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Discovery of Elementary Particles

4

[ Year | Discovery ]
1891 e” G.J. STONEY name coined : unit of electricity
1897 J.J. THOMSON measurement of m/e

W. KAUFMANN
1899 J.J. THOMSON measurement of e ~ 6.8107% esu
1914, ? E. RUTHERFORD H-particle
1920 ) term: proton lst used
1932 =n J. CHADWICK a+Be® > C?+n
1931 | et | C.D. ANDERSON cosmic rays

1936 o S.H. NEDDERMEYER | cosmic rays
C.D. ANDERSON

1947 | x* | C. LATTES et al. cosmic rays
1947 | K° A | G.D. ROCHESTER, cosmic rays
C.C. BUTLER

1950 | #° | A.G. CARLSONetal. (7" +p—x°+n
R. BIORKLAND et al.
1956 v, C.L. CowAN et al. V.+p—et+n

1962 v, G. DANBY et al. vptn—opt+p”

| Vutp—ntpt

1964 | Q- | V.E. BARNES et al. K- +p—=0Q +K*+K°
1974 | J/¢ | J.J. AuBERT et al. | pN BNL

J.E. AUGUSTIN et al. | e*e™ SPEAR

1975 T M. PERL et al. ete” — vtr—, SPEAR

1978 R. BRANDELIK et al. | 1st mass measurement
DASP, DORIS

1977 T S.W. HERB et al. pN FNAL (400 GeV)

Table 1:




Towards the Fundamental Forces

| Year | Discovery
1900 v P. VILLARD v rays
1905 A. EINSTEIN photo—electric effect
light quanta
1923/25 A.H. CoMPTON et al. | ye~ — e~
1926 G.N. LEwis term: photon 1st used
1896 | Radioactivity | H. BECQUEREL KUO:(S504)2H,0

1899 B~ separated 8~ particles
1914 J. CHADWICK continous! 8~ spectrum
1973 NC F.J. HASERT et al. vue~ — yue”
GARGAMELLE, CERN
1979 g R. BRANDELIK et al. | 3 jets in ete
: TASSO, DORIS
1983 W,Z G. ARNISON et al. pP, UALl, CERN
M. BANNER et al. UA2
Table 2:
C,P and CP Violation
[ Year | Discovery |
1957 | C, P violation | C.S. WU et al. Co® decays
1964 | CP violation | J.H. CHRISTENSEN etal. | Ko — ntn-

Table 3:




Study of the Nucleon Structure

Year Discovery |

1911 | Atomic Nuclei E. RUTHERFORD

1933 | anomalous magnetic - R. FriscH, O. STERN
moment of p

1933 | anomalous magnetic R. BACHER

1940 | moment of n L. ALvarz, F. BLocH

late | charge distribution R. HOFSTADTER et al.
1950ies | inside p and n

1969 | scaling of structure E.D. BLOOM et al.

, functions M. BREIDENBACH et al.
1970ies | scaling violations vN and pN experiments
~ 1975 | 1st extraction of quark vN experiments

and gluon distributions
from DIS data

Table 4:
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Fig. 1.3 Spur des Myons in der Wilsonkammes. Day Myon dringt von oben ¢in, Es hat

/1 fl J ‘L nach Durchdringen von Materialschichten (Z3hirohrwande) cine SCﬁ“E';md?“‘.'gi‘
1 Wi i i i ingt vi i und wird starker abgeenkt, Die Dichte der Spur ist wesentlich gri8er als dic eines
Fig. 1.2: Wilsoakammeraufnahme eines Positrons. Das Teilchen dringt von unten in ; Elektromenspur mit gleichen Krdmmungsra dius [Ne 36)

die Kammer, verliert in der Materialschicht (Mitte) Energie, sodal die Krdmmung der

Spur stdrker witd. Aus Magnetfcldrichtung und lonisicrungsdichte schioD Andetson T I
auf ein positiv geladenes Teilchen mit der Masse des Elektrons {An 33} _ P(N DEEQ O M 1
: 7 NEUTRAL CURRENTS NEDDERER -

NC HEWEL

This portion of an image Irom Gargamelle caplures an historic moment — the first example E_P{Q GM.{/E! | E
of a neutrino reacting with an electron via the weak neutral curren!. The track beginning

lowards the lefl of the picture Is due te a lene electron, knocked trom an atom In the liquid
by an invisible high-energy neulrino. The eleclron’s track displays the characteristic short
curly branches due o interactions with other electrons in the liquid. (The white spots with
black centres are some of the ring-shaped flashlights used to flluminale Lhe trails of
bubbles,) (CERN.)
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Fig. 3. The first three-jet event at PETRA, seen In
TASSO [2]. The tracks are projected into the
event plane. The computed jet directions are
shown as dashed lines.
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1'IG, 2, Mass spectrum showing the existence of J,
Ruesults from two spectrometer scitings are plotted
showing that the poalk is indepemdent of spectrometer
currents, ‘The rus at reduced current was taken tweo
months later than the normd run,
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FIG. 3. (a) Measured dimuon production cross sec-
tions as a function of the invariant mass of the muon
pair. The solid line is the continuum fit outlined in the
text. The equal-sign~dimuon cross section is also
shown. (b) The same cross sections as in (a) with the
smooth exponential continuum fit subtracted in order to
reveal the 9-10-~GeV region in more detail.
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Fig. 2, Total cross section for hadron production in ¢*e "-anni-
hilation as a function of center of mass encrgy. There is an ad-
ditional systematic error (not shown) of 20%. Contributions
from the heavy lepton are included, '
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Fig. 6. The digitization from the central detector for the tracks in two of the events which have an identified, solated, well-mea-
sured high-p electron: (a) high-multiplicity, 65 associated tracks; (b) low-multiplicity, 14 assoclated tracks,
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FIG. 4. Charge distribution for the proton and the
neutron implied by the form factors shown for the
fit (b) in Fig. 2(b).
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L WHY-, WE BELIEVE' IN QUARKS. .
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BOUND STATES: MESONS  [q9)

q=w,d;s -
5383 = 1863

BARYONS Iqqcp
2303 = 1@ 10

SPIN OF QUARKS sfé

O/

S (M) = 4

COLOR NEUTRAWITY OF HADRONS:
B=lq. S 1S PO o
M= 199>

QUARKS ARE CONRNED,
SO AR EXPTL. SEARCHES FoR FREE QUARKS

HAUE BEEN NEGAKTIVE
(4 EXCEPT. : LKRLE e af. (432
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T SYMMETRIES AND CONSERVATION [AWS

NOETHER's THEDREM  (191%)

SYMMHETRIES OF SPACE TIHE  CORRESPOND TO
CORNSERVATION LAWS. |

e-%.s NV&QJR&CE OF of UNDER THE PO INCARE -
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(CF SCHMOTEER,
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SPATIAL TRANSLATON 3~ HOMENTLM } 4 oM
TEHPORAL TRANS LATIONS ENERGY
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HotogeEiTY OF
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SPATIAL ROTATIONS ANGULULAR HOMHENTOH
STEADY MHOTION CayTER OF HASS
mmy—

ISOTROPY OF SPACE~TIME
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HERE WE ARE INTERESTED IN THE SO-CALED

INTERNAL  SYMMETRIES

€. THOSE OF &£ WHCH ARE NOT CONSE QULENCE:
OF CLPASSICKL sbPace TiME.

© EXAHMPE '  ELECIRIC CHARGE CoNSERVATION.

_ie®
G = e i

8§, = -iee ¢

0-82= 2= 8¢ + 8% g - _ic 2 [ 32 o4

S 5Py Vel S @4
86, ) ERATRC T il
Q = Sd"’x 3, -~ CHARGE OPERATOR

GENERATES THE 1-dim. REPRESENTATION

ELE CTRODYNAMACS OF A SCAMAR TiEAD:

L= OpbY @) —me e —4 g, 7

FPV = (a’,) Ay" (a.,AP
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CONSIDER NOW THE INFNITESIMAL TRANSTFORMATION

4)(:<) —> cﬁ(x) = %P[—iee(&)} cjp(x)

{ ! f+ o ] ’ !
L= @) @) -m T -4 mLF
Dy = Dy +L 3,06

T = B, &70 = He

L

e —ie ) SR e AR - :

GALUGE — PHASE  TRANSFORMHAT Oky
Phase TRANVSFORMATION SAVLGE TP-HM&‘F‘DDHAT"OU

PNALOGOLSLY Tor

FERMI Fields X OTHER GALGE FiELDS .
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YANG - MULLS FHELDS

e NON-ABRELIAN GALVGE THEORIES.
VARG  HULLS 199

Py — $x) = UE) G = exp[-iL; Dw]ha

( '
. CON%*DER e GROUPS

[I—irl-j] B ';’Cijk L

Dy Gx) = (Bp-ig LAY S 0oy

KoLy = we{ AL -L u'®a.ue ] ule)

( ¢
SA, = —53- % B + Ciju GEA';
(Qep: SAy = - J,a'-fape )

/‘\; i : .
Fov = QuhAv = DNy IS NOT 6AOEE  INVARIANT !

Fy = A~ DAy + gt HALAY

OF, = 1“9 F.  BFLFY) =0
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SPONTANEOUS SYMMETRY BREAKING

"

-

UN BHROWKEN] MASSLESS
GAIGE SYHMETRIES = GAUGE BOSONS

® SHORT — RANGE (UNCORFRNED) INTERACTIONS
RERVLIRE SYMMETRY BREAWING.

AT

A —r/He
YV Le
B T

o THE THEORY SHALL REMAIN RENORMALIBARLE
UNDER SYMHETRY BREMUNG.
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PESPE CTIVE STATES (o€ U, INMDE ..
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c{>= ((fb:)'?” n real scalac fidds
£= 3 % 7e - V()

G - THE MAXIMAL GROUP  LBWING £ INVARIANT
N GENERATORS T

&
qD-? exp [-LBde]¢
0=8V = ’a"sq> iy q)e.tl:'“cp
"\ 'V L.” k 5 v
= S

.+ ...._....-—- '
AP~ 1 facp
V=-3 H%3(<1>~v\.- (b- vy, + O

ity ol :
.(Ml)ll-jk Uh =0, VY« GO

F 9§ C & 0DBEYS L,v =0 ¥%ORALL 6&EME-
RATORS , THEN 0O BNTORCES Mr=0 For

ML GENERATORS IN &N S,

This result is GOLDSTONE's theorem  :  (4961)

Theorem. Let G be the symmetry group of rank N of the Lagrangian of a self-
interacting scalar field & and § a subgroup of S of rank M. If G is sponateously
broken and S remains as a symmetry of the vacuum, then ‘N._=.}-massless
rscalar bosons are contained in the field theory, whose quantum numbers are

those of the broken generators.
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(N THE V(‘Nu‘m‘ﬁ' OF THE GROUND STATE
ONE Chi REPARAHETRIBE THE LAGSRANGENN -
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FIRST FAMULY: Vg e

[EFTHANDED X RIGHTHANDED STATES :

Vo= 4 U-yHV Vg=d4 ey v
e, = 4+ U-ye er= % (4tysH€
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THE-GAUGE * FELDS Aiv + SU@,
— BP o3 U.(‘DY

_ { ipy v
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B, = pRym A q g8 AL,

B,uv = QHEV-%VBP
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COVARIANT DERIVATIVE: Dy
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SO PAR |, NO MASS TERMS ARE PRESENT.

BOTH BOSON & FERMUON MASS TERMS

oq. Loy =ImeNAL ) L= Mty
WOULD VIOLATE GAVGE INWRIANCE .
s APA - (A=) (A - ) EACAL

m{@‘{) = m+[¢2‘ﬂ.“‘ TPL—"[”R:\
IS NOT SU(2), INYARIANT.
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HECHAMSM

INTRODLCE A DOLBLET Of COMPLEX W &GS SCALARS,
(5L .

+
dP = (il;o) ; Y =+1.
TR LATER USE ALSO TS (ONILGATE
C!D= L O, 43* = Qi‘) ) Y=-1
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EXP Trtte

Quantity Value Standa:d Model
Mz (GeV) 91,173 £0.020 input
Tz (GeV) 2.487 £ 0.010 2.488 £ 0.002 & 0.006
Pye (MeV) 83.0+0.6 83.740.1 202
Thag {MeV) 1736 £ 11 17374244
Fiay (MeV) 50249 501£03%1
) 0.2492 £0.0012  0.2513 £ 0.0002  0.0004
[ 0.0012  0,0003 0.0011 £ 0 £ 0.0001
P, 0.134 £0.035 0.136 £ 0.003 + 0.008

( Arg(b) 0.126 & 0,022 0.091 4 0.002 % 0.004

) My (GeV) §0.22£ 0,26 80.21 +0.03 £ 0.16
Mw /M2 0.8798 £0.0028  0.8798 £ 0.0002 £ 0.0017
Qw [16,17]  ~71.042158£0.83 -73.21£0.03 £0.03

M (Z>v9) =y T (2 €R)
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c1 —syc3 —3133 KOBAYASHT,
V= | s1ca cicacz — sp53¢'®  crezs3 + speze’® MA S KAWA
8182 C€152¢3 + ¢253¢'® 18953 — cqcqe’®

€12€13 $12€13 s13e~®
V=] —s13c03 - c1a503313¢  c12e03 — s12923813¢ 8313 PO
512823 — €12€23813€'0  —s23c12 — S12¢23513€  ca3eqa
2 -
1- % A AN(e~in) WOLEENSTEIN
V= - 1-3 AN + O(A)
AN(1-p—1in) —AN? 1
1- é} A AN3ge—it
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Table 4.1.3. Elements of 3 X 3 quark mixing matrix Vy from fit
of experimental constraints
(90 percent C.L. allowed ranges)

d 5 b
0.9743-0.9757 0.219-0.225 0.000-0.008
0.219-0.225 0.9733-0.9748 0.039-0.050
0.002-0.017 0.037-0.048 0.9987-0.9993
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Figure 16: Predictions of the ordinary and supersymmettic grand unified theories ww
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00D DESCRIPTION FOR MANY EXPERMENTAL
EFFECTS ;, AND A 00D PARAMETRIZATION)
foR VARIOLS OTHERS.

o A LARGE NUMBER OF QULESTIONS (.24.+4)
. is oPeEN

AND  REQUIRES NEW
THEORETICAL EFFORTS.

!




