$a

as

Pð2Þ
!$b!$a

L2 * jH ð1Þ
a !b
j2

¼ ðPð2Þ
C Þa !b þ ðPð2Þ

As
Þa !b sin!(T(

þ ðPð2Þ
Ac

Þa !b cos!(T( þ ðPð2Þ
Bs
Þa !b sin2!(T(

þ ðPð2Þ
Bc
Þa !b cos2!(T( þ ðPð2Þ

Ds
Þa !b sin3!(T(

þ ðPð2Þ
Dc

Þa !b cos3!(T( þ ðPð2Þ
F s
Þa !b sin4!(T(

þ ðPð2Þ
F c
Þa !b cos4!(T(: (81)

Each of the nine amplitudes in this equation is a quadratic
combination of the coefficients ~g"#

a !b
and ~H "

a !b
for Lorentz

violation. These combinations depend on the mass matrix
and also vary with the experimental scenario through the
neutrino energy and the direction of propagation.
The explicit forms of the amplitudes in Eq. (81) are

somewhat lengthy and are omitted here. However, we
can obtain compact expressions in terms of the amplitudes

for the sidereal decomposition of H ð1Þ
a !b
, which are defined

in Eq. (79). For the harmonics up to 2!(, some calculation
yields the results

ðPð2Þ
C Þa !b ¼ jðCð1ÞÞa !bj2 þ

1

2
jðAð1Þ

s Þa !bj2 þ
1

2
jðAð1Þ

c Þa !bj2

þ 1

2
jðBð1Þ

s Þa !bj2 þ
1

2
jðBð1Þ

c Þa !bj2;

ðPð2Þ
As

Þa !b ¼ Re½2ðCð1ÞÞ)
a !b
ðAð1Þ

s Þa !b þ ðAð1Þ
c Þ)

a !b
ðBð1Þ

s Þa !b

$ ðAð1Þ
s Þ)

a !b
ðBð1Þ

c Þa !b';
ðPð2Þ

Ac
Þa !b ¼ Re½2ðCð1ÞÞ)

a !b
ðAð1Þ

c Þa !b þ ðAð1Þ
s Þ)

a !b
ðBð1Þ

s Þa !b

þ ðAð1Þ
c Þ)

a !b
ðBð1Þ

c Þa !b';
ðPð2Þ

Bs
Þa !b ¼ Re½2ðCð1ÞÞ)

a !b
ðBð1Þ

s Þa !b þ ðAð1Þ
s Þ)

a !b
ðAð1Þ

c Þa !b';

ðPð2Þ
Bc
Þa !b ¼ 2Re½ðCð1ÞÞ)

a !b
ðBð1Þ

c Þa !b' $ jðAð1Þ
s Þa !bj2

þ jðAð1Þ
c Þa !bj2; (82)
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Magnetic fields of scale heights as small as LB !
10−4R⊙ can only exist over very short distances
and so cannot lead to any sizeable SFP. We shall
therefore consider large-scale solar magnetic fields
which satisfy (23).
The maximum of production of solar 8B neutrinos

which are of interest to us corresponds to r0 ≃
0.05R⊙; from Eqs. (21) and (12) we then obtain

A(νeL → ν̄µRR⊙)

(24)≃
[

sin2 θ(ri)µB⊥(ri )

g′
2(ri)

]
∣

∣

∣

∣

ri=0.05R⊙
,

where we once again omitted an irrelevant phase fac-
tor. In the energy region of interest, the corresponding
probability varies by less than 20% (see Fig. 1), and
so in first approximation we can replace it by its mean
value. From Eqs. (3), (24) and (13) one then finds

P(νeL → ν̄eR)

≃ 1.8× 10−10 sin2 2θ
[

µ

10−12µB

B⊥(0.05R⊙)

10 kG

]2
,

(25)
where we have taken into account that the ν̄µR → ν̄eR

oscillations in the space between the sun and the earth
are in the averaging regime. Eq. (25) is our final result
for the LMA case.
In Fig. 1 the probabilities P(νeL → ν̄eR) corre-

sponding to the νeL → ν̄µR amplitudes of Eqs. (12)

Fig. 1. Probabilities P (νeL → ν̄eR) corresponding to the
νeL → ν̄µR amplitudes of Eqs. (12) (wiggly curve) and (24)
(smooth curve) for the LMA solution. Magnetic field linearly de-
creasing from B0 = 5 × 107 G at r = 0.05R⊙ to zero at r = R⊙
and µ = 10−12µB were chosen.

and (24) are shown (the wiggly and smooth curves, re-
spectively). The fast oscillations of the former are due
to the interference between the two terms in Eq. (12),
whereas the latter is smooth because in obtaining it
we neglected the (subleading) first term in (12). No-
tice that the oscillations described by the wiggly curve
are in fact unobservable since they average out when
one integrates over the neutrino production region or
takes into account finite energy resolution of neutrino
detectors.

3.2. LOW solution

The best fit values of the neutrino parameters for
this solution are#m2 ≃ 10−7 eV2, sin 2θ ≃ 0.98 [24].
For the interval of neutrino energies of interest, the
parameter δ is in the range δ ≃ (1.7–5) × 10−15 eV.
Once again, the contribution of the first term in the
square brackets in Eq. (12) is much smaller than that
of the second term, and so we neglect it. The analy-
sis is similar to that in the LMA case, but there is
one important difference. In the LMA case, the value
of g′

2 changes only by about a factor of two from
the neutrino production point to the surface of the
sun (g′

2R⊙ varies between ∼ 104 and ∼ 5 × 103).
In contrast to this, in the LOW case it changes by
a large factor—from g′

2R⊙ ∼ 104 at r ≃ 0.05R⊙ to
g′
2R⊙ ∼ 10 at r = R⊙. This difference in the behav-
iour of g′

2 is a consequence of the fact that the values
of δ are much larger and so contribute significantly to
g′
2 at all values of r in the LMA case whereas in the
LOW case they dominate near the surface of the sun
but are negligible in the solar core; the values of g′

2 at
small r are mainly determined by the matter-induced
potentials. Indeed, in the LOW case one finds from
Eqs. (13) and (10)

g′
2|r=R⊙ ≃ (1− c2)δ,

(26)g′
2|r=0.05R⊙ ≃ (Ve + Vµ)|r=0.05R⊙ .

The smallness of g′
2 at r = R⊙ implies that the integral

in Eq. (12) is now dominated by the surface of the
sun. Since the magnetic field nearly vanishes there,
one can expect the main contribution to the integral to
come from the second term in brackets in Eq. (21), i.e.,
from the term proportional to the derivative of the solar
magnetic field rather than to the field itself. Indeed, the

Phys.	Lett.	B	553	(2003)	7.

太陽内部の強磁場によってK#がKHに変わり（ス
ピンフレーバー振動）、地球へ到達するまでに
通常の振動でKH → MK#に変わる過程を経てK# → MK#

振動するモデルが予言された。 K# → MK#振動の確
率は

ここで、Tはニュートリノ磁気モーメント、TI
はボーア磁子、 UJは太陽内部磁場、 V@?~34.5°

は振動パラメータ。
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3. Review of solar !"# search
Chapter 6 SRN Analysis and Result at SK

neutron tagging analysis for the [9.3, 11.3] MeV region. Therefore, 1,886 days of data
were analyzed for this energy range.

After the data reduction and neutron tagging, in the �nal sample for the SRN analysis,
29 events were observed, in good agreement with the expectation of 33.7±4.6 background
events. Figure 6.4 shows the energy distribution of these events against the expectations
of backgrounds. The time di�erence between the primary event and the neutron signal is
shown in Fig. 6.5. The statistics is not signi�cant, and the �tted neutron capture lifetime
in Fig. 6.5 is � = 204 ± 130 µs, consistent with the expected neutron capture lifetime in
water[94]. Therefore we validated the estimation of the number of accidental background
in the �nal SRN sample.
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Figure 6.4 The energy spectrum for SRN sample.

6.3 Model-Independent Upper Limit

The number of observed events was statistically consistent with the null-signal hy-
pothesis. In the absence of signal, an upper limit of SRN �ux was derived. To compare
with results from other experiments, we estimated the upper limit for 90% C.L..

Based on present background estimations, this upper limit can be calculated in a
model-independent way, setting di�erent limits for di�erent energy bins. The upper limit

115

each cut. The efficiency of the delayed event is corrected with a fac-
tor of !92% due to the 533 ls time window. It is observed that
most delayed events cannot fire sufficient PMTs to meet the mini-
mum requirement on N10. Basing the TOF correction on the SRN
candidate vertex (rather than the true vertex of the delayed event)
changes the efficiency of finding delayed events by at most 2.5%
relatively. Uniformity of both the MC signal efficiency and the
background probability were studied using 110 positions within
the detector. These spatial variations of MC signal efficiency and
background probability were found to be 5.9% and 16.8%, respec-
tively. These variations were then assigned to the systematic
uncertainties. Therefore, the efficiency and the background proba-
bility for the delayed events are ð17:74 # 0:04stat: # 1:05sys:Þ% and
ð1:06 # 0:01stat: # 0:18sys:Þ%, respectively. Combining the primary
event efficiency and delayed event efficiency, the IBD detection
efficiency ð!Þ is obtained to be ð13:0 # 0:8Þ%.

4. Test with Am/Be source data

To verify the detection efficiency for the 2.2 MeV c’s given in
Table 2, a test was carried out using an Am/Be source embedded
in a bismuth germanate (BGO) scintillator during SK-IV. The exper-
imental setup and other details can be found elsewhere [19]. The
experimental apparatus was deployed at certain positions in the
SK tank, during which the forced trigger gate for catching the
2.2 MeV c’s was temporarily enlarged to 800 ls in order to obtain
a more complete neutron lifetime spectrum. To get the time distri-
bution of the source-related background and accidental back-
ground, 10 Hz of 800 ls random trigger data was also taken.
Fig. 2 shows the distribution of time differences (DT) between
the delayed events and the prompt events, which is fitted with
an exponential plus a constant with the signal fraction as a free
parameter, to give the neutron lifetime in water. In order to verify
the neutron lifetime time and examine possible position depen-
dence of detection efficiency, the source was deployed at three dif-
ferent locations: at the center of the tank, close to the wall, and
close to the top. All of the resulting lifetime measurements were
consistent within one standard deviation. The average neutron life-
time in water was found to be ð203:7 # 2:8Þ ls. The efficiencies
measured at the three locations are in agreement within 10%,
which also agrees with the estimation of Monte Carlo simulation.
The average efficiency of ð19:0 # 0:2Þ% in this enlarged 800 ls

window is in good agreement with the value of ð19:2 # 0:1Þ% esti-
mated from MC simulation.

5. Analysis and results

Returning to the low energy SRN search using 960 live days of
SK-IV data, after passing the selection criteria for both the prompt
events and the delayed events the relevant distributions for the
remaining events with at least one neutron candidate are shown
in Fig. 3. There are 13 IBD candidates observed consistent with
accidental background events evaluated to be 10 # 1:7. Two out
of these 13 primary events with electron energies around
12 MeV are observed to have two neutron candidates, which indi-
cates they are likely to be from spallation backgrounds with high
neutron multiplicity.

A number of studies have been performed to provide insight
into the origin of possible background in this energy domain, espe-
cially those arising from atmospheric !ml=ml CC interaction, p # pro-
duction and NC interactions with water. This is achieved by
changing the cut on the Cherenkov angle hC of the primary event,
in which an electron/positron is defined with 38% < hC < 50%. The
l# and p # events are defined with hC < 38%, while the NC events
are defined with hC > 50%. There are 144 primary l# and p # candi-
date events with 22 delayed candidates and 489 NC candidate
events with 47 delayed candidates. A clear neutron lifetime curve
is observed in both delayed candidate samples, showing that the
primary events are indeed accompanied by neutrons. The flat tim-
ing offset distribution for the delayed candidates in Fig. 3 does not
show significant leakage from these two types of physical back-
grounds. The number of atmospheric !me events is estimated to be
0.1, while the number of the !ml events is about 1.0. The later is
due to the !ml charged-current interaction, which produces a
delayed neutron and a positron from an invisible lþ Michel decay.
In absence of a significant signal the Rolke method [20] is used to
convert the number of observed and expected background events
nobs ¼ 13 and nbkg ¼ 10:0 # 1:7 to a 90% C.L upper limit of 80.1
events in total or 30.5 events/22.5 (kton(year), taking into account
the IBD detection efficiency !. Table 3 lists the expected number of
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Fig. 2. Distribution of DT for the Am/Be data (points). The curve is for the fitting
results. The shaded histogram indicates the expected background. Errors are
statistical only.
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background histograms are cumulative and the solar νe histogram sits on top of
the background total.

Table 3
Summary of the Estimated Backgrounds with

Prompt Energy between 7.5 MeV and 30.0 MeV

Background Number of Events

Random coincidences 0.22 ± 0.01
Reactor νe 2.2 ± 0.7
9Li 4.0 ± 0.3
Fast neutron 3.2 ± 3.2
Atmospheric ν (CC) 0.9 ± 0.2
Atmospheric ν (NC) 16.4 ± 4.7

Total 26.9 ± 5.7

5. DATA INTERPRETATION

We observe 25 events after the cuts described in Section 3.
Figure 2 illustrates the distribution for the prompt event posi-
tion, the delayed energy, the spatial correlation, and the time
correlation. There are five two-neutron candidates which may
be caused by 12C(n, 2n)11C reaction of fast neutrons. The
estimated number of backgrounds for νe detection summarized
in Table 3 is 26.9 ± 5.7 events in the prompt energy window
7.5 MeV < Ep < 30.0 MeV. Figure 3 shows the event distri-
bution as a function of prompt energy. The data set presented
here contains 16 times more statistics than the first KamLAND
publication on this subject, allowing us to verify the expected
background contribution in the analyzed energy window. The
data are analyzed using an unbinned maximum likelihood fit to
the event spectrum. The estimate for 9Li and reactor νe are rather
robust; on the other hand, reliable data for NC interactions in the
energy range of interest do not exist and the method we used to
calculate this background contribution has large uncertainties.
To avoid possible bias from modeling in the NC background cal-
culation, the normalization of the NC events is a free parameter
in the spectral fits.

From the unbinned maximum likelihood fit, the allowed
region for the NC background and the conversion probability
from νe to νe is shown in Figure 4, assuming an unoscillated 8B
neutrino flux of 5.94 × 106 cm−2 s−1 (Pena-Garay & Serenelli
2008). For the NC-floated normalization analysis, the upper
limit for neutrino conversion is 5.3 × 10−5 at 90% CL, which
corresponds to a solar νe flux of 93 cm−2 s−1 or an event
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Figure 4. Allowed region, with the best-fit point (3.0 × 10−6, 14.5), for
the unconstrained neutral current (NC) background and the probability of
solar neutrino conversion from the KamLAND data in the energy range of
8.3 MeV < Eνe < 31.8 MeV. The confidence level (CL) is shown for two
degrees of freedom. The gray shaded region indicates the ±1σ prediction from
the NC background calculation.

rate of 1.6 events (kton-year)−1 above the energy threshold
(Eνe

! 8.3 MeV; containing 29.5% of the total 8B neutrino
flux). This limit is a factor 2.5 improvement over the previous
limit in Bellini et al. (2011) due to 24 times more exposure. For
comparison, the rate analysis in the energy range 8.3 MeV <
Eνe

< 15.0 MeV gives a slightly more stringent limit of
1.4 events (kton-year)−1, if we use all the constraints on the
background estimates including the NC background (Table 3).
The fitted NC background assuming zero solar νe events is
14.8+5.8

−5.4 events, which is in good agreement with the calculation
(16.4 ± 4.7 events).

The probability for solar neutrino conversion can be
predicted by the models of spin flavor precession and
Mikheyev–Smirnov–Wolfenstein large mixing angle solution
oscillations in the Sun. If the conversion model for 8B neutri-
nos of Equation (1) without the distortion of the 8B spectrum
is assumed, we obtain the following limit on the product of the
neutrino magnetic moment (µ) and the transverse solar magnetic
field in the region of neutrino production (BT ):

µ

10−12µB

BT (0.05 R⊙)
10 kG

< 5.9 × 102, (3)

using a value of 34◦ for the mixing angle (Gando et al. 2011).
The current best limit on the neutrino magnetic moment is from
the GEMMA spectrometer, µνe

< 3.2 × 10−11 µB at 90% CL
(Beda et al. 2010). Lack of knowledge of the value of BT limits
KamLAND sensitivity to the neutrino magnetic moment.

These data also test other potential νe sources. Assuming
an energy spectrum from the reference model (Ando & Sato
2004), which is consistent with a recent model reducing the
cosmological uncertainties (Horiuchi et al. 2009), we found an
upper limit for the diffuse supernova νe flux of 139 cm−2 s−1 at
90% CL in the analyzed energy range. This limit is weaker than
our solar νe flux limit due to the strong anticorrelation between
the signal and NC background events amplified by the similarity
in their spectral shapes. This flux limit corresponds to about
36 times the model prediction (Ando & Sato 2004), indicating
poor statistical power in constraining the cosmological models
using the current KamLAND data. The upper limit for the

6
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4. スーパーカミオカンデと反電子ニュートリノ検出
Specification
H40m	× P40m
50	kton pure-water
20”	PMTs	ID:		11,129
8”	PMTs		OD:			1,885
Data	take	from	1996

Tank	open	2018
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4. スーパーカミオカンデと反電子ニュートリノ検出
Direction distribution cosθsun

bij ¼ βiðcos θsunij Þ and the signal weights sij ¼ σðcos θsunij ;
EijÞ are calculated from the expected shapes of the back-
ground and solar neutrino signal, respectively (probability
density functions). The background shapes βi are based on
the zenith and azimuthal angular distributions of real data,
while the signal shapes σ are obtained from the solar
neutrino simulated events. The values of S and Bi are
obtained by maximizing the likelihood. The histogram of
Fig. 17 is the best fit to the data, the dark (light) shaded
region is the solar neutrino signal (background) component
of that best fit. The systematic uncertainty for this method of
signal extraction is estimated to be 0.7%.

1. Vertex shift systematic uncertainty

The systematic uncertainty resulting from the fiducial
volume cut comes from event vertex shifts. To calculate the
effect on the elastic scattering rate, the reconstructed vertex
positions of solar neutrino MC events are artificially shifted
following the arrows in Fig. 3, and the number of events
passing the fiducial volume cut with and without the
artificial shift are compared. Figure 18 shows the energy
dependence of the systematic uncertainty coming from the
shifting of the vertices. The increase below 4.99 MeV
comes from the reduced fiducial volume (smaller surface to
volume ratio), not from an energy dependence of the vertex
shift. The systematic uncertainty on the total rate is $ 0.2%.

2. Trigger efficiency systematic uncertainty

The trigger efficiency depends on the vertex position,
water transparency, number of hit PMTs, and response of
the front-end electronics. The systematic uncertainty

from the trigger efficiency is estimated by comparing
Ni-calibration data (see Sec. II C) with MC simula-
tion. For 3.49–3.99 MeV and 3.99–4.49 MeV, the differ-
ence between data and MC is −3.43 $ 0.37% and
−0.86 $ 0.31%, respectively [14]. Above 4.49 MeV the
trigger efficiency is 100% and its uncertainty is negligible.
The resulting total flux systematic uncertainty due to the
trigger efficiency is $ 0.1%.

3. Angular resolution systematic uncertainty

The angular resolution of electrons is defined as the
angle which includes 68% of events in the distribution of
the angular difference between their reconstructed direction
and their true direction. The MC prediction of the angular
resolution is checked and the systematic uncertainty is
estimated by comparing the difference in the reconstructed
and true directions of LINAC data and LINAC (see [12])
simulated events. This difference is shown in Table IV for
various energies. To estimate the systematic uncertainty on
the total flux, the signal shapes sangþij and sang−ij are varied by
shifting the reconstructed directions of the simulated solar
neutrino events by the uncertainty in the angular resolution.
These new signal shapes are used when extracting the total
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FIG. 18. Vertex shift systematic uncertainty on the flux. The
increase below 4.99 MeV comes from the tight fiducial volume
cut. (see text).

TABLE IV. Angular resolution difference between LINAC data
and simulated LINAC events for each SK phase. The energy
refers to the electron’s in-tank kinetic energy.

Energy (MeV) SK-I(%) SK-II(%) SK-III(%) SK-IV(%)

4.0 & & & & & & & & & 0.64
4.4 −1.64 & & & 0.74 0.68
5.3 −1.38 & & & & & & & & &
6.3 2.32 5.93 & & & 0.02
8.2 2.33 7.10 0.40 0.06
10.3 1.52 & & & & & & & & &
12.9 1.07 6.50 −0.27 0.22
15.6 0.88 & & & 0.39 & & &
18.2 & & & & & & & & & 0.31
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FIG. 17. Solar angle distribution for 3.49 to 19.5 MeV. θsun is
the angle between the incoming neutrino direction rν and the
reconstructed recoil electron direction rrec. θz is the solar zenith
angle. Black points are data while the histogram is the best fit to
the data. The dark (light) shaded region is the solar neutrino
signal (background) component of this fit.
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4. スーパーカミオカンデと反電子ニュートリノ検出
TMVA 機械学習によるlikelihood法

Chapter 5 Selection of Correlated Neutrons at SK
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Figure 5.7 Nlow distributions for both the neutron capture signal (blue) and the background
(red). See text for more details.

5.1.2.4 Number of hits in 300 ns: N300

The N10 cut removes many low energy backgrounds. However, for high energy
backgrounds, such as the PMT �ashing or high noise channels, N10 can be large and
may contaminate the signal sample. The crucial feature to distinguish signal from these
backgrounds will be the number of hit in a wider time window, N300. The hits of a neutron
capture event are usually fully contained within a 10 ns window, while for these high
energy backgrounds, the noise e�ect will continue in a longer time range, thus forming a
larger, more disperse pattern, as shown in Fig. 5.8.

Figure 5.8 Upper �gure shows a typical neutron capture event, and lower �gure shows a hypo-
thetical background signal to be rejected. The blue markers correspond to the PMT dark noise,
and the red markers represent a signal or a PMT �asher[45].
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N-tag	model	&	TMVA	training	(2/3) I have compared with spectra in Linyan’s paper, and
these spectra are reasonable.
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N-tag	model	&	TMVA	training	(2/3) I have compared with spectra in Linyan’s paper, and
these spectra are reasonable.
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N-tag	model	&	TMVA	training	(2/3) I have compared with spectra in Linyan’s paper, and
these spectra are reasonable.
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4. スーパーカミオカンデと反電子ニュートリノ検出
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N-tag	model	&	TMVA	training	(2/3) I have compared with spectra in Linyan’s paper, and
these spectra are reasonable.
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Figure 5.7 Nlow distributions for both the neutron capture signal (blue) and the background
(red). See text for more details.

5.1.2.4 Number of hits in 300 ns: N300

The N10 cut removes many low energy backgrounds. However, for high energy
backgrounds, such as the PMT �ashing or high noise channels, N10 can be large and
may contaminate the signal sample. The crucial feature to distinguish signal from these
backgrounds will be the number of hit in a wider time window, N300. The hits of a neutron
capture event are usually fully contained within a 10 ns window, while for these high
energy backgrounds, the noise e�ect will continue in a longer time range, thus forming a
larger, more disperse pattern, as shown in Fig. 5.8.

Figure 5.8 Upper �gure shows a typical neutron capture event, and lower �gure shows a hypo-
thetical background signal to be rejected. The blue markers correspond to the PMT dark noise,
and the red markers represent a signal or a PMT �asher[45].

90

Chapter 5 Selection of Correlated Neutrons at SK

0 2 4 6 8 10 12 14 16 18

Nlow

0

1000

2000

3000

4000

5000

6000

7000

Figure 5.7 Nlow distributions for both the neutron capture signal (blue) and the background
(red). See text for more details.

5.1.2.4 Number of hits in 300 ns: N300

The N10 cut removes many low energy backgrounds. However, for high energy
backgrounds, such as the PMT �ashing or high noise channels, N10 can be large and
may contaminate the signal sample. The crucial feature to distinguish signal from these
backgrounds will be the number of hit in a wider time window, N300. The hits of a neutron
capture event are usually fully contained within a 10 ns window, while for these high
energy backgrounds, the noise e�ect will continue in a longer time range, thus forming a
larger, more disperse pattern, as shown in Fig. 5.8.

Figure 5.8 Upper �gure shows a typical neutron capture event, and lower �gure shows a hypo-
thetical background signal to be rejected. The blue markers correspond to the PMT dark noise,
and the red markers represent a signal or a PMT �asher[45].

90

True Missed

TMVA 機械学習によるlikelihood法



(	
/�
	�
. 
(

MLP	threshold	=0.95
ntag efficiency	=	20.6%
(in	fact,	ntag cut	have	been	applied.)
This	eff.	is	fixed	to	20%	for	solar-+̅.
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4. スーパーカミオカンデと反電子ニュートリノ検出
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• Systematic errors are not estimated for the previous one (ATMPD may19).  

• FC reduction removes events below 20 MeV (in APFIT).  

• Then switched to apr16 production and the files before FC reduction are now being 

processed with lowfit. 
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5. 今後の展望 SK-Gdが始まるけど、ここまでやりたい！
�DNMG,(FMR,CK 
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• Solar MK#の結果はそろそろでるよ。Paper
のスケールは年度末くらい

• SK-Gdで、 MK#検出効率改善して、右図のみ
どり太破線の領域でK# → MK# 振動を探す。

• 有意な信号が検出された場合、年間の事象
頻度の変動(太陽ー地球間の距離より)から
太陽由来の信号であることを裏付ける。
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まとめ
• 太陽由来の反電子ニュートリノが~O(10-1 ~ 10-0) cm-2 s-1のスケール
で存在する場合!Q → #!Q 振動が示唆される。ローレンツ不変性の破れ
=>新物理

• もはや、 超新星背景ニュートリノ(SRN)ですらBackground！

• Super Kamiokandeの中性子捕獲事象選択によって、 #!Q 事象を検出
する。TMVAによる機械学習を用いたliklihood法(今流行りの)によっ
て、効率よく、 #!Qp → neR事象を抜き出した。

• MCシミュレーションでカット条件などもほぼ決まった。BG評価も、
reactorとaccidentalくらが残っているだけ。Dataはそろそろ開示し
たいかな。

• 結果はそろそろ出るよ。出たらy-map slackにでもconfidentialとし
て回したらいいんか？ 5NMG,(F

MR,CK


