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实验：铀盐能产生X射线吗？



在无阳光下胶片也能曝光



卢瑟福发现α、β射线、 维拉尔发现γ射线
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帕邢实验的初步结论：β射线的能量是连续的



β射线的能量真的是连续分布吗？
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问题比想象的复杂
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Fig. 2.7 Isotopes and decay paths of the uranium/radium decay chain (A= 4n+ 2, n= 51−59). Isotopes known to Rutherford in 1904 and his suggested decay
paths are shown in black. Isotopes known to Soddy in 1913 and the modifications to the decay paths are shown in red. All subsequently discovered isotopes and
decay paths are shown in light blue
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44 2. The Rutherford Era, 1911-1919 
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Figure 2.5: Chadwick's beta-ray spectrum of 1914. Curve A was obtained by using 
Geiger's point counter, and curve B by using the ordinary ionization method. The 
source was RaB + C. Source: Chadwick, "Intensitatsverteilung" (note 47), p. 389. 

In retrospect, Chadwick's discovery of the composite beta spectrum is con-
sidered a turning point in the history of nuclear physics, and with justice. The 
immediate reactions to it were different, however. Even Chadwick himself was 
somewhat disappointed in the result. In a letter of 12 March 1914 to Hevesy he 
wrote: 

This [i.e., the result of his investigations] is of course interesting, but at 
the same time disappointing; for it means that the scattering problem 
will be very difficult. 48 

Rutherford's reaction is also worth mentioning. He received information about 
Chadwick's result from Geiger in March 1914, and answered as follows: 

I received your letter last night and was much interested in the results 
you tell me. I always considered it probable that there was a general f3 
radiation on which the lines were superimposed. I think, if I remember 

48Chadwick to Hevesy, 12 March 1914, Hevesy Scientific Correspondence, Niels Bohr Archive. 

用盖格计数器和胶片的数据对比
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能量守恒吗？



宇称守恒吗?



吴健雄

物理学家

验证了β衰变过程中的宇称不守恒



如果宇称是不守恒的，那么粒子就应该没有质量

这与实验事实矛盾！！！



三位科学家提出希格斯粒子
1964年

彼得·希格斯 罗伯特·布劳特 弗朗索⽡·恩格勒





欧洲核子中心大型强子对撞机
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M.C.N. Fiolhais 124a,h, L. Fiorini 167, A. Firan 40, G. Fischer 42, M.J. Fisher 109, M. Flechl 48, I. Fleck 141,
J. Fleckner 81, P. Fleischmann 174, S. Fleischmann 175, T. Flick 175, A. Floderus 79, L.R. Flores Castillo 173,
M.J. Flowerdew 99, T. Fonseca Martin 17, A. Formica 136, A. Forti 82, D. Fortin 159a, D. Fournier 115,
A.J. Fowler 45, H. Fox 71, P. Francavilla 12, M. Franchini 20a,20b, S. Franchino 119a,119b, D. Francis 30,
T. Frank 172, M. Franklin 57, S. Franz 30, M. Fraternali 119a,119b, S. Fratina 120, S.T. French 28, C. Friedrich 42,
F. Friedrich 44, R. Froeschl 30, D. Froidevaux 30, J.A. Frost 28, C. Fukunaga 156, E. Fullana Torregrosa 30,

20 ATLAS Collaboration / Physics Letters B 716 (2012) 1–29

B.G. Fulsom 143, J. Fuster 167, C. Gabaldon 30, O. Gabizon 172, S. Gadatsch 105, T. Gadfort 25, S. Gadomski 49,
G. Gagliardi 50a,50b, P. Gagnon 60, C. Galea 98, B. Galhardo 124a, E.J. Gallas 118, V. Gallo 17, B.J. Gallop 129,
P. Gallus 125, K.K. Gan 109, Y.S. Gao 143,e, A. Gaponenko 15, F. Garberson 176, M. Garcia-Sciveres 15,
C. García 167, J.E. García Navarro 167, R.W. Gardner 31, N. Garelli 30, H. Garitaonandia 105, V. Garonne 30,
C. Gatti 47, G. Gaudio 119a, B. Gaur 141, L. Gauthier 136, P. Gauzzi 132a,132b, I.L. Gavrilenko 94, C. Gay 168,
G. Gaycken 21, E.N. Gazis 10, P. Ge 33d, Z. Gecse 168, C.N.P. Gee 129, D.A.A. Geerts 105, Ch. Geich-Gimbel 21,
K. Gellerstedt 146a,146b, C. Gemme 50a, A. Gemmell 53, M.H. Genest 55, S. Gentile 132a,132b, M. George 54,
S. George 76, P. Gerlach 175, A. Gershon 153, C. Geweniger 58a, H. Ghazlane 135b, N. Ghodbane 34,
B. Giacobbe 20a, S. Giagu 132a,132b, V. Giakoumopoulou 9, V. Giangiobbe 12, F. Gianotti 30, B. Gibbard 25,
A. Gibson 158, S.M. Gibson 30, M. Gilchriese 15, O. Gildemeister 30, D. Gillberg 29, A.R. Gillman 129,
D.M. Gingrich 3,d, J. Ginzburg 153, N. Giokaris 9, M.P. Giordani 164c, R. Giordano 102a,102b, F.M. Giorgi 16,
P. Giovannini 99, P.F. Giraud 136, D. Giugni 89a, M. Giunta 93, P. Giusti 20a, B.K. Gjelsten 117, L.K. Gladilin 97,
C. Glasman 80, J. Glatzer 21, A. Glazov 42, K.W. Glitza 175, G.L. Glonti 64, J.R. Goddard 75, J. Godfrey 142,
J. Godlewski 30, M. Goebel 42, T. Göpfert 44, C. Goeringer 81, C. Gössling 43, S. Goldfarb 87, T. Golling 176,
A. Gomes 124a,b, L.S. Gomez Fajardo 42, R. Gonçalo 76, J. Goncalves Pinto Firmino Da Costa 42, L. Gonella 21,
S. González de la Hoz 167, G. Gonzalez Parra 12, M.L. Gonzalez Silva 27, S. Gonzalez-Sevilla 49,
J.J. Goodson 148, L. Goossens 30, P.A. Gorbounov 95, H.A. Gordon 25, I. Gorelov 103, G. Gorfine 175,
B. Gorini 30, E. Gorini 72a,72b, A. Gorišek 74, E. Gornicki 39, B. Gosdzik 42, A.T. Goshaw 6, M. Gosselink 105,
M.I. Gostkin 64, I. Gough Eschrich 163, M. Gouighri 135a, D. Goujdami 135c, M.P. Goulette 49,
A.G. Goussiou 138, C. Goy 5, S. Gozpinar 23, I. Grabowska-Bold 38, P. Grafström 20a,20b, K.-J. Grahn 42,
E. Gramstad 117, F. Grancagnolo 72a, S. Grancagnolo 16, V. Grassi 148, V. Gratchev 121, N. Grau 35,
H.M. Gray 30, J.A. Gray 148, E. Graziani 134a, O.G. Grebenyuk 121, T. Greenshaw 73, Z.D. Greenwood 25,m,
K. Gregersen 36, I.M. Gregor 42, P. Grenier 143, J. Griffiths 8, N. Grigalashvili 64, A.A. Grillo 137,
S. Grinstein 12, Ph. Gris 34, Y.V. Grishkevich 97, J.-F. Grivaz 115, E. Gross 172, J. Grosse-Knetter 54,
J. Groth-Jensen 172, K. Grybel 141, D. Guest 176, C. Guicheney 34, T. Guillemin 115, S. Guindon 54, U. Gul 53,
J. Gunther 125, B. Guo 158, J. Guo 35, P. Gutierrez 111, N. Guttman 153, O. Gutzwiller 173, C. Guyot 136,
C. Gwenlan 118, C.B. Gwilliam 73, A. Haas 143, S. Haas 30, C. Haber 15, H.K. Hadavand 8, D.R. Hadley 18,
P. Haefner 21, F. Hahn 30, S. Haider 30, Z. Hajduk 39, H. Hakobyan 177, D. Hall 118, J. Haller 54,
K. Hamacher 175, P. Hamal 113, K. Hamano 86, M. Hamer 54, A. Hamilton 145b,p, S. Hamilton 161, L. Han 33b,
K. Hanagaki 116, K. Hanawa 160, M. Hance 15, C. Handel 81, P. Hanke 58a, J.R. Hansen 36, J.B. Hansen 36,
J.D. Hansen 36, P.H. Hansen 36, P. Hansson 143, K. Hara 160, A.S. Hard 173, G.A. Hare 137, T. Harenberg 175,
S. Harkusha 90, D. Harper 87, R.D. Harrington 46, O.M. Harris 138, J. Hartert 48, F. Hartjes 105,
T. Haruyama 65, A. Harvey 56, S. Hasegawa 101, Y. Hasegawa 140, S. Hassani 136, S. Haug 17, M. Hauschild 30,
R. Hauser 88, M. Havranek 21, C.M. Hawkes 18, R.J. Hawkings 30, A.D. Hawkins 79, T. Hayakawa 66,
T. Hayashi 160, D. Hayden 76, C.P. Hays 118, H.S. Hayward 73, S.J. Haywood 129, S.J. Head 18, V. Hedberg 79,
L. Heelan 8, S. Heim 88, B. Heinemann 15, S. Heisterkamp 36, L. Helary 22, C. Heller 98, M. Heller 30,
S. Hellman 146a,146b, D. Hellmich 21, C. Helsens 12, R.C.W. Henderson 71, M. Henke 58a, A. Henrichs 54,
A.M. Henriques Correia 30, S. Henrot-Versille 115, C. Hensel 54, T. Henß 175, C.M. Hernandez 8,
Y. Hernández Jiménez 167, R. Herrberg 16, G. Herten 48, R. Hertenberger 98, L. Hervas 30, G.G. Hesketh 77,
N.P. Hessey 105, E. Higón-Rodriguez 167, J.C. Hill 28, K.H. Hiller 42, S. Hillert 21, S.J. Hillier 18, I. Hinchliffe 15,
E. Hines 120, M. Hirose 116, F. Hirsch 43, D. Hirschbuehl 175, J. Hobbs 148, N. Hod 153, M.C. Hodgkinson 139,
P. Hodgson 139, A. Hoecker 30, M.R. Hoeferkamp 103, J. Hoffman 40, D. Hoffmann 83, M. Hohlfeld 81,
M. Holder 141, S.O. Holmgren 146a, T. Holy 127, J.L. Holzbauer 88, T.M. Hong 120,
L. Hooft van Huysduynen 108, S. Horner 48, J.-Y. Hostachy 55, S. Hou 151, A. Hoummada 135a, J. Howard 118,
J. Howarth 82, I. Hristova 16, J. Hrivnac 115, T. Hryn’ova 5, P.J. Hsu 81, S.-C. Hsu 15, D. Hu 35, Z. Hubacek 127,
F. Hubaut 83, F. Huegging 21, A. Huettmann 42, T.B. Huffman 118, E.W. Hughes 35, G. Hughes 71,
M. Huhtinen 30, M. Hurwitz 15, N. Huseynov 64,q, J. Huston 88, J. Huth 57, G. Iacobucci 49, G. Iakovidis 10,
M. Ibbotson 82, I. Ibragimov 141, L. Iconomidou-Fayard 115, J. Idarraga 115, P. Iengo 102a, O. Igonkina 105,
Y. Ikegami 65, M. Ikeno 65, D. Iliadis 154, N. Ilic 158, T. Ince 99, J. Inigo-Golfin 30, P. Ioannou 9, M. Iodice 134a,
K. Iordanidou 9, V. Ippolito 132a,132b, A. Irles Quiles 167, C. Isaksson 166, M. Ishino 67, M. Ishitsuka 157,
R. Ishmukhametov 109, C. Issever 118, S. Istin 19a, A.V. Ivashin 128, W. Iwanski 39, H. Iwasaki 65, J.M. Izen 41,
V. Izzo 102a, B. Jackson 120, J.N. Jackson 73, P. Jackson 1, M.R. Jaekel 30, V. Jain 60, K. Jakobs 48,

ATLAS Collaboration / Physics Letters B 716 (2012) 1–29 21

S. Jakobsen 36, T. Jakoubek 125, J. Jakubek 127, D.O. Jamin 151, D.K. Jana 111, E. Jansen 77, H. Jansen 30,
A. Jantsch 99, M. Janus 48, G. Jarlskog 79, L. Jeanty 57, I. Jen-La Plante 31, D. Jennens 86, P. Jenni 30,
A.E. Loevschall-Jensen 36, P. Jež 36, S. Jézéquel 5, M.K. Jha 20a, H. Ji 173, W. Ji 81, J. Jia 148, Y. Jiang 33b,
M. Jimenez Belenguer 42, S. Jin 33a, O. Jinnouchi 157, M.D. Joergensen 36, D. Joffe 40, M. Johansen 146a,146b,
K.E. Johansson 146a, P. Johansson 139, S. Johnert 42, K.A. Johns 7, K. Jon-And 146a,146b, G. Jones 170,
R.W.L. Jones 71, T.J. Jones 73, C. Joram 30, P.M. Jorge 124a, K.D. Joshi 82, J. Jovicevic 147, T. Jovin 13b, X. Ju 173,
C.A. Jung 43, R.M. Jungst 30, V. Juranek 125, P. Jussel 61, A. Juste Rozas 12, S. Kabana 17, M. Kaci 167,
A. Kaczmarska 39, P. Kadlecik 36, M. Kado 115, H. Kagan 109, M. Kagan 57, E. Kajomovitz 152, S. Kalinin 175,
L.V. Kalinovskaya 64, S. Kama 40, N. Kanaya 155, M. Kaneda 30, S. Kaneti 28, T. Kanno 157, V.A. Kantserov 96,
J. Kanzaki 65, B. Kaplan 108, A. Kapliy 31, J. Kaplon 30, D. Kar 53, M. Karagounis 21, K. Karakostas 10,
M. Karnevskiy 42, V. Kartvelishvili 71, A.N. Karyukhin 128, L. Kashif 173, G. Kasieczka 58b, R.D. Kass 109,
A. Kastanas 14, M. Kataoka 5, Y. Kataoka 155, E. Katsoufis 10, J. Katzy 42, V. Kaushik 7, K. Kawagoe 69,
T. Kawamoto 155, G. Kawamura 81, M.S. Kayl 105, S. Kazama 155, V.A. Kazanin 107, M.Y. Kazarinov 64,
R. Keeler 169, P.T. Keener 120, R. Kehoe 40, M. Keil 54, G.D. Kekelidze 64, J.S. Keller 138, M. Kenyon 53,
O. Kepka 125, N. Kerschen 30, B.P. Kerševan 74, S. Kersten 175, K. Kessoku 155, J. Keung 158, F. Khalil-zada 11,
H. Khandanyan 146a,146b, A. Khanov 112, D. Kharchenko 64, A. Khodinov 96, A. Khomich 58a, T.J. Khoo 28,
G. Khoriauli 21, A. Khoroshilov 175, V. Khovanskiy 95, E. Khramov 64, J. Khubua 51b, H. Kim 146a,146b,
S.H. Kim 160, N. Kimura 171, O. Kind 16, B.T. King 73, M. King 66, R.S.B. King 118, J. Kirk 129, A.E. Kiryunin 99,
T. Kishimoto 66, D. Kisielewska 38, T. Kitamura 66, T. Kittelmann 123, K. Kiuchi 160, E. Kladiva 144b,
M. Klein 73, U. Klein 73, K. Kleinknecht 81, M. Klemetti 85, A. Klier 172, P. Klimek 146a,146b, A. Klimentov 25,
R. Klingenberg 43, J.A. Klinger 82, E.B. Klinkby 36, T. Klioutchnikova 30, P.F. Klok 104, S. Klous 105,
E.-E. Kluge 58a, T. Kluge 73, P. Kluit 105, S. Kluth 99, E. Kneringer 61, E.B.F.G. Knoops 83, A. Knue 54,
B.R. Ko 45, T. Kobayashi 155, M. Kobel 44, M. Kocian 143, P. Kodys 126, K. Köneke 30, A.C. König 104,
S. Koenig 81, L. Köpke 81, F. Koetsveld 104, P. Koevesarki 21, T. Koffas 29, E. Koffeman 105, L.A. Kogan 118,
S. Kohlmann 175, F. Kohn 54, Z. Kohout 127, T. Kohriki 65, T. Koi 143, G.M. Kolachev 107,∗, H. Kolanoski 16,
V. Kolesnikov 64, I. Koletsou 89a, J. Koll 88, A.A. Komar 94, Y. Komori 155, T. Kondo 65, T. Kono 42,r ,
A.I. Kononov 48, R. Konoplich 108,s, N. Konstantinidis 77, R. Kopeliansky 152, S. Koperny 38, K. Korcyl 39,
K. Kordas 154, A. Korn 118, A. Korol 107, I. Korolkov 12, E.V. Korolkova 139, V.A. Korotkov 128, O. Kortner 99,
S. Kortner 99, V.V. Kostyukhin 21, S. Kotov 99, V.M. Kotov 64, A. Kotwal 45, C. Kourkoumelis 9,
V. Kouskoura 154, A. Koutsman 159a, R. Kowalewski 169, T.Z. Kowalski 38, W. Kozanecki 136, A.S. Kozhin 128,
V. Kral 127, V.A. Kramarenko 97, G. Kramberger 74, M.W. Krasny 78, A. Krasznahorkay 108, J.K. Kraus 21,
S. Kreiss 108, F. Krejci 127, J. Kretzschmar 73, N. Krieger 54, P. Krieger 158, K. Kroeninger 54, H. Kroha 99,
J. Kroll 120, J. Kroseberg 21, J. Krstic 13a, U. Kruchonak 64, H. Krüger 21, T. Kruker 17, N. Krumnack 63,
Z.V. Krumshteyn 64, A. Kruse 173, T. Kubota 86, S. Kuday 4a, S. Kuehn 48, A. Kugel 58c, T. Kuhl 42, D. Kuhn 61,
V. Kukhtin 64, Y. Kulchitsky 90, S. Kuleshov 32b, C. Kummer 98, M. Kuna 78, J. Kunkle 120, A. Kupco 125,
H. Kurashige 66, M. Kurata 160, Y.A. Kurochkin 90, V. Kus 125, E.S. Kuwertz 147, M. Kuze 157, J. Kvita 142,
R. Kwee 16, A. La Rosa 49, L. La Rotonda 37a,37b, L. Labarga 80, J. Labbe 5, S. Lablak 135a, C. Lacasta 167,
F. Lacava 132a,132b, J. Lacey 29, H. Lacker 16, D. Lacour 78, V.R. Lacuesta 167, E. Ladygin 64, R. Lafaye 5,
B. Laforge 78, T. Lagouri 176, S. Lai 48, E. Laisne 55, M. Lamanna 30, L. Lambourne 77, C.L. Lampen 7,
W. Lampl 7, E. Lancon 136, U. Landgraf 48, M.P.J. Landon 75, V.S. Lang 58a, C. Lange 42, A.J. Lankford 163,
F. Lanni 25, K. Lantzsch 175, S. Laplace 78, C. Lapoire 21, J.F. Laporte 136, T. Lari 89a, A. Larner 118,
M. Lassnig 30, P. Laurelli 47, V. Lavorini 37a,37b, W. Lavrijsen 15, P. Laycock 73, T. Lazovich 57, O. Le Dortz 78,
E. Le Guirriec 83, E. Le Menedeu 12, T. LeCompte 6, F. Ledroit-Guillon 55, H. Lee 105, J.S.H. Lee 116,
S.C. Lee 151, L. Lee 176, M. Lefebvre 169, M. Legendre 136, F. Legger 98, C. Leggett 15, M. Lehmacher 21,
G. Lehmann Miotto 30, X. Lei 7, M.A.L. Leite 24d, R. Leitner 126, D. Lellouch 172, B. Lemmer 54,
V. Lendermann 58a, K.J.C. Leney 145b, T. Lenz 105, G. Lenzen 175, B. Lenzi 30, K. Leonhardt 44, S. Leontsinis 10,
F. Lepold 58a, C. Leroy 93, J.-R. Lessard 169, C.G. Lester 28, C.M. Lester 120, J. Levêque 5, D. Levin 87,
L.J. Levinson 172, A. Lewis 118, G.H. Lewis 108, A.M. Leyko 21, M. Leyton 16, B. Li 83, H. Li 148, H.L. Li 31,
S. Li 33b,t , X. Li 87, Z. Liang 118,u, H. Liao 34, B. Liberti 133a, P. Lichard 30, M. Lichtnecker 98, K. Lie 165,
W. Liebig 14, C. Limbach 21, A. Limosani 86, M. Limper 62, S.C. Lin 151,v, F. Linde 105, J.T. Linnemann 88,
E. Lipeles 120, A. Lipniacka 14, T.M. Liss 165, D. Lissauer 25, A. Lister 49, A.M. Litke 137, C. Liu 29, D. Liu 151,
H. Liu 87, J.B. Liu 87, K. Liu 33b,w, L. Liu 87, M. Liu 33b, Y. Liu 33b, M. Livan 119a,119b, S.S.A. Livermore 118,

22 ATLAS Collaboration / Physics Letters B 716 (2012) 1–29

A. Lleres 55, J. Llorente Merino 80, S.L. Lloyd 75, E. Lobodzinska 42, P. Loch 7, W.S. Lockman 137,
T. Loddenkoetter 21, F.K. Loebinger 82, A. Loginov 176, C.W. Loh 168, T. Lohse 16, K. Lohwasser 48,
M. Lokajicek 125, V.P. Lombardo 5, J.D. Long 87, R.E. Long 71, L. Lopes 124a, D. Lopez Mateos 57, J. Lorenz 98,
N. Lorenzo Martinez 115, M. Losada 162, P. Loscutoff 15, F. Lo Sterzo 132a,132b, M.J. Losty 159a,∗, X. Lou 41,
A. Lounis 115, K.F. Loureiro 162, J. Love 6, P.A. Love 71, A.J. Lowe 143,e, F. Lu 33a, H.J. Lubatti 138,
C. Luci 132a,132b, A. Lucotte 55, A. Ludwig 44, D. Ludwig 42, I. Ludwig 48, J. Ludwig 48, F. Luehring 60,
G. Luijckx 105, W. Lukas 61, L. Luminari 132a, E. Lund 117, B. Lund-Jensen 147, B. Lundberg 79,
J. Lundberg 146a,146b, O. Lundberg 146a,146b, J. Lundquist 36, M. Lungwitz 81, D. Lynn 25, E. Lytken 79,
H. Ma 25, L.L. Ma 173, G. Maccarrone 47, A. Macchiolo 99, B. Maček 74, J. Machado Miguens 124a,
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泡利预言的幽灵粒子：中微子是否存在？



三种中微子

电子中微子 μ子中微子 τ子中微子



中微子，还有哪些科学问题？

中微子的相互转化？

中微子质量从哪里来？

中微子质量顺序是什么样的？

…… 



大亚湾中微子

测量三种中微子如何互相转化



世界首次精确测量了θ13角



江门中微子，预计2024年启用

测量中微子的质量顺序


