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M⊙=1.99w1033 g
P t = 0pOxyz{-d|OMN}~P

τ⊙= 4.57w109�

��!���O��O��

L⊙= 3.8418w1033 erg/s
��

R⊙= 6.9598w1010 cm
%&��-��j�-uv�

Z/X ∼	0.02
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𝒕𝐠𝐫𝐚𝐯𝐢𝐭𝐲 ≈
𝑮𝑴⊙

𝟐

𝑹⊙𝑳⊙
≈ 𝟏𝟎𝟕年

H,p�����,����%&Y�

𝝀~𝟎. 𝟎𝟏 𝐜𝐦 → 𝒕𝐚𝐭𝐦𝐨𝐢𝐜~
𝑹⊙
𝝀

𝟐 𝝀
𝒄
~𝟏𝟎𝟓年

Yp����

𝒕𝐧𝐮𝐜𝐥𝐞𝐚𝐫 ≈ 𝟎. 𝟕%×𝟏𝟎%×
𝑴⊙𝒄𝟐

𝑳⊙
~𝟏𝟎𝟏𝟎年
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JOHN N. BAHCALL et. al., THE ASTROPHYSICAL JOURNAL, 555:9901012, 2001 July 10
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𝑳 𝒓 = −𝟒𝝅𝒓𝟐
𝒂𝒄
𝟑𝜿𝝆

𝐝𝑻𝟒

𝐝𝒓
7*Oa£¤�OT£¥�Oκ¦§¨©�O
£�,ªz«¬V 𝝀-­�

𝜿 =
𝟏
𝝀𝝆
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𝑹𝑻 = 𝝈𝑻𝟒 (W/cm2)
·¸¹-º»¼½¾¿t



𝐝𝒓
𝒓

𝒎

ÀÁ`Â-lh

𝐝𝑭(𝒓) = −
𝑮𝒎(𝒓)𝝆(𝒓)𝐝𝑽

𝒓𝟐

𝐝𝑽 = 𝟒𝝅𝒓𝟐𝐝𝒓
ÀÁ_ÃÄ

ÀÁ`Â-gÅ

𝐝𝑷(𝒓) =
𝐝𝑭(𝒓)
𝟒𝝅𝒓𝟐

𝐝𝑷 𝒓
𝐝𝒓

= −
𝑮𝒎 𝒓 𝝆 𝒓

𝒓𝟐
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iÒÓÔµ¶jX-gÅ-ÕÖ

𝑷 𝒓 =
𝒂
𝟑
𝑻𝟒 +

𝟏
6𝒎
𝒌𝝆𝑻
𝒎𝑯

(𝟏 + 𝑫)

7*Oa£¤�OT£¥�O𝒌¦º»¼
½¤vO 𝑫¦×Ø,ÙÚÛ-ÜÝtª
z|,uvÞß

𝟏
G𝒎
= 𝟐𝑿 +

𝟑
𝟒
𝒀 +

𝟏
𝟐
𝒁

𝑿��uvà�
𝒀�áuvà�
𝒁��áâ-ãyÄäuvà�
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å%&®æz{|¦0ÁOfÁgÅ¦çO
ªzè�¦ 1g/cm3Oq*�gÅéê²³¦

𝑷 𝐈 ~
𝟐𝝆𝑮𝑴⊙

𝑹⊙
~𝟔×𝟏𝟎𝟏𝟒𝐏𝐚

ëì9í^_ÑÈîVOï®¯²³*�-
¥�¦

𝑻 𝐈 ~
𝒎𝑯𝑷 𝐈
𝟐𝒌𝝆(𝐈)

~𝟏𝟎𝟕𝐊
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ðÇu,mñòóô}õö-÷øùú

ûÇu,ãô-ü�¦

¬9í^_ÑÈîVO®ýãô¥�

≫ 𝟏𝟎𝟕𝐊

𝑬𝒊 = 𝟐𝑬𝑲, 𝑬𝒇 = 𝑼 =
𝒆𝟐

𝟒𝝅𝜺𝟎𝟐𝑹

𝑬𝑲 =
𝒆𝟐

𝟒𝝅𝜺𝟎𝑹
~𝟑𝟔𝟎 𝐤𝐞𝐕

𝑻 =
𝟐𝑬𝑲
𝟑𝒌

~𝟑×𝟏𝟎𝟗 𝐊

}þ%&*�W/XYZ[Oïô}Þß
ÿè�!"t



13

#$%&'(*-%&è�#�$

𝑹/𝑹⊙

𝐥𝐨
𝐠 𝟏

𝟎
(𝝆

𝒆)
[𝐜
𝐦
(
𝟑
/𝑵

𝑨
]

𝑽𝒆 = 𝑮𝑭 𝟐𝑵𝒆
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@-%&*+,3v

𝝓𝝂⨀ =
𝟐𝑳⨀

𝟒𝝅𝒅⨀𝟐 𝑸 − 𝟎. 𝟓𝟑𝐌𝐞𝐕

d⊙= 1.5w1013cm   �4567�

j!Ç 40 GW-\]8�9: 7;<=Y
Ø>�P 1 km67Í./-c𝝂𝒆3vm?t

16

~ 𝟔. 𝟒𝟕×𝟏𝟎𝟏𝟎𝐜𝐦@𝟐𝐬@𝟏
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'(@A,BC-%&*+,3vÊ�vD
-EFGHt'(IJ-¡%KLH,YD
�¦ Z1 Ê Z2 -XY\]M�

𝝈 𝑬 =
𝑺 𝑬
𝑬

𝐞𝐱𝐩 −
𝟐𝝅𝒁𝟏𝒁𝟐𝜶

ℏ
𝝁

𝟐𝑬(𝐤𝐞𝐕)

7* S(E) £N_89 S-O,Oα Ê ℏ|P
£BFAQ¤�ÊRSõ¤�O 𝝁 ¦:N
uvt
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P%&!"TO S(E) ≈ S(0)OS(0)£çF
UOVW<«12X¾O��

S12:         2H�pOγ�3He
S33:         3He�3HeO2p�4He
S34:         3He�4HeOγ�7Be
S17:         p�7LiO4He�4He
S1,14:       14 N�pOγ�15O

2005�LUNA×14N�pOγ�15OYM�-Xv
��ÌEZ¦-}[ð\t]!W�×CN1
2-%&*+,3v³^./,â}ÕÖt
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S12:   2H�pOγ�3He
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S34:   3He�4HeOγ�7Be
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S1,14:   14 N�pOγ�15O
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𝒙 = 𝒓/𝑹⊙ 𝒙 = 𝒓/𝑹⊙

+
𝟎

𝟏
𝒑𝒊𝐝𝒙 = 𝟏

!"#$
cm-3mol-1

Low Z

'*I'*J KLMNO
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𝑳𝐧𝐮𝐜𝐥
𝟏 𝐀. 𝐔. 𝟐 = H

𝒊5𝟏,𝟖

𝜶𝒊𝚽(𝑿𝒊)

7*O𝚽(𝑿𝒊)¦5ÉiXv-*+,¢Åt
jE-12Ak¦

𝑳𝐧𝐮𝐜𝐥 = 𝟏. 𝟎𝟒(𝟎.𝟎𝟖9𝟎.𝟎𝟕 𝑳⨀
`aC}<«𝚽(𝐩𝐩)-Xv`at�kli
��-:m

𝑳𝐧𝐮𝐜𝐥 = 𝟎. 𝟗𝟗𝟏(𝟎.𝟎𝟎𝟓
9𝟎.𝟎𝟎𝟓 + 𝟎. 𝟎𝟎𝟗(𝟎.𝟎𝟎𝟓

9𝟎.𝟎𝟎𝟒 𝑳⨀
pp-J CNO –NO
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noÎÿ��&�-� Z/X=0.023-SSM
poÎq��&�-� Z/X=0.018-SSM
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ü�¶N��
• Homestake (Cl)
• Gallex/GNO (Ga)
• Sage (Ga)

ü�����
• Kamiokande (H2O)
• Super-K (H2O)
• SNO (D2O, H2O)

ü�_��_�
• Borexino
• KamLAND
• SNO+

Homestake
Gallex
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1. �¶N���Pontecorvo 1946 @��

𝝂𝒆 +𝟏𝟕𝟑𝟕 𝐂𝐥 → 𝐞@ +𝟏𝟖𝟑𝟕 𝐀𝐫

Homestate (1967-1994) 𝐀𝐫
𝟑𝟎.𝟎𝟒𝐝

𝐂𝐥 + 𝐞& + 𝝂𝒆

*+,\��\]��v� 0.814 MeV�
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𝟎. 𝟒𝟕𝟖 ± 𝟎. 𝟎𝟑𝟎



𝑵 𝟑𝟕𝐂𝐥 H
𝒊

P
𝟎.𝟖𝟏𝟒 𝐌𝐞𝐕

𝟏𝟓 𝐌𝐞𝐕
𝝓𝒊 𝑬𝝂 𝝈 𝑬𝝂 𝐝𝑬𝝂

=
𝝀𝐀𝐫𝑵(𝟑𝟕𝐀𝐫; 𝒕𝐞𝐱𝐩𝐨𝐬𝐮𝐫𝐞)

𝜺[𝟏 − 𝐞𝐱𝐩(−𝝀𝐀𝐫𝒕𝐞𝐱𝐩𝐨𝐬𝐮𝐫𝐞)]
− 𝒃

𝑵 𝟑𝟕𝐂𝐥 = 𝟐. 𝟏𝟔×𝟏𝟎𝟑𝟎, 𝝀𝐀𝐫 = 𝟎. 𝟎𝟏𝟗𝟖 𝐝(𝟏

Homestate �,615 � 𝐂𝟐𝐂𝐥𝟒

��

�X

2.56 � 0.23 SNU 𝟕. 𝟔@𝟏.𝟏D𝟏.𝟑 SNU
Xv� SSM�Bahcall 2001�

1 SNU4PQRS6= 10−36 TU/V./W

�a�
𝟕.𝟔@𝟐.𝟓𝟔

𝟏.𝟏𝟐D𝟎.𝟐𝟑𝟐
= 𝟒. 𝟓𝝈 %&*+,45�

30



A HALF-CENTURY WITH SOLAR 
NEUTRINOS

--2002XYZU[\]^Ray Davis

����!Çi�AkpO�����
Z¦� ]¡!Ç¢yãô£¤�-12O
§�¥¦*+,£§xP-45t¨©ª
«§¬­!®��<tu]¡!Ç12O
¯12°>P!;±iO²³Ù´µÉO
¢y´¶¨ý�µÉ7±·¸U¹º�-
A�t»
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2. ¼½12�Kamioknde-II/III�

32

P¾**+,¿ÀÁ¶UV�𝑬𝝂𝒆 ≫ 𝒎𝒆�

𝝈𝑬(𝝂𝒆𝒆) ≈ 𝟎. 𝟗×𝟏𝟎@𝟒𝟑 𝑬𝝂𝒆
𝟏𝟎𝐌𝐞𝐕

𝐜𝐦𝟐

𝝈𝑬(𝝂𝝁,𝝉𝒆) ≈ 𝟎. 𝟏𝟓×𝟏𝟎@𝟒𝟑 𝑬𝝂𝒆
𝟏𝟎𝐌𝐞𝐕

𝐜𝐦𝟐

C}£Ø,ÂÃfOÄy7vÂÃ-ÅÆt
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¼½ÊËËÌÍ×%&*+,ÎÏ,1pÐ¾
eÊ�D�Xt

= 𝟎. 𝟒𝟒 ± 𝟎. 𝟏𝟑𝐬𝐭𝐚𝐭 ± 𝟎. 𝟎𝟖𝐬𝐲𝐬𝐭
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DavisÊIMB6Kamiokande[Ñ-1
2Ak®��Ò¶�X*+,N_89
�-Ó/OÄÔÕÖ×ÍÎØÙFGt
�Ú×%&k ï¢yÛÜÝò-,ÞO
ßàiÝP$á9³âÎÏãä12O
j-£3U�å*+,<�å%&Y�O
]£æ¤å�çè-t

--[éêëìPhysics Todayí1987



3. 71Ga12�Kuzmin 1966�@��

𝝂𝒆 + 𝟑𝟏
𝟕𝟏𝐆𝐚 → 𝒆@ + 𝟑𝟐

𝟕𝟏𝐆𝐞
qÎ pp%&*+,-îª�vtïXî�j
Homestate12æ¤ð±

𝐆𝐞
𝟏𝟔.𝟓𝐝

𝐆𝐚 + 𝐞D + 𝝂𝒆
¬Îpp*+,3vj%&��yñOOò×
]�*+,-Xvó£9Þ%&YUVôõ
-ñö�2t
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*+,\��\]��v� 0.233 MeV�



4. ¸Ù¼½12�1996�÷ø�
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5. ýþÿ!12�Herb Chen 1985�@��
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SNO 12$Ø,ÂÃ%[-%&*+
,¬¤&12 Æ§'»9 §¤#»[
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SNO B12i2(,B 𝝂𝒆Â 𝝂𝝁j 𝝂𝝉
-)*tÄP 𝑬𝝂 > 𝟕MeV Í¢y�åÂ
L/E-IJÀOï§�(©*+,yuvt
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6. Borexino12�õ«+11B12BOREX�

𝝂𝒙 + 𝒆@ → 𝝂𝒙 + 𝒆@, (𝒙 = 𝒆, 𝝁, 𝝉)
*+,UV

,-îq-*+,12O�� 0.2 MeVt
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Nature 512, 383 (2014)

Nature 562, 505 (2018)

到在⼀个探测器中观察
所有 pp-链的中微⼦。

从仅对pp中微⼦的实时测量，

Borexino在2020年宣
布看到了CNO的迹象。

Nature 587, 582 (2020)

𝟕. 𝟎@𝟐.𝟎D𝟑.𝟎×𝟏𝟎𝟖 𝐜𝐦@𝟐𝐬@𝟏

数据中存在CNO中微⼦
的统计显著性为3.5σ。
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MikheyevÊSmirnovZ¦*+,PB%
&k ef0ÏpO3Uè�[N1up
-2X)[O¬./3È)*Â*+,-
�)uv,4ÈO/Mikheyev-Smirnov-
Wolfenstein�MSW�3Èt
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MSW�5�MikheyevOSmirnovÊ
Wofenstein��𝝂𝒆j8u*-Ø, e-.
f�Oþ7#`Â!ÇÝ�ÎØ,è� 𝒏𝒆
-y6ù

𝑬 = 𝒑𝟐 +𝒎𝟐 + 𝑽 ≈ 𝒑 +
𝒎𝟐

𝟐𝒑
+ 𝑽

𝒎 = 𝟎 → 𝑬 = 𝒑𝟐 +𝒎𝐞𝐟𝐟
𝟐 𝒎𝐞𝐟𝐟

𝟐 = 𝟐𝒑𝑽

/þ*+,uv¦çO8u6]7¬./
 *+,ÈÉ»OW/ÂÃ)[t
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89ÈÉ¦C 8u6]¦C
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:;-%&*+,12AkOxP[<
=>�SMA�Ðª<=>�LMA�Êq
dejªuv�LOW�Þ?-®�Àt

Phys. Rev. D 94 (2016) 5, 052010

SK
SNO
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KamLAND12
$%&hÂ5�O
-¡-ÈÉ��
𝚫𝒎𝟐𝟏

𝟐 Ê 𝜽𝟏𝟐XvA
k�©ª<=>
�Large Mixing
Angle�MSW£%
&*+,45-@
!ÞAîBOÛ�
©æç*+,uv
£ SNO Ak-oCt
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KamLAND
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ü CPT -§[ÀD

ü 89Ê8u*+,ÈÉ9�¯62X)

*9�-ÝCÀD

ü LMA-MSW£%&*+,45-@!ÞD

ü *+,uv£ÈÉÊ2X)*-EFA

¾Oät

%&*+,12j\]8*+,12P
𝚫𝒎𝟐𝟏

𝟐 Ê 𝜽𝟏𝟐Xv�-!(À�©
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Year

“solar neutrinos”

“solar”

“neutrino”

Flavor change for 
solar !’s observed 

by SNO & SK Borexino’s first 
solar ! results

Nobel Prize for 
! oscillation

Data from inspirehep.net

L,89: 1) 89-8u
UMNW/,OPQ2) 𝜈e
P5É-R/? 

Maltoni & Smirnov (2016)

Tension between solar 
data & global fit

Upturn or down-turn?

N_89: Xvãy%&*+,¢ÅOS7£
CNOÊ hep¢ÅO�2#$%&'(t
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ô}%&*+,B89ÈÉÂ8u6
]UMN-12�ìjBCXvt

Borexino

SK+SNO

PDG2020

UMN
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TlBC-Be-7ÊB-8*+,XvO¯
�2#$%&'(t

𝚽
𝐁
𝐞(
𝐜𝐦

(
𝟐
𝐬(

𝟏
)

𝚽𝐁(𝐜𝐦(𝟐𝐬(𝟏)

Kai Zuber，TAUP2019
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Gc BorexinoÆÂ,CNO UVO×ô
Î!WC¾Ohep*+,ï¢yW�t



58

%&*+,£§£PXiT�Q



59

jE6;<®��%&*+,-12



60

12YZ�%&*+,�DÞD

Recoil electron kinetic energy (MeV)
-110 1 10
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 / 
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r /
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310

410

510
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710 pp
B8
N13
O15
F17
hep
Be7-0.3
Be7-0.8
pep

9� 12

Tmax =
Ev

1 +me / 2Ev
F(Te ) = φ(Ev )

dσ
dTe

dEv0

Ev ,max∫
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12YZ�[/6�¶À,-

nf ,- (PMT, \]…) 
pk ,- (222Rn…)
^[/,-

Borexino Super-Kamiokande

After all the cuts
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SNO+ PRD 99, 012012 (2019)

Very clean!

External and internal bkg.

Super Kamiokande PRD 94, 052010 (2016)

Super Kamiokande: 1000 m
SNO+: 2000 m

MSG: Multiple scattering goodness
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⽔ 慢液闪

好的⽅向测量 好的能量测量 好的⽅向与能
量测量

液闪

SNO
SK
HK

Borexino
SNO+, JUNO 
DUNE

Theia
Jinping

开发慢（发光）液闪技术
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开发太阳中微⼦微分能谱测量技术
𝝂𝒆 + 𝟕𝐋𝐢 → 𝟕𝐁𝐞 + 𝒆(

g𝝂𝒆 + 𝒑 → 𝒏 + 𝒆9

𝑬𝝂𝒆 = 𝑬𝒆" + 𝟎. 𝟖𝟔𝟐 𝐌𝐞𝐕

𝑬H𝝂𝒆 = 𝑬𝒆# + 𝟏. 𝟑 𝐌𝐞𝐕

掺锂慢液体
闪烁体技术

对比

是王淦昌先⽣提出寻找中微⼦⽅案的逆过程。
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Ø BN_89->�Æ%&*+,
ü _"`ab./0&cdefg
ü hijklmPQno&pqrg
ü stuBPQv&w%`axyCz{|

Ø BL,89->�Æ
ü }~*���-��!)&��"��lm
no��&��������g

ü PQ��*�<���PQ&�'�0��
����<|

Ø P_ª(*+,12¦;<@A,�`
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The message of Pauli to Reines and Cowan on 15 June 1956. CERN Pauli Archives.

太阳中微⼦实验总是费时费⼒，但是“懂
得等待的⼈总是⼼想事成！”
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