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Theoretical structure
Discovery of W and Z
Quantum fluctuations
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1897
1900
1905
1911
1912

1913
1919
1923
1925
1926
1927
1928
1930
1931
1932

1933
1934

1935
1936
1937
1939
1940
1945
1946

Discovery of electron

a, B and y radioactivity

Photon identified as quantum of electromagnetic field
Discovery of atomic nucleus

Discovery of cosmic rays

Invention of cloud chamber

Bohr model of atom

Discovery of proton

de Broglie wave-particle duality

Introduction of electron spin

Wave mechanics

Uncertainty Principle

Dirac wave equation

Neutrino hypothesis

Operation of first cyclotron and of Van der Graaff accelerator
Discovery of positron

Discovery of neutron

Discovery of electromagnetic showers

Theory of beta decay

Discovery of Cerenkov effect

Yukawa theory of nuclear forces

Breit-Wigner resonance formula

First evidence for mesotron (= muon)

Observation of mesotron (= muon) decay
Spin-statistics theorem

Phase stability in accelerators (synchrotron principle)
First proposal of Big Bang model

Two-meson hypothesis

Milestones in Particle Physics

1947 Discovery of pion and 7 — p decay in cosmic rays
Prediction of muon-induced nuclear fusion
Two-meson hypothesis (again)

Discovery of V particles

1948 Quantum electrodynamics
Observation of K — 37 decay
Pion production at accelerators

1950 Spark chamber invented
Semiconductor detector invented
Discovery of neutral pion and 7% — 2y decay

1951 Observation of A hyperon and neutral kaon, X g

1952 Evidence for A(1232)mp resonance
Strong focussing principle for synchrotron
Invention of bubble chamber

1953 Evidence for £ and E hyperons
First V events at accelerator: associated production
First hypernucleus event
T8 (= Kn3/Kn2) paradox

1954 Prediction of long-lived K
Invention of strangeness quantum number and classification

[Perkins, Intro. to HEP]



1956

1957

1958

1959
1961

1962

1963
1964

Observation of antiproton

Detection of (anti)neutrinos from reactor
Experimental evidence for KE

Proposal for colliding-beam accelerators
Observation of muon-induced nuclear fusion
Two-component neutrino, V — A theory
Parity ngn-conservation in weak decays
Resolution of -6 paradox

(m — e)/(m — ) branching ratio
Neutrino helicity measurement

Operation of CERN PS, Brookhaven AGS
K1—K g regeneration

Discovery of p, w, n pion resonances

Pion B-decay 7t — n¥tv

First accelerator neutrino beams and interactions

vy, and v, as separate neutrino flavours
Cabibbo theory of hadronic weak decays
Streamer chamber invented

Introduction of quarks and quark model
First evidence for 2~ hyperon
Discovery of C P violation in K decay

Higgs mechanism of spontaneous symmetry breaking

1965

1967
1968

1970

1972

1973

1974
1975

1976
1977

1978
1979
1980
1981
1983
1987

1990

1993

1995
1997

Observation of cosmic microwave background radiation
Introduction of colour quantum number and vector gluons
Baryon asymmetry of universe (Sakharov criteria)
Weinberg—Salam—Glashow electroweak model

Deep inelastic ep scattering. Bjorken scaling and partons
Invention of multiwire proportional chamber

Proposal of fourth quark (charm)

Solar neutrino deficit (*’Cl experiment)

Fermilab Tevatron operates

CKM matrix for weak quark decays

QCD as field theory of interquark interactions

Neutrino scattering experiments confirm that partons are quarks
Discovery of neutral weak currents

Discovery of J /v and ¥’ c¢ resonances

Charmed baryons and mesons

Discovery of T lepton

ete™ — quark jets

CERN SPS operates

Discovery of Y (= bb) states

Emergence of Standard Model

Parity violation in polarised electron—deuterium scattering
ete™ — three jets (PETRA)

Evidence for Y'(3S) and T(4S) (CESR)

Observation of mesons and baryons containing b quarks
Discovery of Z° and W= bosons

Observation of B’~B° mixing

SN 1987A Supernova neutrino burst

Z9 produced at e*e~ colliders LEP and SLC

Number of neutrino flavours N, = 3 from 70 width

Solar neutrino deficit confirmed in gallium experiments
Atmospheric neutrino flavour anomaly

Precise measurements of Z° decay parameters confirm Standard Model
Discovery of ¢ quark at Fermilab collider

ete™ — W W™ pair production at LEP 200 collider



o A

wtece Jemjcs .

(€8]
|
—y

% Il VB Fas T A A

]
JTL’IQO'Y‘E,‘]:{F_G\} S'Efuc.‘l:ufej

Eypot o Mt & X uoul_\l‘.. o7}

Vel b 1% b,

e
L

Ui

6 . Bec%ueml Aiscovered Y’OLCIIOCN- v’dy
Z o A(ge)) B such as  2H; = %He, g7, m— prp L M Phs, " Big +p”
{91 L Cko\chcK Sow G ComTimuous @Spacﬁuﬁw
|

Ty ® 1332 Chodwick ciscovered meutrom

, | ; gme'rgy Cams enoTiom -
1(-;”?—;1— vg. Nelrino Ene qyﬁl : .
N im JuesTiom " : - Isos?fm S i Ory (HE"'”’“\"VQ» (932)
i/ : /
g / ‘ . / |
b Beta Particle Energy / [ ‘?hﬂ‘l_ = ng. ';:JS {53 j: 0.0002.? VL%V(CZ
® 1930 Rl proposed cwn (almios t) aassless, Mo, o= 93827231 T 900028 MeV/c?
i
meuvtval omd peﬁwfﬁroi‘f{a}:g. Par{ﬂ cle AW/M =y xip e

{ muclear e?am y S“i:a‘j:f's;t'rts)
¢ BH(pmm) : B.E. = 8451857 % 0.00001311V

| |
E HE(PP‘M) v BLE. = 1718109 + @.000013 eV

A(BEY = 0.763 ke NV

. ‘P ) ]
SU ) m l c st Llaver syanmedy
o mevtrmo (Fermn, 1933) i e TR P ) 5 o J



O Pan‘jbyv\/\o[ro\%f.om im weonk decays ‘

V1956 ¢ Wy et al. saw o SJC/OMB\ Covrelatiom betweem the sprm \/e‘c{‘w 3 °§ polovized

% Co amd the divectiom @e 0§ Ou%am‘m% & Pm{-:s)e

CTF0Sy €O im C —» N e + Ve +oav

N 1.20f ! I [} f.txswrwirlvlm'ﬁvI Laéwepr‘:ur"%gvl) — P . ? _? . '_:)'__‘
3 « M EXGHANGE ' ‘
=i ”O_\ s s ,& E v E)(Pef\'rmeM‘\l:s im late 19505
ig 1.00= X L S . € e (&
égosa i estoblished thok (cLavéed—curmm‘\:)
8|3 = |
Y oso D Uy FO | | weak imteractioms left-hamded
05— porty violatism .
TIME IN MINUTES C: / A}:
P . L S S \% e
¢, A Tt is our sad clu%j +o ammoumce ‘
[6/"" t{/\a]c GuY Ya))ay. :S:(l’q_/wo‘ 0§ womy = fmami-gesjt\\y Par\‘%y —\hoic\-t;m%ﬂ-
bf b z‘.‘_y";o_u_}l‘ bt Yeovs PART TY f%eovy Wi Th ”0m}/u I VL_
O siand ‘}o.fc.‘) doJt Laitan b ) :
["fiz'b»;)», Pl Renci otz \:\Jem% Pea(ejculb =) LI@Y ?_'{:evma\\ o) 7t+ N MTVU = l’\(,u"'),
p'“f/rt’ Yest om ‘tke_ m,‘me'ﬁeemfk 03(:
Qo {4 awa 1957 waot g
it b i cporeatll | Tamuory, 1959, after o ha @‘Q:*Uﬁ h) = ha')
{“‘f*‘ﬂ‘“- factt, ewhdlafen v , M /
o S‘jnn'r‘: Pevwc,f Og Suﬁ:ufm;j 1M “tlne
T din floz, londlseg, 3C § J=0
Qe o urthea tEperanemtel _
et ) f N(xts v /Mad-u™y,) =123 xlo “

VV"‘:Q/LVQM‘E‘OMS . ve e



© Effective Logvamgiam @ lake 19505 1 Cumemt X Curem= imteno s ToM

ova = % (Vy,Uu-¥del [ey“U-vs) V] the + eos Qg = 116032 x 10" GV
2
7 Ve > Vel o= f_j (5T, 80 Yo =15y Ui p) [ T Py Y (-1 U (T 5.0
2
5y v o3, | .
' ‘D\&@/ 2€ Gey NP G'; 2 th x
3TN T = = —= AmB (-2 With T =G0
o oo S e o A5 b47s l672
o 2 w1 L E
D 6 (Veove) = Ge amEs 0.5 4 (IOMCM&'( ) x tvemely sonall
37 | GeV

L4

i’—‘rﬂ, ({-%s)e = e Y (1+5) ¥

5 Vv Ge o — _ -
| JO= 2 (0@p v urm uw,g)) (Do g v (%) uce, py]
2
ppoe T Dy oe = fil" 2 (T py vy uce, pd) [ Gev, g UeTs) ULy, 8 ]
Fl‘&‘r?_.’mg
. 2 rR
: v - - : -4 ;B
For biddenm jgm - %ﬁf—g— 2 6 (vE = ve) = %—""E" = 172816 (2
e“ e- tm . - <
lﬂ\ {}T e” e~ Z%S(Ve—}’l"ﬁ)
Jg=tl . J,'ﬂ\ {LT )
. :
v

‘ 2
” “'LTM 4 moY T e 220 1 allowed e =75,
v TU' ﬂL ot all cma}es
v

V



i ) , 3‘4
® 1962 Leclewmam, Cchwartz S‘te,x'mbe(gm Y. x Ve

O Prepare HE T L0 beam 7> @ Obseive YN = 4o+ X

—7 ® VYN = ¢+ X : NOT obseved

' | VY L TV
= Extemded Hganmij” 5 bructure i/ ¢ 4,7@ i:g

) i
o Ggmmolqeo\ ellective CurremthurfeM‘E Lagmmgmm /

r{eum) ¢ — — .

(9 - T (namal( Fr i w) whe

2 5 | )

- m -4
M= e VeV,) = Sr M —> T, =2.2xl0°s )

19222
_ _ ;'Ml_ Ty Y 2
D e uVYe) = 6 (Ve 2 Vo€ ) { 1 -}‘J-‘fw&)[

Oxames with CHARM T omd CCFR data (€, & booGeV)

1:‘|> POV‘L{@J -Woave Umﬂbov’{'l;y : |HT I < 1 Om \J/ij EAT —3 ,Ll—- Vﬁ

8 1
- Qe 1me By ¢ -W""m’”]l — B, < z =3.9 x (0% GV

2z ‘ M E, T2 Geme

)_CO

V-A %L\ewy Cammit be ”amp‘e.{e" — PLysfcs s £ Clrmmge ‘be_gﬂe 75 <= boo GV



3-5
@ f_q_Jr_:Llear_y i_—‘ﬁ_@a‘l:qm_.s — S.wﬁmbua, “ A Model of ILp?Jcamsu, 1964
® 3 cyuual clues ‘v
6] Le_f{-l"lmdcd weﬂ'k—-.'sw[:'um ciwpﬁd:g + ’Yt'g]ﬁ:‘llr‘-ﬂmcied '.deak--TSUSP{M ’5~mf:1|1'1:5 :Le_ EFL
. [
@ Umiversal S'Evvng-i:lﬁ Df the (f_‘,hoffed—tuﬂmt.] wWeek (mtenaltioms _—C‘
. ' (S Y) (LY
B Neutrimos ove almast) aross iesd » Mme Yg is Yﬂguuud o ' )
gemma‘!:ws
@ A modle | ( bosed om o Eac& réaug«: '::-)m‘ﬂm&tg:r = S{va;g‘.«{-?wwwd extemsiom Lo (w, )
Ve 1
" [ . = 1 i _
Mot L‘[EJL % } Q=T,++YT Y =-1 =Y,

. G‘U'qﬂq Group 'SUU_JL@LJU‘JT

T, e) =+ 43ue‘>:——;- T)=-2 =7,
x;;;“’* E’:: o Lagramgion ¢ L = Lange + Licptoms
d
o F'dd-s%faM%ﬂ temsors 'Ega“ﬁ’i - _i—'— W:“’ W _TIF B.., B
e Buy =9 By -0 B Licptoms = & 1vv (94132 B,) &

Sua), W,,,, =9, W *E’W Tgé’} WJ + Loav* (Qutig :iB +L§%'W)LL

¥E X Lotaﬂ amae VoA QYO L w -{:e_ = - Mg CER g+ E LEr )

f\la{:ul‘e. l’lﬂﬁ
\\p 5:#(«.5 W amd 3 Tto be ﬂﬂmﬂess 7 omly ame mass |ess

gauge bosom (¥ )



@ f;;,\ '{Tlum '{:'{J_WI'"IGS'S %Q_MMC&JE'HJH\ ':

H{a%s hﬂ?.c.hnml'&nﬂ v Tt.llaJclu'Ui's‘}:H;H
B e T T a W

gemm?,nis ZoTi om

3-4

05 GmijpurE - In.-am.c:io«u §u[7m6amdhc'£n'mg_ plwse ‘L’ams."ll:m

e Iytroduce a ..u:vrll-:l|-m, Claubl ek ﬂ' Scalor j-nci::}.s o Add o Yo kawo. «mtenoctiom Termm
+ ) Lo
f}_r; ¥ { w/ Y ()= +| IT—--REL(L;CPJERJr h.c.)
¢ — _
*  ddd The %owme-imvariamt terms Tor | | ?- .
¢ et .§ ' ‘i <@+<5)Q:UI = UL(@Q}&}:{UL—}E%‘*
'iml:ev:}mjc{om amd ?To?ﬂgo.'l:uﬂm b{ the Stalars “
| a\fu JuL § 1 ut
& o _ . aw"z*z“” =0 — :j~/}L
Lg =(0g)(D,3)-V (& :
. I —a _ o176 — JT"'%E] 0 IDYD[F
:BM+*%BM :i? - W, rl{§>° _‘["B'l %l_~01 * ”
e * <@, =[Oy 2 "7a| o breke
V(E'$) = 12 (@'8) + 2(38)° W/ w0 R R A o}
- = .J‘ o1(9 | T + 0 IlDTu'L'-’.m
_ - 427 = [1.;,5,‘ | = [ Y4 | .
D VEV @ K@), = l“ J wl U= —A
/4'_ -y, 9 3 brokem
. @), = Y@@y = [y, | *O
nides (ov Efeaks} QJI'LH»,_ Gurnd LJUJ‘-[’, -
I : Y _ F O
hile pre,.w.mm% Ugy imvonamie D QLB z%(fﬁYJ LDy, = Lo] |
SUG), ® Ly = Ullgy «— Unboro e



3-4
= A massless Zauge bosom (=phokom) + 3 Mmossse Zause obasoms CW‘,' w?: oz )
343 ¢ Gavt

Q = —;T(T;s'\'\f) ‘ T T, | _.;.__ (T3~

) ‘ r S :
) ‘:"FCW‘C" the scolov j—:dd obowt the Jacuumn State im Tthe UM;"‘:o\y gauge

4 o . a2 b1 , s R
§:§ | } = 'Eé :—;:(BbH)-a”H)—_'iuH +%[g IW;"JW,,I +(3’Bp“gwf,) ]+
CE(UsH)
Ol aw (g (wd-rw) ]

\ ‘ — 4
P = — ﬂ)‘*—H)t E C—> D 9 — a H 4 — (U+H) l ,
' "W: j e 213 gBu'étW; J

!
g

(D, &) (D*@) = (M @H) + = (W+HY [ g Iw- 1w} [+ (g'B,-gw) ]

-V (278)

P (TR — AVTHY-AUH? - £ aHY = — wPHT -AUHT- AR 4

z 1 3
-2 U+ = L ur(re ) = e At Hz_ AUH -~ RY
4 2 2. ) 4

| M, =24 INPHE L dz = 3+%”' ‘ /= L@ = —'1- ZE)HH) (a"H)u—{? My HE
Mye = 58V WS = g (wlfas W) 7 R ('1+%)1 W,mw
Ivf; =L4(81*8{1)U2' £, = Gsby \Nj—simaw B, | + %1m;(1+%11 z,zY
smbo <8/ [Fegn | K A vemams masies” S pheton 2|




3-3

— ?\ — i —_—
b =2 T-@re+ he] = -2 wem (Gggrge) r—mp_w%) ee
Qeb = (X109 2022 arb’ (e = 72U
Loms L0 7 ¢=F e
 —

PLJ;: = II (1%)

3 t 5 7 -
— ; - _ hr .g.-' (g W),; Ewul':. ,- Ve
4 = LiPLl o+ € rPeq = (Ve e)r O i Snb, +4= P

.Lw'—i L P L ~ ES R € [ n ” . L.r:wj: ‘wjj] .

" —

TW, =g (0w Tt (2,4 LB, ) P e -

T N,u = E(w':) Tl [ L 1 | =8 F) JWA?V.:*-'HWJE']
=i (VepRve rephe) vuleptre) © G v -wle

'31_‘: C\.-J Ay'_gw 'E.zh
W = Sw Ay + Cw 2 * —,2‘. ': 'g’(:‘;ﬂ YO P Ve) B + %;(E v PL e) Bu
_-g{:;ETHPL Vd"“f * 3(5 e PL E)Wj -"' LQIEYUPF»E) Bﬂ ]

Ad

qu_l - a
A A RS 'y (5, v W oa (T M We ]

) -Eg-k'\']fﬂ“f Poe) W, + (e 7" Pl ve) W __ 4
Qu, +9'8, = 9% Autgluis

[ 4o~ols, £ :
4+ o'y A w Ty | ,
¢ “ 9 ¢ _Chov%ed -LuemT  imtentcetioms

29 By = 290y A 2550 . T v ‘
a ¢ Cw Aum 2o Su | Lw-L :—%[()@ T vy e) W+ (B YT (1) e ) W, }
e
- 9 i (kb /M) e Umikor douge
e Wy =k U)W e, B 7
2% k K™=y



tan My — L sl cosfhy = —/——=

Vialty

= 0= I'rf.“ X, "Ci“ﬁll




o Me=$ 9V
_od v
v | G5 g ny {2y BRI
H_ﬁh:} = 246 GV ':'?hGr_.V

|'md*-?emd£m t ﬂg emiawg}

Q?-'Jl.sll {-_l ﬂ"lﬂ V_.;..,iv':' e- s ..u- + -UE ]

|
- (A S 8
_ Yme, (1- om0 /ameg, | By 9“4 Gy,
6(Yue 5 L") = - > — =
ARG+ ameE, /1) dazfly

M i "D-E_x.‘ke.n. HE |“(.L1Ml'|.ﬂ‘f

> T:nv. Wt ?vals'nga.{‘w Yovders The HE behavior tmuch amore vele ble w

. LarJ\:omlc W odecay oW = eV, (e meplected )
|
eck) el
/1 N :_{ 1‘“] [u{ek}“@tlﬂ;)UWHJELP?)
o iz
——--:- Z (W pol.owis) l ‘ )

{J | E(P,ﬂ=;?_1-{0,1,i4,¢’} LW Fo'l.Ued:w

Ve (K) Ecpo)= (0.0,0 () ok vest | e o
a{ry =

_ z ) _ . - E.D (ﬂmuw%wm

P— (I'.le D, G,ﬂ] ? i}‘[lz = G;J:]N ‘{:Y [‘q {1_.@_-} y: (1_1{5‘) ?“% ] . - R
Mo . LY ~ <
k:—-(* cmb, 0, wsB) = = (4 k) L — - ., 1
n cun Gt (e R k- kT rek €K R4

£ = Nw (1 -swmf, o, -wsB) == . "ii] F .



— * _ — 2

O Lomgitudimal pol. with A=0 - E~K=n—;_"me:-e-h e kE=1hg
I |1 N A | 3 ﬂ-ﬁ— n# z
IFTIB:IJLJ—-"L&-FWN ﬂxj I“Z‘ix"{i-‘@":a] = JI;'W Sim B

- i -— i i i

@ Tramsverse Pr;]l.. with A=%21 — E-E":-'I’ e T efk=cereig = -EHW S G

ek k> =CEkeé) =-'£E’ cokec*ryxa Ny

2 2
|;t = n ['1 - |_|VJ . . N -
s = #05 ae My =+ 1y s <0 €€¥3) =~y @8 (74)
] s
x [ *T "-:-‘_SL'ME-E.? T —;casElJ
e 16
G e nd (150s8)? W b M
= N2 6‘1: s + - .,I,Jﬂ‘ . (f=0" {wh-.ddtm} 12F (1+ cos6’)?
]_ e 7 L { % 10-
d rla GF ”w z / — 5087
=y = 500 B ¢ v, G
dees galz z 08
/ s .
Wi e, ) 04
dall Gy (1zw0) - Tedersed Jo : ol
= — - =+ € .
. [ |- = - s
dosg 82l 2 Vovenise =-eulrmve 4 === 0 )
I cos@’
Rrgbig,m:. t Work out the process M= € VeV, &> polanzed anuom decay
M -— L
| Ve Ao = Ey e . ANEAE 2R *
e = A —_— e J— 1—5‘ -M,} 5',2’:{ +{S‘ “m (1‘21 ]' X
¢ x : A M d'f-edﬁcﬂa 2(' & [ € w M) t-:i 2
'- hhhh 7 2 f“—| E—,: MMT I: 12 I
? /I FTARNEE [=-%) 9= %) oy Mo about wtr €V V, 7
)'\ Fad

g umfullarf Zeol )



MLUMNBER OF EVENTS PER O &5 MoV /c

(a]

f——6.62 KGAUSS —]

= 5,35 KOALSS —=]

1 1 1 1 | |

20 30 40 S0
POSITRON MOMENTUM MeVrsc




3-1

© EWJQKQ,Q —CKYYQM"E |'m£e¥ag‘t|aMs %3\,\) -- gcwi—;éj
f b L ’/ \ — - i PPy ¥ I
7 25 o x ( (g Bu-gwi) (Ve Y P Ve) + (3 Borawo) (e17Pe) +29 8, (ex" e)]
= i (Va XYY (4-1) Ve ) £ (o YU VA
—"Z{:‘ e -Y¢d e ) U + (e P,_QTE. 2, MNu e—-}_le_
L5y = Qese -Ts
+ 4 (9Gy-9'sw) (2R e) Z, Tgsw(e“( Pﬁe)—Z e
T e —— . e - ———
@z(‘:-%‘) Poo= 925w Pro= Bz [((h-siHP-si R
R — g _ o . _ e
[ - 2z 2
Mz = j (Ve Y¥ U-75) Ve ) Zu = ?-3 [e TV ((255-0) U-¥s) + 255 (1+¥s)) e ] 2,
+ e ] A)u ;
o ° :Z;ﬂj?fopen.‘t.es i N
B Le=asg-t 2
¢ \’—1‘ LZ -V Ve = &Fl—‘g i Re = 2 Sw
Ab AN = J.QY)U ‘27{-1-2
e ‘ " (z2¢€'¢) P(Z—vﬁeve)[\_iArR’:}
© ES z o Newbrol - cumenrt 1mtevactioms
Z o = -x—— ' (ESN‘UU'fs) T T p
M " New ve Yeactiomm NoT Presemjc v the old V-A 'H’!&Wj
. + 25, (1+fs)]
u v, .
v, Ve
e
9z Z
=AY
fym = ).. " (1= S) ] ) )
Ve ¢




67_ nmE T 3-12
Ve (U Yue) = LT (2 ot )
7
W = z i
! (V€Y. ¢) = G e Ex [ Le/3 +Re ) |
- 27
e z C F
6(Vee Vel ) = ﬁiﬂﬁ\:( (Let2)*+ Re/3 ]
| | 27
: : z z
° Hodq}ﬁ-rmde?emd'em‘f: OtMa!yStS . i E(Vee »Vee) = GF-—;E.EE[ CL€+1]/3 + R
- = L Llhe+ Ke = 2.;2. ',_I
EAR e TR ¥ - =% 3 ‘{:wo—g:old ambi%’%;‘*ﬁy (Re¢r-Re or 9y« da)
0= 34 = 7 (L"R) = -
o T5 vescolve JClne ngold Cum‘b{%u:'(b_y, Comsiden e = utu”
P e M- - _ -
7 oot / w3 Gl
) + = ( = ) [ b, Y

TR T LT (p*!g)‘
e 0 N T
Z = (o5 .

M { Re U+¥s) + Le (4-¥5) 5 Ule, p) ]
— e'l', g"”‘z_“‘;ﬂg_ﬂ%
w7 /

LRP_R”LQL ) Lt+z> + (Relut LeRu) (-7
2 AL r— | —
@ g,_i - A QZ (i ZJ _ dauéFnE (3'2,1'33 . [(F?Qﬁ-i_g) (RuTL/U_) (J\'\'E) + 2 (RQ‘LC')QRU "U:' ZI
dz BIT (s-npy+mipy
)

((RF+LE) (REvll) (4rEh) + 2(R-L) (Ru-Le) 2 ]
DT CS "32) +m§ P;



Aep = e :dc;e S lm Ay = _‘_é,?ama__é_ﬁ (Re—Le) (Ru-L,)

) (Re-Le) (Ru-tw)

~ 6710 " :
R- =24 ( 1aeV
@p:"i - \ = —--3—6—-5-—

S T oA a* S — |o| determimed EV
Z

Yoy

R With o Measurememt o§ Sim” Gw, 1t s Poss:bfe, +o pvecierﬁi‘

t > 2 - PE S oa
My = 7 ‘32'1)'2 = & = (39.3 GV ) /5044 bw  © 117 = H‘MJ/CUSZU’W !
43 G Sur %
250 LI S B B B B B B B I w ]
o 1] E 3
200f i 107 & 1
n [ E il
§ ok 4 1
b r L. 33 F ]
£ 100f ,,.--*/ 3 a 10 r 1
T S : £ . =
=oF \‘\__- O | :
- : o 107 y 1
pC 11 1 TN T [N R T T N T T T Y T T E 4
] 0.2 0.4 Sin:gw 06 0.8 1 gr -E
107 & 1
LA N O B B ) B T E 3
E = |
L1 - -=
li _E 3
10%
E [ A [ ¢] 10 . 12
: 102 10* 105 10* 10 10
: E [GeV]
n:l.l:lzn- L 'sz ! 'DL" ! I':LIEI ! ID?SI == o(Pee” — hadrons) = o(vge = pr) = olvge < vee) > o(fe = Pup)
sin?@,, N — el 1
= O(Pe” —Pee” | = Tlipe” —vpe” ) = T(Ppe = Pue”)




Ve

-—--ve

Vu@

— e —Mr

1 ===- Ve

L.. T T T =
L @ 4
_—
oo 4
- - -
S y
[ = 2 9 ]
-
- ) _HI...._ .
L _ _ : J
L i i
o ]
-

L - ) e 4
| i RS r i
I sy ]
i e ]
L N \ i
M o0 g0 o 20 2w L0 oD ]

e 1
| PN ey J

{iy / £ N
- L1 "_. ._... L Y L 0
L= e = uw o]
= s 8§ 5
4
=

0.0 0.5 1.0
Ve
g4

-0.5

-1.0



FB Asymmetry
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Two-fold ambiguity disappeared!
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Discovery of Z and W 1983

High-energy lepton pair:
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W boson
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Cross-section (pb)

Production of Z at LEP [ & SLC and W pair at LEP II
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Precision tests of the Z sector (LEP and SLC)

~4 5M Z
decays [/ experiment

Cross section for e'e” =y/Z = ff

2
2
M = >7<+>?<|

e'e —=uu
1 2 M —q,9,/ M2 [_ 1
— 2 _ i - g ST (P I 5 g‘l-:ﬂ {LQFI.- Z g e _ .8 5
M,=-e WTPIF}QE{E?‘ &)+ M= [;fr (9~ | e B 3 e ey }E]
-~ R
Z propagator considering
a finite Z width
do  mo’ s(s —M3) s
= F (cos@)+ Fz(cose@ = + F(cos@
dcosf  2s [ ol i }{S—M§]2+M§F§ zl }{S—nghmgr;
¥ y/Z interference z




F (cos8)=Q.Q°(1+cos* @) =(1+cos’0)

2.Q
F_(cos@)= e n 2g5g”(1+ cos* @)+ 4g%g” cosd
| ) -'-'lEiI'IEE'W{:GEEE'W[ 9,9y )+4g.9, |
1 [ gl gl J.u:2 J.u:2 2 (= T T
Fz(m55}=155in15 p— (g, +9. Mgy +gy N1+cos*@)+8g,9,0,0, cosé
W W
Z-boson pole
An a” st
G =07 = Jg2r + 5 lige ) + (95 ]

3s 16sin* 8, cos® 6, (s—MZP +(M,T, )’

I.I° 5
ag(s)=12r—=L.
R TR C e
| — v 12 I.T
o WE =M, | = Mf. ]E_;

With partial and total widths:

B a5
" 12sin® 8, cos?é,

Fz=Zﬂ
]

Jeghy? + (g5




Z lineshape
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Principal Z pole observables

Ry = T(had)/T((+(7)

Ry = T(bb)/T(had)

Cluantity Value Standard Model Pull Dev.
My [GeV] 011876 £0.0021  9L1874+0.0021 01 0.0
Ty [GeV] 24052+ 00023  2.4961+0.0010 04 —02
[(had) [GeV]  L7444£00020  1.7426+0.0010 -
T(inv) [MeV] 1990+ 15 501.60 + 0.06 -
T(¢+£-) MeV]  83.984 +0.086 84.005 + 0.015 -
Chadnb] 41.541 +0.037 41.477 + 0.009 71T
R. 20.804 + 0.050 20.744 + 0.011 12 13
R, 20.785 + 0.033 20.744 + 0.011 12 13
R, 20.764 + 0.045 20.780 +0.011 06 05
Ry 0.21620 + 0.00066 021576+ 0.00004 08 0.8
R. 0.1721+ 00030  0.17227+0.00004 —0.1 0.1
AR 0.0145+0.0025  0.01633+0.00021 0.7 —0.7
Apy 0.0169 + 0.0013 04 06
Al 0.0188 £ 0.0017 15 16
Al 0.0002 £ 0.0016  0.10344+ 00007 -26 23
ARy 00707+ 00035  0.0730+0.0005 09 —08
Al 0.0076 +0.0114 01035400007 —05 —05
s2(A02) 02324+ 00012  0.23146+0.00012 08 07
0.23200 + 0.00076 07 06

0.2287 + 0.0032 ~09 09

A 0.15138+0.00216  0.1475+0.0010 18 21
0.1544 + 0.0060 11 13

0.1498 + 0.0049 05 06

Ay 0.142 + 0.015 —04 03
A, 0.136 + 0.015 ~0.8 07
0.1439 + 0.0043 —08 07

A, 0.023+£0.020  09348+00001 06 —06
A, 0.670+0.027  0.6680+00004 01 0.1
A, 0.805 + 0.001 0.0357+£0.0001 04 — 0.4




Number of light neutrino families

In the Standard Model: . _
ere” 5Z-ovyi,

FZ:Fllad+3.F{+N1’.F1' —_— 4 e+e_—)Z%VH17ﬂ

e'e Loy,

invisible : I

inv \

[, =0.4990+0.0015 GeV

inv

To determine the number of light
neutrino generations:
I I,
N, =[]t
T,

S,

exp v M

5.9431+0.0163  =1.991+0.001 (small theo.
uncertainties from m,,, M,

N,=2.9840 £ 0.0082

No room for new physics: Z — new



(LEP2 and Tevatron)

Precision tests of the W sector [ 10K W events /
expeariment
T Ki

1ANZD00D W [k,qd
T Y T : L
20 4 LEP PRELIMINARY g Mww< Vel

B YFSWW and RacoonWw - |
¥ | qqév

[ :
WW — :i aqqq
| bvbv
10 - / ~ Lepton N§utrino

‘;éo 180 200 \ D Q p
Vs (GeV) g‘ @%

Allows determination of M,,

Gy (PB)




W branching ratios

Br(W—lv) [%]

ALEPH e 10.95 + 0.31
DELPHI ol 10.55 + 0.34
L3 ] 10.40 + 0.30
OPAL = 10.40 + 0.35
LEP W—ev - 10.59+ 0.17
ALEPH i 11.11+ 0.29
DELPHI e 10,65+ 0.27
L3 e 9.72+ 0.31
OPAL il 10.61 + 0.35
LEP W—uv - 10.55+ 0.16
ALEPH el 10.57 + 0.38
DELPHI ] —— 11.46 + 0.43
L3 .  1178% 043
OPAL i 11.18 = 0.48
LEP W—stv o 1120+ 022
LEP W—lv . 10.74 +£ 0.09
10 11 12
Br(W — qq)=(67.77 +0.28)%

Lepton universality tested to 2%



W mass measurements

"‘_’900_""I""I""I'"'I""I""I""IIIII "0300 U L L L DL L L LR DL L
~ E T iaat ~ T iam
=goo ¢ ALEPH Preliminary qqqq = [ ALEPH Preliminary evqq
o e Doto (Luminosity = 682.6 pb™) © 250 - e Dato (Luminosity = 682.6 pb™)
;700 E o MC ';ﬁ | — MC
5600 '_ B Bockground 5200 B B Baockground E
E - + “lept
[ L] F (L] o
=500 - >
we Wiso |
400 |
Joc 100 -
20c i
50
100 |
0 el B ! ! | ! ] ! 1
60 65 70 75 &80 B85 90 95 100 070 72 74 76 78 B0 82 B4 85 88 90
My {GeV/c™) My (Gev/c™)
Mass of the W Boson pp-colliders —+o— 80454 +0059
Experiment My, [GeV] LEP? —. 80412 + 0.042
—b—'— 80.379 58
ALEPH | A0.379+0.058 Average 4 80.426 + 0.034
DELPHI ) 30404 + 0 074 ¥'/DoF: 0.3/ 1
I
L3 — 80376 +£0.077 NuTel N 80 +0.084
OPAL —-o— 80490 + 0.065 LEP1/SLD —h— 80.373+0033 g
I . bt
: ¥~/ dof = 296/37 LEP1/SLD/m, e 80.378+0.023 E
I - —
LEP —’— 80.412 £0.042 80 002 204 806
' my, [GeV]
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Triple gauge couplings
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EW unification seen at HERA

doye 1 1 1

l ! d 2 22+"' 2 2 M2 T 2 M2 2
@ (@) TQ@+M) T(Q+M3)
| electron

HERA
%: * Hle'p NC 94-00
Q 10 A HlepNC
el
= 0 ZEUSe'p NC 99-00
o NC o zEUsep NC 9899
4 - SMe'p NC (CTEQ6D)
£ ol — SM e’p NC (CTEQ6D)

o

10 :
a €c -

10

* Hle'p CC94-00
10-4 4 HlepCC
electron neufrino » ZEUS e"p CC 99-00

5 * ZEUS ep CC 98-99

10 - SMe'p CC (CTEQ6D)
41 — SMepCC(CTEQ6D)

10

y<09

7

10 3 1

do 10 10
e, 1 Q (GeV?)




Top quest

Raison d'étre

Two families cannot account for
CP violation in the quark sector

Given the existence of b and T,

the top quark is requested for
anomaly cancellation

Absence of FCNC in (tree-level)
b decays

b quark has a weak isospin of

0.4 |

-1/2, demanding a partner

r(z —>bb) b

04 0 0.4
=

[Schaile and Zerwas, 1992]



Higher-order corrections < Top (and H) mass

e, Including radiative
= ——5— =1 p=1+A corrections
sin“By =1 - My =>|  sin® By = (1+ Ax)sin® By
E._g f Ak
T T
-a = —=—7F——(1+Ar
T v e sin® Gy Gr =l M 2 Sin EWGF{ +40)
: 0
Lowest order a(@) | = et(m2) = 1v:1’[ .S-,
SM predictions _ - A .
With : Ao = Acgep + Aoy, + Aol

j"f':l 1"h":l A= f{'l:” Ezlug{'::| }:l "'}

W:W Zw




Global fits to precision EW measurements

Measurement Fit

|Omeas—Dﬁt|meE35
0. L2 3

m, [GeV] 91.1875+0.0021 91.1874
r,[GeV]  24952+00023 24959
oL, Inbl  41540+0037 41478
20767 +0.025 20742
Al 0.01714 +0.00095 0.01645
A(P.) 0.1465+0.0032  0.1481
Ry 0.21629 + 0.00066 0.21579
R, 0.1721+0.0030  0.1723
A" 00992 +0.0016  0.1038
ALS 0.0707 +0.0035  0.0742
A, 0.923 +0.020 0935
A, 0.670 +0.027 0.668
AI{SLD] 0.1513+0.0021  0.1481
sin’8 02324 +00012 02314
m,, [Ge".-"] 80.385+0.015 80377
Ty [GeV]  2.085+0.042 2.092
m,[GeV]  17320+0.90 173.26
March 2012

Top Mass (GeV)

M,, [GeV]

80,45

80.4

80,35

ﬂwﬂ ot i

Year

RS S A S R S NI
1990 1995 2000 2005

2010 2015

 indirect (1a)

I all precision data (90% CL)
[ allowed by Higgs searches
excluded by 1 experiment
excluded by > 1 experiment

B direct (10) A

160 165 170 175

m, [GeV]

Precision and calculations improve with time!



Observation of the top quark at Tevatron (1995)

q t gt Y /t
0
P @ 2TeV g ki Zw%m

ae annihilation (85%)

gluon fusion (15%)

TOp decay D@ Run Il Preliminary

-
-+

e 4 BaCKOMOURG
S = ===~ Background
— Uila

Events/(10 GeV)
3 B

........

Channel used for mass reconstruction:

T Nt o anrods o
%01[!)120140160180200220240260280

m, =m, (b i jet’W —2 jet £ ./et) Fit Mass (GeV)

nv




Successful SU(2) x U(1) EW structure

NC Precision
Charm + EW tests
W&z (0.1%)

M 011875 + 2.1 MeV

[ 24952 + 2.3 MeV
ol . . 41540 +0.037 nb
Madronic 17444+ 2.0 MeV
Meptonic  83.984 + 0.086 MeV
[ invisible 4990 + 1.5 MeV

ril'l‘hl'iﬁih|E' = rE _ rhadmnic _ 3‘rltz-;:}t-::m'u:

N, = Tinvisible/T""(Z — vii7;) = 2.984 + 0.008



H influence

MLeR) ERaD: L, g
) ASLD) U
! A |y
8 e | Standard fit 0 %
1| o : -
TS '140'%30\2&\}\;0 6””1|0 2I0 - 1(|]22><'|02 | 163 24

M, [GeV] M, [GeV]



Higgs Odyssey

Discovery of a new boson on July 4, 2012

A Higgs boson

SM Higgs or not? s
Implications

Prospects




Characteristic 2 y and 4 u events

[CMS]



Events / GeV

Accumulated 2-photon and 4-lepton events

e |§-7!evj-l.dt-010m" Aor 28,2011
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H )W Moriond 2013 [Incandela @ Princeton]

CMS\s=7TeV,L=5 1fb1\E 8TeV,L=19.6fb"

G) 1 E\ L L L L L L I LI L L L L B L \: Q_O 105 T T T ‘ L L B ‘ T T ‘ LA O Y I B
3 b : y | = {0*F-—— Observedp, (cateqony)  ATLAS Preliminary =
© 3 I \ 8 —— — Expected p (Category) —
< H , i 10 ® 102 ——— Observed p° (inclusive) H—yy _
010 ‘K_ i U ____________ --z — _— — Expected P ! (inclusive) _
© E 5 T E 1 _
8 S i 120] e +=\ %%
S I 1 ] 107 ——— _ 3¢
10%¢ = - "
- S 100 T~ 4c
I 2 130 10° i Data2011, 1s=7TeV g
3~ o DA B ]
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Basic Diagrams for the SM Higgs Boson
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Signal strength and mass (combining yy and ZZ*)
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RGE running of the quartic Higgs coupling

QFT vacuum is a dielectric medium that
screens charge = the effective charge is
a function of the distance or the energy.
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Triviality : My, from above
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) H

If the SM is valid to infinite energy,
then A (v?) =0, i.e. non-interacting.

Since the Higgs mass is non-zero,
then the theory has a cutoff A




Stability : M, from below
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For any Higgs mass,
there is @ maximum
energy scale beyond
which the theory ceases
to make sense.

The description of the
Higgs boson as an
elementary scalar is at
best an effective theory,
valid over a finite
range of energies.




Top mass M, in GeV

Extremely sensitive to the top quark mass
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New Endless Issues?!



‘ The key questions looking forward I [Haber]

e Does the new boson discovered at the LHC exhibit the expected properties

of the SM Higgs boson (spin? parity? couplings?)

e Will further study of the properties of this new state yield significant

deviations from the SM Higgs boson expectations?

e How accurately can one measure the Higgs properties at the LHC? Do

we need a dedicated precision Higgs factory?

e Will new BSM physics be discovered at the LHC that will shed light on
the origin of EWSB?

These are exciting times. The July 4 discovery is not the end of the
Standard Model but the beginning of an exploration that will yield profound

insights into the theory of the fundamental particles and their interactions.



